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Chapter 1

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 
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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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Abstract

Recently, NOD-SCID IL2Rγ−/− (NSG) mice were implanted with human mesenchymal stromal 
cells (MSCs) in the presence of ceramic scaffolds or Matrigel to mimic the human bone 
marrow (BM) microenvironment. This approach allowed the engraftment of leukemic 
samples that failed to engraft in NSG mice without humanized niches and resulted in a 
better preservation of leukemic stem cell self-renewal properties. To further improve our 
humanized niche scaffold model, we genetically engineered human MSCs to secrete human 
interleukin-3 (IL3) and thrombopoietin (TPO). In vitro, these IL3- and TPO-producing MSCs 
were superior in expanding human cord blood (CB) CD34+ hematopoietic stem/progenitor 
cells. MLL-AF9-transduced CB CD34+ cells could be transformed efficiently along myeloid or 
lymphoid lineages on IL3- and TPO-producing MSCs. In vivo, these genetically engineered 
MSCs maintained their ability to differentiate into bone, adipocytes, and other stromal 
components. Upon transplantation of MLL-AF9-transduced CB CD34+ cells, acute myeloid 
leukemia (AML) and acute lymphoblastic leukemia (ALL) developed in engineered 
scaffolds, in which a significantly higher percentage of myeloid clones was observed in 
the mouse compartments compared to previous models. Engraftment of primary AML, 
B-cell ALL, and biphenotypic acute leukemia (BAL) patient samples was also evaluated, 
and all patient samples could engraft efficiently; the myeloid compartment of the BAL 
samples was better preserved in the human cytokine scaffold model. In conclusion, we 
show that we can genetically engineer the ectopic human BM microenvironment in a 
humanized scaffold xenograft model. This approach will be useful to functional study of 
the importance of niche factors for normal and malignant human hematopoiesis.
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Introduction

Over the past decades, mouse xenograft models have contributed significantly to a 
better understanding of normal and malignant human hematopoiesis. The generation 
of immunodeficient mouse strains, such as the NOD-SCID IL2Rγ−/− (NSG), has allowed 
researchers to define human hematopoietic stem cells (HSCs) and their malignant 
counterpart functionally [1-3]. These models also served as preclinical models for drug 
testing [4].

Even though different subtypes of primary human acute myeloid leukemia (AML) samples 
can expand in these models, major limitations still exist. For 30-40% of AML samples, 
engraftment remains challenging, especially for the favorable and intermediate risk groups 
[5-7]. This might be explained by the influence of the murine microenvironment and the 
absence of species-specific human factors. NOD-SCID and NSG transgenic mice expressing 
human factors, such as stem cell factor (SCF), granulocyte-macrophage colony-stimulating 
factor (GM-CSF), interleukin-3 (IL3), and thrombopoietin (TPO), have been developed and 
allow an increase in the engraftability rate of primary AML samples [8-11]. Furthermore, the 
expression of human SCF, GM-CSF, and IL3 allows AML development upon transplantation 
of cord blood (CB) CD34+ cells expressing the MLL-AF9 oncogene [12]. More recently, a 
series of additional models has been developed [13-19]. For instance, MISTRG mice were 
developed in which human macrophage CSF, IL3, GM-CSF and TPO were knocked-in in their 
respective mouse loci, along with a bacterial artificial chromosome-transgene encoding for 
human SIRPα, supporting the development and function of innate immune cells in vivo [13].

However, in these human cytokine mice, essential human niche-specific factors might 
still be lacking. In addition, the interaction of hematopoietic cells with specific human niche 
components, such as adipocytes, osteoblast, or endothelial cells, may be critically important 
to the homing and long-term self-renewal of HSCs. To reconstruct a human bone marrow 
(BM) microenvironment in immunodeficient mice, we recently developed an approach 
in which ceramic scaffolds coated with human mesenchymal stromal cells (MSCs) were 
implanted subcutaneously in NSG mice [20, 21]. We observed that CB CD34+ cells expressing 
BCR-ABL or MLL-AF9 could induce AML and acute lymphoblastic leukemia (ALL) efficiently 
in these human BM scaffold-based xenografts (huBM-sc). Furthermore, a large cohort of 
patient samples covering all important genetic and risk subgroups successfully engrafted in 
this model, and stem cell self-renewal properties were better maintained, as determined by 
serial transplantation assays and genome-wide transcriptome studies.

Although the presence of an ectopic human BM niche presents clear advantages 
compared with normal NSG mice, some key issues remain. For example, there are a 
number of growth factors that are not produced by MSCs, including TPO and IL3. Here, 
we investigated whether we could genetically engineer MSCs to produce such factors and 
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evaluated these modified MSCs in vitro and in vivo in humanized scaffold xenograft models. 
We specifically focused on IL3 to favor myeloid transformation in the currently lymphoid-
biased mouse models, in particular in the setting of MLL-AF9 transduced CB CD34+ cells 
[12]. Additionally, we included TPO which is among others like ANGPT1, TGFβ, and IL1 
important in maintaining LSC self-renewal [22-27] We engineered MSCs to express IL3 and 
TPO that efficiently supported expansion of human CD34+ stem/progenitor cells in vitro. 
Furthermore, these IL3/TPO-MSCs were functionally capable of forming bone, adipocytes, 
and other stromal components in vivo and efficiently supported growth of AML, B-cell ALL 
(B-ALL), and biphenotypic acute leukemia (BAL) patient samples. Last, we found that the 
presence of IL3 and TPO affects the lymphoid versus myeloid output in a CB MLL-AF9 in vivo 
model.

Results

Characterization of IL3 and TPO expressing MSCs in vitro and in vivo
We recently reported a human niche xenograft model in which MSCs are coated on scaffolds 
that are subcutaneously implanted in mice to generate humanized BM niches [20, 21, 28]. 
Here, we wished to evaluate whether genetically engineered MSCs can be used in this 
model and provide tools to perform gene-function analyses to study the importance of 
niche factors for normal and malignant human hematopoiesis.

Transcriptome studies of primary human BM-derived MSCs revealed that a variety of 
cytokines and growth factors are produced, but some critically important cytokines, such 
as IL3 and TPO, are not (Supplemental Figure 1A), consistent with data published by others 
indicating that IL3 and TPO are not expressed in BM or CB-derived MSCs [29]. We transduced 
primary human MSCs with lentiviral vectors expressing human IL3 or TPO (Figure 1A) and 
truncated nerve growth factor receptor (tNGFR)-positive cells were sorted, stored, and 
used for further experiments (Supplemental Figure 1B). To estimate the concentration of 
the overexpressed human cytokines, IL3-transduced MSCs (IL3-MSCs) and TPO-transduced 
MSCs (TPO-MSCs) were mixed with wild-type MSCs (wt-MSCs) in different ratios: 99% wt-
MSCs with 1% IL3-MSCs (99-1) or 80% wt-MSCs with 10% IL3-MSCs and 10% TPO-MSCs 
(80-10-10). The conditioned supernatant subsequently was used to stimulate the IL3- and 
TPO-dependent Mo7e cell line for 15 min, after which lysates were analyzed for activated 
STAT5. As controls, cells were stimulated with 1-5 ng/ml IL3 or TPO as indicated (Figure 
1B). Stimulation with conditioned medium harvested from a mixture of 99% wt-MSCs 
with only 1% IL3-MSCs (99-1) and a mixture of 95% wt-MSCs with 5% TPO-MSCs (95-5) 
induced STAT5 phosphorylation to comparable levels as stimulation with 1 ng/ml of these 
cytokines, suggesting that the concentration in conditioned media ranged from 10 to 50 pg/
ml. Similarly, MS5 lines were generated that produced IL3 or TPO.
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Figure 1. Characterization of IL3- and TPO-expressing MSCs in vitro and in vivo
(A) Schematic representation of the two lentiviral vectors carrying IL3 and TPO. (B) Western blot on Mo7e whole-
cell lysate showing the activation of pSTAT5 upon the manual addition of IL3 and/or TPO, the supernatant of 
wt-MSCs or a mixture of IL3/TPO-MSCs with wt-MSCs in different ratios (ratios are indicated between brackets 
with the first number corresponding to the percentage of wt-MSCs in the mixture). (C) Growth curve of CD34+ CB 
isolated cells co-cultured with IL3/TPO-MSCs mixed in different ratios with wt-MSCs; ratios are indicated between 
brackets. One representative experiment out of three independent experiments is shown. (D) Colony-forming cell 
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analysis, cumulative colony count (technical triplicate, ± SD) from the CB MSC co-cultures at day 28. (E) CD34+ cells 
generated in CB MSC co-cultures at day 18 (percentage and cumulative cell counts). (F) CD34+CD38– cells generated 
in CB MSC co-cultures at day 18 (percentage and cumulative cell counts). (G) MGG staining of CB MSC co-cultures 
at day 18. (H) Hematoxylin and eosin staining of huBM-sc coated with only wt-MSCs, IL3-MSCs, or TPO-MSCs or 
a mixture of IL3/TPO-MSCs with wt–MSCs (80–10–10) after 6 weeks in vivo. (I) IHC staining of IL3 and tNGFR of 
IL3/TPO-MSCs mixed with wt-MSCs (60–20–20) after 6 weeks in vivo. ***p ≤ 0.001, Student t test. SD; standard 
deviation.

Next, stromal co-cultures of CB derived CD34+ cells were performed to evaluate 
functionally the genetically engineered MSCs and MS5 BM stromal cells. MS5 stromal cells 
are frequently used in stromal coculture experiments [30-32] and were included here to 
optimize approaches. Empty vector-transduced or non-transduced control stromal cells 
were mixed with cytokine-producing stromal cells at various ratios. The presence of IL3 
led to increased proliferation along the myeloid lineage, secretion of TPO resulted in the 
expansion and maintenance of a more immature phenotype, both in MS5 and in MSC co-
cultures.

This was determined by assessing the percentage and absolute cell counts of CD34+ and 
CD34+CD38- cells under the different coculture conditions; by assessing progenitor activity 
in colony-forming cell assays of cells taken at day 7, 14, and 28 from stromal co-cultures; 
and by morphological analysis by cytospins and May-Grünwald-Giemsa (MGG) staining 
(Figure 1C-G and Supplemental Figure 1C-H). On MS5, the strongest expansion of immature 
CD34+CD38- cells was seen using the 60-20-20 ratio (Supplemental Figure 1H, right panels). 
Also, for human MSCs the 60-20-20 combination was better than the 80-10-10 combination 
in maintaining immature CD34+CD38- cells at day 18 (Figure 1F), which was initially chosen 
for further in vivo studies later.

Importantly, IL3/TPO-MSCs were still capable of differentiating and forming bone in 
vivo. Hematoxylin and eosin staining indicated that a normal morphology of the scaffolds 
was obtained, including the presence of adipocytes and various stromal components, and 
scaffolds were well vascularized also when only IL3-MSCs or TPO-MSCs were used (Figure 
1H and 2B). Expression of IL3 and tNGFR also was confirmed by immunohistochemistry six 
weeks after implantation (Figure 1I). IL3- or TPO-producing MSCs showed similar growth 
kinetics as nontransduced wt-MSCs (data not shown).

Leukemic cells engraft in human cytokine-producing BM scaffolds and recapitulate patient 
phenotype
Next, engraftment of primary human acute leukemic cells upon direct injection in the 
scaffolds was evaluated. Scaffolds were coated with either wt-MSCs as published previously 
(huBM-sc) [21] or with 60% wt-MSCs, 20% IL3- and 20% TPO-expressing MCSs (IL3/TPO-
BM-sc). This particular ratio was chosen based on data shown Figure 1 and Supplemental 
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Figure 1. Three different patient samples were investigated, including an AML, a B-ALL, and 
a BAL sample (Supplemental Table 1). Leukemic CD34+ cells were injected between 6 and 
8 weeks after subcutaneous implantation of the ectopic engineered BM niches. Efficient 
engraftment was observed for all leukemia samples in both the huBM-sc and IL3/TPO-BM-sc 
models with comparable kinetics (Figure 2A). The fluorescent-activated cell sorting (FACS) 
immunophenotype of leukemic cells grown in scaffolds was compared with that of the 
original patient sample. AML patient #1 presented with a FLT3-ITD and an NPM-MLF1 fusion 
at diagnosis, with 54% CD34+ cells, 79% CD33+, and 2% CD19+ cells. Leukemia developed 
in both the huBM-sc or IL3/TPO-BM-sc models, with palpable tumors originating from 
the scaffolds. Infiltration of human CD45+ cells in the mouse compartments, such as the 
BM, spleen, and liver was observed as well. For this sample, the immunophenotype of the 
original patient sample was well preserved in both the normal and cytokine humanized 
niches (Figure 2B). B-ALL patient #2 contained an MLL-AF4 translocation with 99% CD19+  

cells at diagnosis. For this sample, CD34 positivity of engrafting cells was better preserved 
in the IL3/TPO-BM-sc model compared to the huBM-sc (Figure 2A) and murine niche (data 
not shown) environments. Last, we analyzed patient #3, who presented with BAL with a 
complex karyotype (Supplemental Table 1). Overall, cells retrieved from the IL3/TPO-BM-sc 
displayed an immunophenotype that more closely resembled the phenotype of the patient 
at diagnosis, in particular with regard to expression levels of CD33+ and CD38+ (Figure 2A 
and 2C).

Figure 2. Leukemic cells engraft in IL3/TPO-BM-sc and recapitulate the phenotypes seen in patients. 
(A) Immunophenotype of three patients de novo (after thawing) cells retrieved from human niches of huBM-sc 
NSG and IL3/TPO-BM-sc NSG models. Numbers indicate average ± SD of all engrafted scaffolds of all mice. The 
number of mice is indicated between brackets behind the time of sacrifice. (B and C) Representative FACS analyses 
comparing immunophenotype of patient #1 (B) and patient #3 (C) de novo in huBM-sc and IL3/TPO-BM-sc.



2

Chapter 2

36

CB MLL–AF9 cells can transform along myeloid and lymphoid lineages on IL3/TPO-MSC 
co-cultures.
CB CD34+ cells transduced with MLL-AF9 can be transformed along the myeloid or lymphoid 
lineage depending on extrinsic cues [12, 33]. We have shown previously that, whereas in the 
normal NSG xenograft model, MLL-AF9-induced transformation in vivo is heavily lymphoid 
biased, more myeloid transformation is observed in the humanized niche scaffold model 
[20, 33]. Nevertheless, because IL3 in particular was shown to be important for MLL-AF9 
induced human AML in xenografts and was not produced by our MSCs (Figure  1A), we 
investigated the leukemic transformation potential of MLL-AF9-transduced CB CD34+ cells in 
our IL3/TPO-BM-sc model.

To study this, we first cultured MLL-AF9-transduced CB cells in vitro on wt-MSCs 
supplemented with cytokines or a mixture of 10% IL3-MSCs, 10% TPO-MSCs, and 80% 
wt-MSCs (80-10-10) under myeloid-restricted or lymphoid-permissive conditions. Rapid 
transformation was observed under all growth conditions (Figure 3A). We did not observe any 

Figure 3. IL3/TPO-MSC co-cultures with CB MLL–AF9 cells allowing immortalization along the myeloid and 
lymphoid lineage
(A) Cumulative cell growth of CB MLL-AF9 cells, Arrow indicates when the cells were replated on fresh stroma. 
(B and C) CD33 and CD19 expression in suspension cells for the co-cultures under myeloid-restrictive conditions (B) 
and co-cultures under lymphoid-permissive conditions (C) at multiple time points. (D) Cobblestone-area-forming 
cells underneath MSC stroma of myeloid-restricted and lymphoid-permissive co-cultures.
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differences in growth between the myeloid-restricted culture conditions; all cells remained 
CD33+ under both conditions (Figure 3A and 3B). Under lymphoid-permissive-conditions, 
CB MLL-AF9 cells expanded faster on wt-MSCs, with lymphoid cytokines compared with the 
IL3/TPO-MSCs (Figure 3A). CB MLL-AF9 cells underwent full lymphoid transformation on wt-
MSCs with the addition of lymphoid cytokines, whereas in the IL3/TPO-MSCs grown under 
lymphoid-permissive conditions, both lymphoid and myeloid clones were expanding (Figure 
3C). A typical feature of MLL-AF9-transformed cells is the formation of large cobblestone 
areas, as observed in the wt-MSC and the IL3/TPO-MSC co-cultures (Figure 3D). These data 
indicate that both MLL-AF9-induced myeloid and lymphoid transformation can be achieved 
in vitro on IL3/TPO-MSCs, and transformation appears to be more balanced toward the 
myeloid lineage compared to co-cultures on wt-MSCs.

Increased frequency of MLL-AF9-induced myeloid leukemia in IL3/TPO-BM-sc implanted 
mice 
We evaluated the in vivo MLL-AF9-driven leukemogenesis upon direct injection into IL3/TPO-
BM-sc NSG mice and compared that with our previously published models (intravenously 
(IV) injected NSG mice and scaffold injected (ISC) huBM-sc, Figure 4A). For this experiment, 
a ratio of 80% wt-MSCs, 10% IL3- and 10% TPO-expressing MCSs (80-10-10) was used to coat 
the implanted scaffolds. According to our in vitro data, this combination was as efficient as 
the combination of 60% wt-MSCs, 20% IL3- and 20% TPO-expressing MCSs and we decided 
to choose a relatively low percentage of cytokine-producing MSCs, because too high 
concentrations of IL3 in particular might impair long-term self-renewal and transformation 
properties of the injected cells. In IL3/TPO-BM-sc mice (n=11), three out of four implanted 
scaffolds were injected with 3x105 unsorted CB transduced MLL-AF9 cells, comparable to cell 
numbers that were injected into previously published intravenous or huBM-sc models. The 
transduction efficiency at the day of injection was approximately 15%. All mice developed a 
fatal leukemia in 20-52 weeks, with a significantly longer latency compared to the previously 
used models (IV NSG vs IL3/TPO-BM-sc: p=0.017, huBM-sc vs IL3/TPO-BM-sc: p=0.046). 
Unexpectedly, out of the 33 injected scaffolds, only 8 developed palpable tumors (24%), 
whereas in the huBM-sc model, this percentage was 79% (Figure 4B). Nevertheless, in all 
of the injected IL3/TPO-BM-sc that did not develop tumors, we could confirm the presence 
of human cells by immunohistochemistry (IHC) staining for CD45+ (Supplemental Figure 
2A), of which a representative example is shown for mouse #5 IL3/TPO-BM-sc1 (Figure 4C), 
confirming that human cells were injected initially. The scaffold that did develop a tumor in 
mouse #5 (IL3/TPO-BM-sc3) was analyzed by IHC staining, confirming positivity for CD45, 
CD33, and IL3 (Figure 4C). Overall, the frequency of AML, B-ALL, and, mixed AML/B-ALL cells 
within the scaffolds was comparable between huBM-sc and IL3/TPO-BM-sc models (Figure 
4D).
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Figure 4. Increased frequency of MLL-AF9-induced myeloid leukemia in IL3/TPO-BM-sc implanted mice.
(A) Schematic representation of the different models injected with CB MLL-AF9 cells: IV injected NSG mice, ISC 
injected huBM-sc, and ISC injected IL3/TPO-BM-sc. Kaplan-Meier survival curves of CB MLL-AF9-injected mice 
show the differences in kinetics of leukemia development. (B) Percentage of tumor formation in injected scaffolds 
in huBM-sc and IL3/TPO-BM-sc. (C) Photograph depicting the tumor initiated on scaffold 3 from mouse #5, with IHC 
for CD45, CD33, and IL3 staining for scaffold 3 and hematoxylin and eosin and CD45 IHC staining of scaffold 1, which 
did not develop a solid tumor but displayed human cell engraftment. (D) Frequencies of leukemic phenotypes 
observed in three different experimental set ups: IV-injected NSG mice, ISC-injected huBM-sc mice, and ISC 
injected IL3/TPO-BM-sc mice. (E) FACS analyses of CD45+ MLL-AF9+ cells from BM, liver, and scaffold of ISC-injected 
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We hypothesize that the lower rate of tumors formed on the scaffolds of IL3/TPO-BM-
sc mice might be attributed to high levels of exogenous IL3 and TPO that would induce 
differentiation or loss of long-term self-renewal properties. As confirmed by IHC staining 
for the mouse endothelial marker CD31 and VwF, IL3/TPO-BM-sc were well vascularized, 
allowing leukemic clones to migrate from the injection site to mouse compartments 
(peripheral blood (PB), BM, spleen, liver, Supplemental Figure 2B). In fact, all mice developed 
an enlarged spleen, with an average weight of 0.82 ± 0.31 g (Supplemental Figure 2C). In 
contrast to our previous IV and huBM-sc models, differences in the leukemic phenotypes 
were observed in the mouse compartments. CD33+CD19- AML cells were detected in the 
PB, BM, spleen and liver of mouse #10 (Figure 4D and 4E and Supplemental Figure 2A). 
Even though this was only one example, we have never observed exclusively myeloid cells 
in PB, BM, spleen, or liver in any of our previous models (Figure 4D) [20, 33]. Furthermore, 
20% of the mice displayed mixed B-ALL/AML clones in the spleen or liver, again a feature 
that was never observed in previous studies (Figure 4D and 4E)[20, 33]. In the murine BM 
niche, the mixed B-ALL/AML frequency was consistent with that observed in the previous 
models (Figure 4D and 4E). MGG staining was performed on tissues to confirm the presence 
of myeloid and/or lymphoid cells, and a representative example of mouse #1 with mixed 
B-ALL/AML is shown (Figure 4F).

Although MSCs are not known to migrate efficiently from one organ to another, we 
questioned whether some IL3/TPO-MSCs might have migrated to the liver in the mouse 
that displayed exclusively AML cells (mouse #10). Although we could detect the presence of 
CD45-expressing cells and IL3, indicating engraftment of human cells as well as the presence 
of human IL3, no tNGFR positive cells were detected (Figure 4G), providing no evidence 
for the migration of IL3/TPO-MSCs to the liver. Instead, tNGFR positive cells were detected 
in the scaffolds (Figure 1J). Overall, these data indicate that CB MLL-AF9 cells can engraft 
in the IL3/TPO-BM-sc model, albeit with longer latency and lower frequency, whereas in 
the organs of these mice, the balance in lineage output is shifted somewhat toward more 
myeloid or mixed AML/B-ALL phenotypes.

Lymphoid clones outcompete myeloid clones in secondary transplantation
In our previously published studies using IV NSG and huBM-sc models, CB MLL-AF9 B-ALL 
cells could readily engraft in secondary recipients [20, 33], whereas secondary engraftment 
of myeloid CD33+ clones was not achieved. For example, in an IV model in which we observed 
a mixed AML and B-ALL phenotype, we sorted CD33+CD19- and CD19+CD33- populations 
and transplanted them IV into secondary mice without scaffolds. Although the CD19+CD33- 

IL3/TPO-BM-sc mice displaying different leukemic phenotypes.(F) MGG staining of B-ALL/AML MLL-AF9 cells from 
BM, liver, and huBM-sc (mouse #5). Magnification is 40×. (G) IHC for CD45, CD33, IL3, and tNGFR on liver sections 
from mouse #10.
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clones readily induced secondary B-ALL within 8 weeks of transplantation, the CD33+CD19- 
clones engrafted with much slower kinetics (Supplemental Figure 3A). At early phases, 
CD33+CD19- myeloid cells were still observed in the PB of these mice; however, lymphoid 
CD19+CD33- clones appeared as well, and became more dominant over time; in fact, at the 
time of sacrifice (week 16), the mice succumbed to B-ALL and not AML (Supplemental Figure 
3A). Ligation-mediated PCRs indicated that a minor fraction of lymphoid CD19+CD33- B-ALL 
cells contaminated the myeloid CD33+CD19- sorted population, and it was this population 
that generated the B-ALL (Supplemental Figure 3B). These data clearly highlight the lymphoid 
bias of routinely used NSG xenograft mouse models.

We evaluated the self-renewal potential of CB MLL-AF9 AML cells generated in IL3/
TPO-BM-sc mice. We sorted GFP+CD45+CD33+ cells from BM, spleen, liver, and scaffold 1 
of mouse #1 and scaffold 3 of mouse #5 (Figure 5A and Supplemental Figure 2A). A total of 
1.1x105 cells from BM, spleen, and liver were injected per scaffold, and in total, two scaffolds 
were injected, while 0.9x105 cells from scaffold of mouse #1 and #5 were injected in a single 
scaffold of secondary IL3/TPO-BM-sc mice. Secondary leukemic engraftment was observed 
only in the mouse injected with AML cells derived from BM. Tumor formation was observed 
in one of the two injected scaffolds, and infiltration of CB MLL-AF9-positive cells was also 
observed in the BM, spleen and liver. Despite the fact that the injected cells were sorted 

Figure 5. Lymphoid clones outcompete myeloid clones in secondary transplantation
(A) FACS analyses of CB MLL-AF9 cells from BM, liver, spleen ,and huBM-sc of ISC injected IL3/TPO-BM-sc (mouse 
#1) and huBM-sc (mouse #5). Red boxes indicate the sorted cells injected in secondary recipients. (B) FACS analyses 
of MLL-AF9 cells from BM ISC-injected secondary IL3/TPO-BM-sc (mouse #1.1). (C) H&E staining of engrafted 
secondary IL3/TPO-BM-sc (mouse #1.1) and non-engrafted IL3/TPO-BM-sc (mouse #1.2).
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for the myeloid marker CD33+, the secondary mouse developed CD19+ B-ALL. As observed 
previously, this may be explained by a small contamination of CD19+ cells during the sorting 
procedure. One secondary mouse transplanted with AML cells derived from spleen died 
during the course of the experiment, and the remaining three mice were sacrificed 45 weeks 
after injection without signs of disease. These results indicate that, despite the presence of 
an engineered human niche microenvironment providing IL3 and TPO, MLL-AF9-induced 
transformation of neonatal CB CD34+ cells remain biased toward CD19+ B-ALL.

Discussion

To improve the in vivo xenograft modelling of human hematological malignancies, several 
laboratories have begun to build humanized microenvironments in xenograft mice by making 
use of human mesenchymal stromal cells to provide better niches in which leukemic cells 
can engraft [20, 21, 28, 34-39]. In this study, we aimed to further develop our previously 
described huBM-sc model [20, 21, 28] using human MSCs that we genetically engineered 
to express cytokines that were not expressed in these cells. We engineered MSCs stably 
expressing human IL3 or human TPO and tested these functionally. In vitro, these IL3- and 
TPO-producing MSCs were superior in expanding human CB CD34+ hematopoietic stem/
progenitor cells. Furthermore, MLL-AF9-transduced CB CD34+ cells could be transformed 
efficiently along myeloid or lymphoid lineages on IL3- and TPO-producing MSCs. These 
data indicate that the genetically engineered MSCs are sufficient to allow either myeloid or 
lymphoid transformation without the need for additional exogenous cytokines. Importantly, 
in the absence of exogenous cytokines, non-engineered MSCs or MS5 are not sufficient to 
allow in vitro transformation of MLL-AF9-transduced CB cells ([33] and data not shown). 
We did notice that, under lymphoid-permissive conditions, the balance of MLL-AF9-induced 
transformation appeared to shift toward the myeloid lineage at later time points compared 
with when exogenous cytokines were added (Figure 3C). This effect appears to be even 
more evident after replating, when lymphoid cells on IL3/TPO-MSCs are exposed to high 
levels of IL3; IL3 normally is not present under lymphoid permissive conditions, in which 
only IL7, SCF and FLT3L are manually added.

Next, we assessed the ability of IL3-MSCs and TPO-MSCs to differentiate in vivo. Six 
weeks after implantation, mice were sacrificed and scaffolds were analyzed. No differences 
in the ability of forming bone, fat tissue, or stromal components were observed compared 
with wt-MSCs.

We then studied  the engraftment of three primary AML, B-ALL and BAL patient samples 
in our new IL3- and TPO-producing BM-sc model with our previous huBM-sc models. All 
three tested samples efficiently engrafted in the IL3/TPO-BM-sc model, with latencies and 
immunophenotypes that did not differ significantly from what we had observed in our 
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huBM-sc model previously (Figure 2) [21]. The main differences were that immature CD34+ 
cells for the B-ALL sample were better preserved in our new IL3/TPO-BM-sc model, and the 
same was true for the myeloid CD33+ immune phenotype for the BAL patient sample. Why 
the B-ALL patient sample in particular benefitted most from the IL3/TPO niche is unclear, but 
it will be of interest to evaluate more AML cases in the future to determine which leukemia 
subtypes might benefit from this humanized cytokine producing niche.

Furthermore, engraftment of MLL-AF9-transduced CB cells was evaluated in the new 
IL3/TPO-BM-sc model, because it had been shown that the lineage fate of MLL-AF9-
expressing cells can be dictated by environmental cues [12, 33]; we compared these data 
with our previous huBM-sc models and IV models [33]. Injection of MLL-AF9-transduced 
CB cells into the scaffolds of IL3/TPO-BM-sc models resulted in the development of a 
fatal leukemia in all experimental animals. At the time sacrifice, mice displayed both the 
myelomonocytic and B-ALL immunophenotypes that are also observed in MLL-AF9 pediatric 
patients. Surprisingly, the efficiency of tumor formation on the injected scaffolds themselves 
was reduced by ~55% in the IL3/TPO-BM-sc model compared with the previous huBM-sc 
model. A possible explanation for this might be that the local concentrations of IL3 and TPO 
produced by the genetically engineered MSCs would be nonphysiological, resulting either 
in the differentiation or the loss of self-renewal properties, or potentially in the migration 
of leukemic cells to other mouse niches where the cytokine concentrations would be less 
high. In fact, for the first time we detected complete myeloid AML clones in PB, BM, spleen, 
and liver. In addition, mixed B-ALL/AML clones were observed for the first time in spleen and 
liver. Although we have not been able to quantify the exact levels of exogenous cytokines 
in the different murine tissues, we have been able to detect human IL3 in the liver of mice 
transplanted with IL3/TPO-BM-sc by IHC. This suggests that increased levels of IL3 might 
indeed underlie the higher frequency of myeloid and mixed clones observed in murine 
tissues. It is also possible that high levels of IL3 might also abrogate B-lymphoid potential, 
explaining the reduced incidence of B-ALL, but further studies are needed to clarify these 
issues. 

As already observed in the IV NSG and ISC huBM-sc models, CD33+-sorted myeloid clones 
failed to self-renew in secondary recipients in the IL3/TPO-BM-sc model, whereas B-ALL 
clones could readily engraft and give rise to secondary leukemia. This finding was somewhat 
unexpected and suggests that the presence of a modified human microenvironment that 
overexpresses IL3 and TPO does not allow myeloid clones to self-renew properly, but a further 
fine-tuning of the levels of cytokines produced in the humanized niche might be required to 
solve these issues. The present study indicates that the humanized scaffold xenograft model 
allows for relatively simple genetic engineering of the BM microenvironment. Therefore, 
this approach will be very useful for functional study of the importance of niche factors for 
normal and malignant human hematopoiesis.



43

2

IL3- and TPO-secreting MSCs to improve the humanized scaffold xenograft model 

Acknowledgements

We thank Prof. dr. J. J. Erich and Dr. A. van Loon and colleagues (Departments of Obstetrics, 
UMCG and Martini Hospital Groningen) for collecting cord blood and Carin Hazenberg and 
Annet Brouwers-Vos (Department of Experimental Hematology, UMCG, Groningen, The 
Netherlands) for providing human MSC transcriptome data. This work was supported by 
the European Union (FP7-PEOPLE-2010-ITN EuroCancer StemCell Training network) and 
European Research Council (ERC-2011-StG 281474-huLSCtargeting).

Author contributions

Conceptualization, B.d.B, M.C. and J.J.S; Investigation, B.d.B, M.C., J.J., A.A., and S.J.H.; 
Resources, H.Y., J.D.d.B., R.W.J.G., and E.V.; Data curation, B.d.B., and M.C.; Writing - Original 
Draft, B.d.B., M.C., and J.J.S.; Writing - Review & Editing, B.d.B., M.C., J.J., A.A., S.J.H., H.Y., 
J.D.d.B., R.W.J.G., E.V., and J.J.S.; Funding Acquisition, J.J.S.; Overall Supervision, J.J.S.

Conflict of interest disclosures

The authors declare no competing interests.

Materials and Methods

Patient samples
Neonatal CB samples were obtained after informed consent from healthy full-term 
pregnancies from the obstetrics departments of the University Medical Centre Groningen 
(UMCG) and Martini Hospital Groningen. CD34+ cells were isolated as previously described 
[40, 41]. PB and BM from untreated patients diagnosed with AML, B-ALL, and BAL were 
studied after informed consent and protocol approval by the Medical Ethical Committee of 
the UMCG, in accordance with the Declaration of Helsinki (Supplemental Table 1).

Humanized scaffold niche xenograft model
The ectopic bone model was established as previously described [20, 21, 28]. Briefly, four 
hybrid scaffolds consisting of three 2–3 mm biphasic calcium phosphate particles loaded 
with human MSCs and/or IL3- and/or TPO-expressing MSCs were implanted subcutaneously 
into 6- to 8-week old  female NSG mice. Six to eight weeks after scaffold implantation, 
different cell doses (patient samples or CB models) ranging from 0.9×105 to 4×106 were 
injected directly into three out of four scaffolds in primary and one or two of the four in 
secondary transplantations, as indicated in the text. Human CD45 engraftment was analyzed 
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by timely submandibular bleeding procedures. Cells isolated from patient #1 were enriched 
for CD34 as previously described [40, 41]. Cells isolated from patients #2 and #3 were CD3 
depleted as previously described [21].

MS5 and MSC co-cultures
MSCs were retrieved from normal BM mononuclear cells from healthy donors under 
evaluation as potential allogeneic bone marrow donors, expanded in MSC-medium (see 
lentiviral transductions). For the in vitro experiments and in vivo humanized BM scaffold 
model described here we have always used the same batch of MSC isolated from one single 
donor in order to reduce variability and MSCs were passaged for a maximum of four passages. 
For the MS5 and MSC myeloid co-culture experiments, cells were grown in Gartner’s medium 
consisting of αMEM (Fisher Scientific Europe, Emergo, The Netherlands) supplemented 
with 12.5% heat-inactivated fetal calf serum (Lonza), 12.5% heat-inactivated horse serum 
(Invitrogen), 1% penicillin and streptomycin, 2mM glutamine (all from PAA Laboratories), 
57.2 µM β-mercaptoethanol (Merck Sharp & Dohme BV) and 1 mM hydrocortisone (Sigma-
Aldrich). CB MLL-AF9 myeloid-restricted co-cultures were supplemented with 20 ng/mL 
IL3, SCF and FLT3L, whereas no additional cytokines were added to co-cultures with IL3/
TPO-MSCs. Gartner’s medium for lymphoid-permissive co-cultures contained the same 
components as the myeloid co-cultures with the exception of hydrocortisone and horse 
serum but with the presence of 50 μg/mL ascorbic acid (Sigma). In lymphoid CB MLL-AF9 co-
cultures, IL3 was replaced with 10 ng/ml IL7 (R&D Systems), whereas no additional cytokines 
were added to co-cultures with IL3/TPO-MSCs. Co-cultures were kept at 37°C and 5% CO2 
and cells were demi-depopulated weekly for FACS analysis, colony-forming cell assays and 
MGG staining. Pictures of the co-cultures were taken with a MC170HD (Leica).

FACS analysis
Cells were incubated with primary antibodies at 4˚C for 30 min. For blocking non-specific 
binding to Fc receptors, cells were blocked with mouse and human anti-Fc antibodies for 5 
min at 4˚C prior to the staining with primary antibodies. All FACS analyses were performed 
on MACSQuant Analyzer 10 (Miltenyi Biotech) or LSR II Flow Cytometer (BD Biosciences) 
and data was analyzed using Flow Jo (Tree Star.). Cells were sorted on a MoFlo (Beckman 
Coulter). The following list of antibodies were used:  CD45 (HI30), CD19 (HIB19), CD15 
(W6D3), CD11b (ICRF44), CD20 (2H7), CD14 (HCD14), CD33 (WM53), CD38 (HIT2), CD117 
(104D2), all Biolegend and tNGFR (C40-1457), CD34 (581), both BD Biosciences.

Lentiviral transductions
IL3 and THPO were retrieved from IL3 cDNA NM_000588.3 and THPO cDNA NM_000460.2 
(Sino Biological Inc.) by PCR using specific primers (Supplemental Table 2). PCR products were 
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cloned into pJet1.2/blunt using a CloneJET PCR Cloning Kit (ThermoFisher). IL3 and THPO 
were then sub-cloned in the pRRL SFFV IRES tNGFR vector and sequenced for validation. For 
transductions, 30.000 low-passaged MSCs were seeded in a T25 in MSC-medium (αMEM 
with 200 mM glutamine (BioWhittaker) supplemented with 10 U/mL heparin, 5% human 
platelet lysate and 1% penicillin and streptomycin). The next day, two rounds of transductions 
were performed with a 1:1 ratio virus versus MSC-medium supplemented with 8 µg/mL 
polybrene. The following day, cells were washed and expanded in MSC-medium for 1-2 days 
to obtain maximal tNGFR expression before they were sorted. Subsequently sorted MSCs 
were expanded in MSC-medium and frozen in liquid nitrogen for further use. Transductions 
of CB CD34+ cells were performed as described previously [40, 41]. The MLL-AF9 lentiviral 
vector was described previously [30]

Immuno-staining and fluorescence imaging
Formalin-fixed, EDTA-decalcified paraffin-embedded scaffold sections were processed 
for staining with H&E (Klinipath) or used for immunohistochemical analysis. Endogenous 
peroxidase activity was blocked with 0.3% H2O2 in PBS. For antigen retrieval, sections were 
boiled for 15 min in citrate buffer, pH 6, and then blocked with 3% BSA in PBS for 60 min. 
Next, the slides were incubated overnight at 4°C with anti-CD45 (2B11 + PD7/26; DAKO), 
anti-IL3 (ab126852; Abcam), anti-tNGFR (Clone 74902; R&D), and Anti-Von Willebrand 
Factor (A0082; DAKO). Binding of the antibody was visualized using the PowerVision Plus 
detection system (Immunovision Technologies) and 3,3-diaminobenzidine (Sigma-Aldrich). 
The sections were counterstained with hematoxylin, washed, and subsequently dehydrated 
through graded alcohol, cleared in xylene and coverslipped. Images were captured using an 
Axiostar light microscope (Zeiss) and analyzed with AxioVision Version 4.6 image analysis 
software (Zeiss). For immunofluorescence microscopy, antigen retrieval and blocking 
were performed as for the immunohistochemical analysis described above. Subsequently, 
sections were incubated for 2 hr at room temperature with anti-CD31 (ab28364; AbCam), 
washed extensively with PBS and incubated for 1 hr with Fluor 488-conjugated secondary 
antibody (A21210; Molecular Probes) diluted in PBS containing 1 μg/mL 4’,6-diamidino-
2-phenylindole (DAPI). After washing in PBS, samples were mounted in Citifluor (Agar 
Scientific) and captured by Leica DM4000 B LED and analyzed with Leica Application Suite 
(version 4.5) software.

Western Blot
The following primary and secondary antibodies were used for Western blotting: Anti-STAT5 
phospho-Y694 (ab32364, Abcam), β-Actin (13E5, Cell Signaling), Goat anti-Rabbit Alexa 680 
(A32734, ThermoFisher) and Goat anti-Mouse Alexa 800 (A32730, ThermoFisher). Mo7e 
cells were starved for 18 hr in RPMI 1640 (Sigma) with the addition of 1% penicillin and 
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streptomycin. Subsequently, 200.000 cells were stimulated for 15 min at 37°C with 1 mL of 
myeloid Gartner’s medium with or without addition of manually added IL3 and/or TPO or 
1mL of supernatant from co-cultures with wt-MSCs or a mixture IL3-MSCs and/or TPO-MSCs 
with wt-MSCs, that were grown for 48 hr in myeloid Gartner’s medium. Subsequently, cells 
were kept at 4°C, spun down and lysed in Laemmli buffer (0.12M Tris HCl pH 6.8, 4% SDS, 
20% glycerol, 35mM β-mercapto ehtanol, and bromophenol blue) and boiled for 5 min. Equal 
amounts of total lysate were analyzed by SDS-polyacrylamide gel electrophoresis. Proteins 
were transferred to polyvinylidene difluoride membrane (Millipore), blocked in Odyssey 
blocking buffer (PBS) (LI-COR), and incubated with the appropriate antibodies according 
to the manufacturer’s conditions. Membranes were washed, incubated with appropriate 
fluorescent secondary antibodies, and developed with the Odyssey (LI-COR).

Ligation-mediated-PCR (LM-PCR)
LM-PCR was performed as described previously [33].

Statistical analysis
Unpaired two-sided Student’s test was used to calculate statistical differences. For 
comparisons of Kaplan Meijer plots, a log rank Mantel-Cox test was used. A p value of <0.05 
was considered statistically significant.
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Supplementary information

Supplemental Figure 1. Characterization of IL3/TPO-MSCs in vitro and in vivo 
(A) Transcriptome profiling was performed on human BM-derived MSCs (n=9) using Illumina bead arrays and 
expression of growth factors and cytokines is shown. IL3 and THPO are not expressed. (B) Transduction efficiency 
of MSCs transduced with vectors carrying IL3 and THPO. (C) Growth curve of CD34+ CB isolated cells co-cultured 
with IL3/TPO-MSCs mixed in different ratios with wt-MSCs indicated in between brackets. (D) Experiments as in 
C, but now MS5 cells were used. MS5 transduced with an empty vector were used as control. A representative 
experiment out of two independent experiments is shown. (E and F) CFC-analysis at day 7 (E) and 14 (F) from the CB 
co-cultured with MS5s. Cumulative colony counts re shown (technical triplicate, ±SD). (G) CD34+ percentages and 
cumulative counts of the CB co-culture with MS5 at day 14. (H) CD34+CD38- percentages and cumulative counts of 
the CB co-culture with MS5 at day 7 and 19. * p ≤0.05, ** p ≤0.01, *** p ≤0.001, paired Student t test. 
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Supplemental Figure 2. Increased frequency of MLL-AF9-induced myeloid leukemia in IL3/TPO-BM-sc implanted 
mice 
(A) Table showing leukemia engraftment in the scaffolds and mouse compartments of IV injected NSG mice, ISC 
injected huBM-sc mice and ISC injected IL3/TPO-BM-sc mice. (B) IHC and immunofluorescence of Von Willebrand 
factor and mouse-CD31 respectively, in IL3/TPO-BM-sc3 of mouse #5. (C) Spleen weight of IL3/TPO-BM-sc 
engrafted CB MLL-AF9 leukemia at the day of sacrifice. Dotted line indicates the average spleen weight of a healthy 
NSG mouse.
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Supplemental Figure 3. Lymphoid clones outcompete myeloid clones in secondary transplantation 
(A) Kinetics and FACS characterization in PB, BM, spleen, and liver of secondary transplanted CD33+ myeloid sorted 
cells or CD19+ lymphoid sorted cells.  (B) LM-PCR showing integration sites of myeloid and lymphoid populations in 
primary (#A) and secondary mice (#A.1-4). Red asterisks indicate lymphoid clone found in CD19+ cells form primary 
mice as well as CD33+ and CD19+ cells injected secondary mice.
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Supplemental Table 1. Characteristics of patient samples used in this study
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Supplemental Table 2. Primer sequences used in this study





3.

Bauke de Boer, Janine Prick*, Maurien G. Pruis*, 
Peter Keane, Maria Rosaria Imperato, Jennifer Jaques, 

Annet Z. Brouwers-Vos, Shanna M. Hogeling, 
Carolien M. Woolthuis, Marije T. Nijk, Arjan Diepstra, 

Sebastian Wandinger, Matthias Versele, 
Ricardo M. Attar, Peter N. Cockerill, Gerwin Huls, 

Edo Vellenga, André B. Mulder, Constanze Bonifer and 
Jan Jacob Schuringa

Prospective isolation and 
characterization of 

genetically and funtionally 
distinct AML subclones

Cancer Cell, 2018, volume 34, page 674–689

* these authors contributed equally to this work



3

Chapter 3

56

Abstract

Intra-tumor heterogeneity caused by clonal evolution is a major problem in cancer 
treatment. To address this problem, we performed label-free quantitative proteomics 
on primary acute myeloid leukemia (AML) samples. We identified 50 leukemia-enriched 
plasma membrane proteins enabling the prospective isolation of genetically distinct 
subclones from individual AML patients. Subclones differed in their regulatory phenotype, 
drug sensitivity, growth, and engraftment behavior, as determined by RNA sequencing, 
DNase I hypersensitive site mapping, transcription factor occupancy analysis, in vitro 
culture, and xenograft transplantation. Finally, we show that these markers can be used to 
identify and longitudinally track distinct leukemic clones in patients in routine diagnostics. 
Our study describes a strategy for a major improvement in stratifying cancer diagnosis and 
treatment.
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Introduction

The majority of recurrent genetic aberrations causing acute myeloid leukemia (AML) 
development has been identified [1, 2]. Over 200 different genetic alterations have been 
detected, often with 5–15 different ones co-existing in individual AML patients. AML is 
thought to progress via a successive accumulation of mutations, initially giving rise to a pre-
leukemic state, which develops into a leukemia after acquiring additional genetic lesions. 
Mutations in epigenetic regulators typically occur early in disease progression [3, 4]. These 
observations have led to the concept of preleukemic hematopoietic stem cells (HSCs) that 
harbor mutations that are insufficient to induce leukemia themselves but do impose an 
increased risk for leukemic transformation [3, 5-7]. Mutations in genes encoding epigenetic 
modifiers (e.g., DNMT3A, ASXL1, and TET2) frequently occur in the healthy elderly, resulting 
in clonal hematopoiesis without overt hematological malignant phenotypes, further 
highlighting that these lesions are insufficient to induce disease on their own [8-10]. 

AML is maintained by a small population of quiescent leukemic stem cells (LSCs) that 
give rise to rapidly cycling leukemic progenitors lacking the capability to differentiate into 
mature blood cells [11-14]. In addition, leukemic cell populations often contain multiple 
co-existing subclones [15-18]. To prevent relapse of disease therefore requires eradicating 
all subclones together with their respective LSCs. Clonal compositions within individual 
patients most likely change over time or as a consequence of treatment. Most preclinical in 
vitro and in vivo drug screens do not address clonal heterogeneity, which may explain the 
failure of numerous drug candidates [19]. 

HSC as well as LSC function critically depends on signals from the bone marrow (BM) 
microenvironment [20-23], which are transmitted by an appropriate set of plasma membrane 
(PM) proteins. The relevance of LSC-niche interactions and the importance an appropriate 
human niche for engraftment of human leukemic cells has also been demonstrated in a 
series of humanized niche xenograft mouse models [24-26]. Insight into the leukemia-
specific PM proteome therefore does not only advance our understanding of the molecular 
biology of leukemic stem and progenitor cells in AML subtypes, but also provides tools for 
the identification and ultimately the targeting of AML-specific subclones. 

Results

Identification of leukemia-enriched PM proteins
To identify PM proteins enriched in primary AML patient cells we performed full label-free 
quantification proteome analysis on CD34+ cells from 42 AML patient samples, or blasts in 
the case of NPM1 mutated samples with CD34 expression <1% (n=6), and 6 mobilized healthy 
peripheral blood (PB) CD34+ samples (Figure 1A and Supplemental Table 1 and 2). A total 
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Figure 1. Identification and validation of leukemia-enriched PM proteins
(A) Label-free quantification of differentially expressed proteins in AML CD34+ cells (n=36) and NPM1 mutated AML 
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of 462 proteins were upregulated in AML, which were significantly enriched for the gene 
ontology (GO) terms “RNA splicing” and “mitochondrial metabolism” (data not shown). For 
further studies, we selected 25 PM proteins that were upregulated in AML compared with 
PB CD34+ cells (PBSCs) (>1.5 fold), 22 PM proteins that were only annotated in a subset of 
AML patients, and 3 PM proteins that were not detected or only slightly upregulated in the 
proteome but showed very significant upregulation on transcription level (Supplemental 
Table 3). Of these 50 selected PM proteins, 36 showed a significant upregulation at the 
mRNA level in AML CD34+ cells versus normal BM (NBM) CD34+ cells [27] (Supplemental 
Table 3). For 16 AML samples that had both proteome and transcriptome data [26, 27], 
Pearson correlation coefficients >0.3 were observed for 3110/7414 proteins (42%, data not 
shown). In addition, we found a Pearson correlation coefficient >0.3 for 25/39 leukemia-
enriched PM proteins of which we had at least 6 paired AML samples (Supplemental Figure 
1A and Supplemental Table 3). 

We validated the expression of 23 PM proteins for which antibodies were available in 
an independent cohort of AML (n=23) and NBM (n=6) samples (Supplemental Table 4), and 
further evaluated the top 10 candidates in a second independent set of AML (n=35) and 
NBM/PB controls (n=10) (Supplemental Table 5). Flow cytometry was performed together 
with antibodies against CD34, CD38, CD45RA, and CD123 in order to detect PM protein 
expression within hematopoietic stem/progenitor cells (HSPCs) (Figure 1B) [11, 28, 29]. For 
19 PM proteins, an upregulation of ~2.5 fold on average in AML CD34+ cells (or blasts in 
NPM1 mutated cases with CD34 expression <1%) compared with NBM CD34+ was observed, 
although there is clear heterogeneity among individual patient samples (Figure 1C-E and 
Supplemental Figure 1B and 1C). In contrast, overexpression of four PM proteins identified 
in our proteome screen could not be confirmed by flow cytometry (Supplemental Figure 
1D and 1E). NPM1 mutated AMLs often contain <1% CD34+ cells that, in many cases, are 
healthy wild-type (WT) HSPCs [13], indeed these cells were indistinguishable from NBM 
CD34+ cells (Supplemental Figure 1F), suggesting that these aberrant PM proteins are 
specifically expressed on the malignant CD34- cells. Aberrant PM protein expression was 
not restricted to the committed leukemic blast progenitor populations, they were also seen 
in the immature CD34+CD38- presumed stem cell compartments (Figure 1D and 1E). 

blasts (n=6) compared with PB CD34+ cells (n=6). (B) Expression of CD34, CD38, CD45RA, CD123, CD151, and IL1RAP 
in NBM and three individual AML patients. (C) Expression of 19 identified leukemia-enriched PM proteins in NBM 
CD34+ cells and AML CD34+ blasts/NPM1 mutated AML CD34- blasts. Data are shown as percent positive and mean 
fluorescence intensity (MFI) relative to the unstained control, horizontal lines indicate the averages. (D) Expression 
of leukemia-enriched PM proteins in CD34+CD38+ and CD34+CD38- populations in NBM and AML patients. Data are 
shown as percent positive and MFI relative to unstained control, horizontal lines indicate averages, the same shape 
and filling indicate expression in subpopulations of the same AML patient. (E) Heatmap showing the fold change of 
the average PM protein expression in AML compared with the average PM protein expression in six NBM samples 
within different cell fractions. 
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Leukemia-enriched PM proteins refine routine diagnostics and highlight clinical outcome
Currently, most leukemia-associated phenotypes (LAPs) are defined by aberrant expression 
of PM proteins on immature AML blasts that, among others, include CD7, CD19, CD22, 
and CD56 [30]. Here, we included 7 leukemia-enriched PM proteins (CD25, CD82, CD97, 
CD123, FLT3, IL1RAP, and TIM3) in the UMCG routine diagnostics workflow for the diagnosis 
of AML along with the standard flow cytometry antibody panel outlined by the EuroFlow 
protocol [31]. We considered a patient positive for a LAP marker if the percentage or mean 
fluorescence intensity of the PM proteins in the immature AML blast population exceeded 
that in NBM CD34+ cells analyzed in the same pipeline. In total, 67 out of 139 patients scored 
positive for LAP markers CD7, CD56, CD22, or CD19, while we could determine a LAP in 
the vast majority of patients (131/139, 94%) using the 7 leukemia-enriched PM proteins 
(Figure 2A and Supplemental Figure 2A-D and Supplemental Table 6). We performed a 
hierarchical clustering of Pearson’s correlation coefficients based on PM protein expression 
to examine whether certain PM proteins were preferentially co-expressed in individual AML 
patients (Figure 2B). CD97, IL1RAP, and CD123 clustered together suggesting significant co-
expression, whereas CD56 and CD25 were expressed in a mutually exclusive manner.

Next, we analyzed correlations between PM protein expression and various clinical 
parameters including mutation status, karyotype, risk group, and white blood cell (WBC) 
counts (Figure 2C). The presence of a FLT3-ITD with a variant allelic frequency (VAF) >0.3 
correlated with CD25, CD97, CD123, and IL1RAP expression, either in the absence or 
presence of NPM1 mutations, while CD97 and FLT3 expression was upregulated in patients 
with only the NPM1 mutation (Supplemental Figure 3A). Increased CD97 and CD123 
expression was associated with leukocytosis (WBC >10x109/L), whereas expression of IL1RAP 
and TIM3 was significantly lower in patients with leukopenia (WBC <4x109/L) (Supplemental 
Figure 3B). Furthermore, CD97 showed a negative correlation with increased risk (data not 
shown) and CD97, FLT3, and CD123 expression was significantly reduced in AMLs with an 
EVI1 overexpression (Supplemental Figure 3C). No correlations were found with CEBPA 
mutations (data not shown), and CD97 and CD123 expression negatively correlated with 
complex karyotype (Supplemental Figure 3D). Similarly, we analyzed correlations of FLT3 
mutations, WBC counts, EVI1 expression, and karyotype with gene expression using the 
TCGA (The Cancer Genome Atlas) dataset and in most cases we observed similar trends 
compared with PM protein expression (Supplemental Figure 3A-D). Moreover, we screened 
all 50 identified PM proteins for correlations with multiple leukemia-associated mutations 
affecting FLT3, RAS, NPM1, DNMT3A, IDH1, IDH2, TP53, TET2, CEBPA, and Cohesin complexes 
as described in the TCGA dataset, and various potentially interesting correlations were 
observed (Supplemental Table 3). For instance, we observed that CD200 expression was 
strongly enhanced in RUNX1 and DNMT3A mutated AMLs, while it was strongly reduced 
in NPM1 mutated AMLs, and CD44 was upregulated in IDH1/2 mutated AML. Finally, the 
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expression of several of the leukemia-enriched PM proteins, including MRC1, GPR114, 
IL1RAP, SEMA4D, CD25, and IFNGR1, were good predictors of disease progression indicative 
for a worse clinical outcome (Figure 2D and Supplemental Figure 3E and Supplemental Table 
3) [1, 32], while high expression of CD44 and CD99 predicted better survival (Figure 2E).

Figure 2. Clinical relevance of identified leukemia-enriched PM proteins in routine diagnostics
(A) PM protein expression on AML blasts compared with NBM CD34+ cells (MFI or percent positive). (B) Pearson’s 
correlation coefficients of PM protein expression in immature AML blasts (MFI or percent positive). (C) Correlations 
of PM protein expression (MFI) of AML blasts with mutations in FLT3, NPM1, EVI1, and CEBPA compared with 
WT counterparts, complex karyotype compared with normal karyotype, intermediate or adverse risk compared 
with favorable risk, leukopenia (WBC <4x109/L) or leukocytosis (WBC >10x109/L) compared with normal WBC 
(4-10x109/L). (D) Kaplan Meier plots (TCGA) of leukemia-enriched PM proteins that predict lower overall survival. 
(E) Kaplan Meier plots (TCGA) of leukemia-enriched PM proteins that predict higher overall survival. * p < 0.05, ** 
p < 0.01, *** p < 0.001, Student’s t test.

The PM proteome informs the prospective isolation of genetically distinct AML subclones 
We next examined whether the expression of PM markers within individual AML patients 
was indicative for the presence of genetically distinct AML subclones. Therefore, we 
measured expression of multiple PM markers in separate tubes together with an identical 
backbone in each tube, which allowed merging of all data (for details, see the Material 
and Methods, Figure 3A) [33]. Subsequently, we performed a principal-component analysis 
(PCA) using the expression of all validated PM markers to determine which were best in 
defining subpopulations.
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Based on deep-exome sequencing data on the blast population of AML patient samples, 
we selected four cases where clonal heterogeneity was suspected (Supplemental Table 7). 
Patient #1 had CEBPAinsC (0.46), NRAS35G>A (0.25), WT11384C>T (0.20), FLT3-ITDins24bp (0.05), and 
IDH1395G>A (0.01) (variant allelic frequencies (VAFs) are indicated between brackets). PCA of 
our PM markers within the immature CD34+ AML cells identified 2 populations that were 
best discriminated by IL1RAP (Figure 3B). Cells were sorted into a CD34+IL1RAP- and a 
CD34+IL1RAP+ fraction and targeted sequencing on CEBPA, NRAS, and WT1 was performed. 
While both clones contained CEBPAinsC founder mutation, only the CD34+IL1RAP+ clone 
contained NRAS35G>A, and only the CD34+IL1RAP- clone contained WT11384C>T (Figure 3C and 
3D).

Patient #2 carried DNMT3A2645G>A (0.50), IDH2419G>A (0.50), RUNX1insCCTA (0.42), and 
FLT3-ITDins63bp (0.24). PCA identified two populations that were best discriminated by 
CD25 expression (Figure 3E). Targeted sequencing was performed on CD34+CD25+ and 
CD34+CD25- sorted cell fractions, both contained DNMT3A2645G>A and RUNX1insCCTA, but only 
the CD34+CD25+ population contained a FLT3-ITDins63bp (Figure 3F). Thus, DNMT3A2645G>A 
and RUNX1insCCTA were founder mutations and the FLT3-ITDins63bp mutation developed in one 
subclone (Figure 3G).

Patient #3 had DNMT3A2440G>T (0.50), NPM1dupTCTG (0.42), WT1delC (0.27), and WT1dupTGTACCGT 
(0.09). In this case, PCA identified CD82 as the best discriminating protein whereby 
the CD82low subclone contained the WT1delC and the CD82high subclone contained the 
WT1dupTGTACCGT (Supplemental Figure 4A-C). Patient #4 had DNMT3A2645G>A (0.46), IDH2419G>A 
(0.46), NPM1insCCTG (0.33), NRAS183A>T (0.31), and NRAS38G>A (0.05). Here, three distinct 
leukemia populations were identified, a dominant clone defined by IL1RAP+CD45RA- with 
a heterozygous NRAS183A>T but no NRAS38G>A mutation, a smaller population defined by 
IL1RAP+CD45RA+ that was heavily enriched for NRAS38G>A mutated cells, and a minor WT 
clone that did not contain DNMT3A2645G>A or NPM1insCCTG (Supplemental Figure 4D-F). Together 
these data show that our defined surface marker panel is able to identify and prospectively 
isolate genetically distinct AML subclones.

Genetically distinct AML subclones display different transcriptional programs
RNA sequencing on the bulk CD34+ population and on the sorted NRAS and WT1 

clones of patient #1 revealed striking differences in their gene expression patterns (Figure 
4A and 4B). GO analysis on the upregulated genes in the NRAS versus the WT1 subclone 
revealed that the former was enriched for genes involved in “programmed cell death,” 
“cellular response to stress,” and inflammatory signatures, whereas the latter was enriched 
for genes involved in metabolic processes and “RNA processing” (Figure 4C). Gene set 
enrichment analysis (GSEA) showed that the NRAS clone transcriptome was enriched for 
gene sets involved in interleukin-6 (IL6) production and LPS-mediated signaling, while the 
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WT1 clone transcriptome was enriched for gene sets including WT1 targets and genes 
expressed in primary CD34+ hematopoietic cells overexpressing NUP98-HOXA9 (Figure 
4D and Supplemental Figure 5A) [34, 35]. In Addition, the NRAS clone transcriptome was 
enriched for a granulocyte-macrophage progenitor (GMP) and a leukemic GMP signature, in 

Figure 3. Prospective isolation of genetically distinct AML subclones based on PM proteome. 
(A) Schematic representation of merging infinite PM proteins measured in separate tubes using an identical 
backbone in each tube. (B) PCA on CD34+ cells of patient #1 (left) and sorting strategy (right) based on the top 
candidate of PC1, listed in the middle. (C) Targeted Sanger sequencing of mutations in sorted subpopulations of 
patient #1. (D) Schematic pedigree of clonal evolution in patient #1. (E) PCA on CD34+ cells of patient #2 (left) and 
sorting strategy (right) based on the top candidate of PC1, listed in the middle. (F) Targeted Sanger sequencing of 
mutations in sorted subpopulations of patient #2. (G) Schematic pedigree of clonal evolution in patient #2. Dup.; 
duplication, ins.; insertion and ITD; internal tandem duplication.
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contrast to the WT1 clone transcriptome, which was enriched for an LSC signature and for 
genes downregulated in GMPs compared with HSCs (Supplemental Figure 5A) [14, 36, 37]. 

To assess whether differential gene expression was directed by a different cistrome, we 
assessed the activity of cis-regulatory elements such as enhancers and promoters, which 
exist as DNase I hypersensitive sites (DHSs) in chromatin [38]. We restricted our analysis to 
distal elements as differential activity of distal DHSs correlates with cell differentiation [39]. 
While a large number of shared distal DHSs were detected in both NRAS and WT1 mutant 
clones (Figure 4E, group 2), our analysis also revealed subclone-specific DHSs (Figure 4E, 
group 1 and 3). Clone-specific DHSs correlated significantly with gene expression levels as 
determined by GSEA analyses (Figure 4E and Supplemental Figure 5B). WT1-specific DHSs 
were enrichment for GATA motifs while NRAS-specific DHSs were enriched for AP-1 and C/
EBP motifs (Figure 4F and 4G). A GATA signature has been suggested to be a hallmark for an 
immature leukemic phenotype [39, 40], which is in line with the GO and GSEA analyses of 
the NRAS and WT1 transcriptomes (Figure 4C and 4D and Supplemental Figure 5A).

Subclone-specific gene expression patterns were also obtained for patient #2 (Figure 
4H and I). Genes upregulated in the FLT3-ITD clone were enriched in processes related to 
cell proliferation and cytokine signaling, while the transcriptome of the FLT3-WT clone was 
enriched for GO terms such as “chromatin organization” and “histone modification” (Figure 
4J). GSEA confirmed the presence of a FLT3-ITD-specific gene expression profile in the 
FLT3-ITD clone, but not in the FLT3-WT clone, using two independent FLT3-ITD-associated 
gene sets (Figure 4K and Supplemental Figure 5C) [41, 42]. Moreover, the transcriptome of 
the FLT3-ITD clone was clearly enriched for a MYC signature and STAT5 targets, suggesting 
overlapping signaling pathways [43, 44], whereas that of the FLT3-WT clone was enriched for 
genes up in primary CD34+ hematopoietic cells with a RUNX1-RUNX1T1 fusion, an immature 
HSC signature, and a hypoxia phenotype [14, 45, 46]. We also identified clone-specific 
DHSs (Figure 4L, group 1 and 3) and again found a strong correlation between chromatin 
accessibility and gene expression (Supplemental Figure 5D). RUNX and ETS motifs were 

Figure 4. Genetically distinct AML subclones rely on different transcriptional programs. 
(A) Schematic pedigree of identified subclones in patient #1. (B) RNA sequencing (RNA-seq) analysis of bulk CD34+ 

cells, CD34+IL1RAP+ cells (NRAS clone) and CD34+IL1RAP- cells (WT1 clone) from patient #1. (C and D) GO analysis 
on differentially expressed genes (C) and GSEA on a pre-ranked genelist (D) of NRAS and WT1 clones. (E) Identified 
distal DHSs in the WT1 clone (1, green), both clones (2, black) and the NRAS clone (3, red) correlated with fold 
change gene expression. (F) Presence of TF motifs AP-1, C/EBP, and GATA (color intensity indicates tag density) in all 
identified distal DHSs of patient #1. (G) Significantly enriched TF motifs in WT1 and NRAS clone-specific distal DHSs. 
(H) Schematic pedigree of identified subclones in patient #2. (I) RNA-seq of bulk CD34+ cells, CD34+CD25+ (FLT3-ITD 
clone), and CD34+CD25- (FLT3-WT clone) of patient #2. (J and K) GO analysis (J) and GSEA on a pre-ranked genelist 
(K) of FLT3-ITD and FLT3-WT clones. (L) Identified distal DHSs in the FLT3-ITD clone (1, green), both clones (2, black) 
and the FLT3-WT clone (3, red) correlated with fold change gene expression. (M) Presence of TF motifs E-box, CTCF, 
and GATA (color intensity indicates tag density) in all identified distal DHSs of patient #2. (N) Significantly enriched 
TF motifs in FLT3-ITD and FLT3-WT clone-specific distal DHSs.
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enriched in DHSs of both clones, but GATA motifs were specifically enriched in the FLT3-
WT clone (Figure 4M and 4N), again reinforcing the notion that these genetically distinct 
subclones differ in chromatin landscape and transcriptional regulation.

Patient #3 contained a WT1dupTGTACCGT clone and a WT1delC clone that had clear differences 
in the DHS pattern (Supplemental Figure 5E-G). DHSs specific for the WT1dupTGTACCGT clone 
were enriched for AP-1 and RFX1 motifs, while those of the WT1delC clone were enriched 
for CTCF binding motifs (Supplemental Figure 5E-G). In patient #4, no major differences 
in DHSs and transcription factor (TF) motifs in subclones were identified, indicating that 
the NRAS38G>A and NRAS183A>T mutations in the different subclones have a similar impact on 
the cistrome (Supplemental Figure 5H-J). Intriguingly, only CD45RA showed differentially 
expression within patient #4, whereas all other analyzed PM markers were not different 
between the NRAS clones (data not shown). 

Finally, chromatin accessibility of all subclones of four analyzed AMLs was compared 
directly by unsupervised clustering analysis (Supplemental Figure 5K). These data indicate 
that the common DHSs of individual AMLs (group 2 in Figure 4E and 4L and Supplemental 
5E and 5H) dominate in the clustering analysis over the subclone-specific DHSs, most likely 
due to the impact of shared founder mutations in each AML subclone.

AML subclones show differential TF occupancy and co-localization
To examine the actual TF binding, we performed digital footprinting analysis from high-read 
depth DNase sequencing (DNAse-seq) data from subclones derived from patient #1 and 
#2. Using the Wellington algorithm [47], we defined footprints recognizable by a black gap 
surrounded with upper (red) and lower (green) strand DNase I cleavage sites, as visualized 
in Figure 5A, indicating that this motif was protected from DNase I digestion by the binding 
of a TF. In patient #1 we identified 3602 specific footprints in the NRAS clone and 5845 in 
the WT1 clone (Figure 5A). For example, the IL1R1 (encoding the co-receptor of IL1RAP) and 
the PKM loci, both of which were upregulated in the NRAS clone, showed clear differences 
in TF occupancy (Supplemental Figure 6A and 6B). In line with the DHS mapping results, 
NRAS-specific footprints were enriched for occupied C/EBP and AP-1 binding motifs, while 
WT1 motifs were enriched for occupied GATA and NFY binding sites (Figure 5B). We next 
evaluated TFs that were found in close proximity to each other, suggestive for co-regulation 
of gene transcription. A motif co-occurrence (bootstrapping) analysis was performed, which 
produced a heatmap based on the Z score. A positive Z score indicates that the number 
of times a set of TF binding motifs occurs within 50 base pairs (bp) from each other is 
greater than expected by random chance. C/EBP and AP-1 footprints co-localized with high 
significance in the NRAS clone, whereas GATA motifs co-localized with NFY motifs in the 
WT1 clone (Figure 5C), suggesting that different TF combinations  play a role in regulating 
gene expression in the two clones.
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Analysis of subclones of patient #2 identified 4724 FLT3-ITD-specific footprints enriched 
for RFX1, ATF1, and C/EBP binding motifs and 4094 FLT3-WT-specific footprints enriched 
for GATA binding motifs (Figure 5D and 5E), with the MYCN locus highlighted as an example 
(Supplemental Figure 6C). For this patient, we performed chromatin immunoprecipitation 
with GATA2 and C/EBPA antibodies to validate digital footprint data and confirmed binding of 
GATA2 in the FLT3-WT clone at GATA footprints (Figure 5F and 5G) and CEBPA binding in the 
FLT3-ITD-enriched C/EBP footprints (Figure 5H and 5I). Again, we observed clear differences 
in TF co-localization between subclones (Figure 5J). In the FLT3-ITD clone, multiple different 
TFs bound in close proximity of each other, including RFX1, NF1, AP-1, ATF1, and C/EBP, while 
the FLT3-WT clone was more driven by GATA in complex with a variety of other TFs such as 
MEIS1, ATF1, and AP-1. Taken together, our data demonstrate that subclones isolated using 
PM markers consist of genetically and epigenetically distinct entities that are regulated by 
different transcriptional networks.

Genetically distinct subclones of individual AML patients display functional differences in 
vivo and in vitro

To evaluate whether the differences in gene expression and regulation in AML subclones 
impacted on cellular function, we purified subclones and performed co-cultures in vitro 
with mouse BM stromal MS5 cells and transplantation studies in vivo in humanized niche 
scaffold mouse model [26, 48] (Figure 6A). The CD25+-sorted cells engrafted efficiently in 
five out of five injected mice, and mice were sacrificed due to leukemia development after 
161-225 days (Figure 6B). Scaffolds were enlarged, without dissemination of leukemic cells 
into murine organs. Leukemic cells retrieved from the scaffolds were 100% huCD45+, had 
an immature blast-like appearance, and still contained the RUNX1dupCCTA and DNMT3A2645G>A 
founder mutations and the FLT3-ITDins63bp mutation (data not shown). In contrast, none of 
the mice injected with the FLT3-WT clone (CD25-) developed a full-blown leukemia within 
the timeframe of the experiment (250 days) and none of their scaffolds showed any signs of 

Figure 5. Digital footprints of AML subclones reveals differences in TF occupancy
(A) DNAse I cleavage patterns in NRAS and WT1 clones predicted by Wellington score. Upper strand cuts (red) and 
lower strand cuts (green) encapsulate footprint (gap) centered in the middle of a 200-bp window. (B) Significantly 
enriched TF motifs of digital footprints specific for the NRAS or WT1 clone. (C) Co-localization of NRAS or WT1 
specific footprints within a 50-bp range of each other using bootstrapping analysis (z-score). (D) DNAse I cleavage 
patterns in FLT3-ITD and FLT3-WT clones predicted by Wellington score. (E) Significantly enriched TF motifs of 
digital footprints specific for the FLT3-ITD or FLT3-WT clone. (F) Chromatin immunoprecipitation sequencing (ChIP-
seq)-qPCR results of GATA2 binding to GATA footprints enriched in the FLT3-WT clone, data are shown as mean 
±SD of technical triplicates. (G) Genome browser screenshots of DHSs and digital footprints of two loci with a GATA 
motif. (H) ChIP-seq-qPCR results of CEBPA binding to C/EBP footprints enriched in the FLT3-ITD clone, data are 
shown as mean ±SD of technical triplicates. (I) Genome browser screenshots of DHSs and digital footprints of two 
loci with a C/EBP motif. (J) Co-localization of FLT3-ITD or FLT3-WT specific footprints within 50-bp range of each 
other using bootstrapping analysis (z-score). * p < 0.05, ** p < 0.01, *** p < 0.001, Student’s t test.
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engraftment of human cells at the time of sacrifice (Figure 6B and data not shown). In vitro, 
both subclones did expand, but with different kinetics consistent with a higher proliferative 
capacity of FLT3-ITDins63bp cells (Figure 6C). Importantly, mutation patterns in both subclones 
remained stable over time (Figure 6D). We questioned whether the presence of the FLT3-
ITD clone would provide necessary factors to sustain proliferation for the FLT3-WT clone, 
but when in vitro cultures were initiated with bulk cells it was the heterozygous FLT3-ITD 
clone that outcompeted the FLT3-WT clone (Figure 6C and data not shown). These data 
suggest a significant difference in AML aggressiveness and autonomous growth between 
the subclones, or alternatively might indicate different BM niche dependencies that might 
not be provided for in the humanized niche xenograft or co-culture models.

The FLT3-WT clone showed smaller blasts, had lower reactive oxygen species (ROS) levels 
and contained more cells within the CD34+CD38- compartment compared with the FLT3-
ITD clone (Figure 6E and 6F). Immunohistochemical staining for CD25 on a BM biopsy at 
diagnosis from patient #2 revealed that CD25+ cells predominantly located in the proximity of 
bone trabeculae, whereas CD25- cells were frequently seen in the central medullary cavities, 
where we observed apoptosis-induced phagocytosis (Figure 6G). Similarly, BM biopsies of 
patient #5 and #6 revealed distinct CD25- and CD25+ areas within their BM. Although further 
studies are required, these observations suggest that AML subclones may preferably home 
to and expand in different areas in the BM microenvironment, potentially favoring different 
extrinsic cues. Finally, when both subclones of patient #2 were treated with AC-220, which 
is known to preferentially act on FLT3-ITD positive cells, only the FLT3-ITD clone had reduced 
cell counts and increased apoptosis (Figure 6H).

A similar picture was seen for patient #1. IL1RAP+-sorted cells engrafted in three out 
of six injected mice (Figure 6I and 6J). Scaffolds were enlarged, with some dissemination 
of leukemic cells to murine organs. Leukemic cells retrieved from the scaffolds were 100% 
huCD45+ and also expressed CD33 but were negative for CD19 and had an immature blast-like 
appearance (data not shown). IL1RAP--sorted cells engrafted in two out of six mice (Figure 
6I and 6J). Intriguingly, of the three mice that gave engraftment from IL1RAP+ injected cells, 
only one mouse actually harbored NRAS35G>A, and both mice that developed leukemia from 
IL1RAP- injected cells did not harbor WT11384C>T. Instead, these other two mice, as well as the 
two mice that gave engrafted with IL1RAP--sorted cells, developed an AML with CEBPAinsC 
and a FLT3-ITDins24bp (Figure 6K and 6L and data not shown). The FLT3-ITD clone had been 
detected in primary AML blasts of the patient, although with very low VAF (Supplemental 
Table 7) and could not be detected within the injected CD34+IL1RAP+ and CD34+IL1RAP- 
populations by Sanger sequencing. FLT3/ITD-positive cells may display a proliferative 
advantage in our humanized niche xenograft mouse model thereby outcompeting FLT3-WT 
clones, indicating that clonal drift is a phenomenon that needs to be addressed when using 
xenograft mouse models to study human leukemias, in line with published data [17, 26, 49]. 
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Figure 6. In vitro and in vivo characterization of genetically distinct AML subclones
(A) Schematic representation of in vivo and in vitro analysis of FLT3-ITD and FLT3-WT clones of patient #2. (B) 
Kaplan-Meier plot of indicated subclones injected in humanized niche scaffold NSG mice. (C) Cumulative cell growth 
in vitro of CD34+ bulk cells, the FLT3-ITD clone and the FLT3-WT clone on MS5 stroma. Representative growth 
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In vitro, only the NRAS clone was able to significantly expand in MS5 BM stromal co-cultures 
(Figure 6M and 6N). Targeted sequencing at day 16 showed the persistence of WT11384C>T 
and NRAS35G>A cells, and, in contrast to in vivo data, no outgrowth of a FLT3-ITD clone was 
observed (data not shown), indicating that clonal drift seen in vivo in xenograft models is not 
necessarily similar to what is observed in vitro.

PM marker expression can be used to longitudinally track leukemic clones
Genetically identical clones present at diagnosis escaping therapy can drive disease relapse. 
Often changes in subclonal composition are seen whereby new clones arise either as a 
consequence of treatment or as of clones that were very small at diagnosis preferentially 
outgrow in the relapsed patient, thus requiring a different type of therapy that needs to 
be rapidly implemented. We therefore assessed whether the expression dynamics of PM 
markers was indicative of the stability, subclonal evolution, and selection of individual 
subclones. We studied paired de novo versus relapse samples during extended treatment 
regimes. In two out of four cases we observed that aberrant marker expression profile was 
largely stable in de novo and relapse samples and correlated with a similar mutation profile. 
In patient #7, 14 out of 18 evaluated PM markers were overexpressed at diagnosis compared 
with NBM (Figure 7A), of which 12 were also overexpressed in the relapse samples, while 
expression of 2 markers changed. In patient #8, 9 out of 18 evaluated PM markers were 
overexpressed at diagnosis (Figure 7B), 3 of which showed a slight change in the relapse 
sample. In two other cases we could clearly see changes in the LAP pattern between the 
de novo and the relapse sample(s), which coincided with changes in the clonal composition 
and the genetic make-up of the relapsed disease. Figure 7C shows the course of the disease 
of patient #3, in whom the de novo AML clone was genetically different from the relapsing 
AML clone. In this case, 14 out of 18 evaluated PM proteins were overexpressed compared 

curve of three independent experiments, data are shown as mean ± SEM of technical duplicates. (D) Targeted 
sequencing at day 15 of the MS5 co-cultures with FLT3-ITD and FLT3-WT plated clones. (E) May-Grünwald-Giemsa-
stained cytospins at day 0 (t=0) and day 15 (t=15) of MS5 co-cultures with the FLT3-ITD and FLT3-WT clone. (F) Flow 
cytometry analysis of reactive oxygen species (ROS) and CD38 expression within the FLT3-ITD and FTL3-WT clones. 
(G) CD25 immunostaining on primary patient BM biopsies. For each patient, CD25 expression is shown within the 
MNC fraction (red) compared to the unstained control (black) in the bottom right corner. (H) Relative cell counts 
and AnnexinV/DAPI positivity after treatment of FLT3-ITD and FLT3-WT clone with AC-220 for 48 hr. Data are shown 
as mean ± SEM of biological duplicates. (I) Schematic representation of in vivo and in vitro analysis of NRAS and 
WT1 clones of patient #1. (J) Kaplan-Meier plot of indicated subclones injected in humanized niche scaffold NSG 
mice. (K) Representative targeted Sanger sequencing results of engrafted IL1RAP+ and IL1RAP- cells. (L) Schematic 
pedigree of clonal expansion in vivo of patient #1. (M) Cumulative cell growth in vitro of the WT1 and NRAS clone 
on MS5 stroma. Representative growth curve of two independent experiments, data are shown as mean ± SEM of 
technical duplicates. (N) Snapshots of MS5 co-cultures with NRAS or WT1 clone at day 12 of the co-cultures. * p < 
0.05, ** p < 0.01, Student’s t test. For Kaplan-Meier plots, p values were determined using a Mantel-Cox. n.s.; not 
significant.
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with NBM in both in the de novo and relapse sample, 8 out of these 14 were differentially 
expressed between the de novo and relapse sample. Figure 7D shows patient #9 who 
relapsed twice, the cell population of the first relapse contained cells genetically similar to 
the de novo AML clone but already harbored a genetically distinct WT1 mutant clones as 
well. Cells from the second relapse were genetically completely different coinciding with 7 
out of 18 evaluated markers being differentially expressed between the de novo and second 

Figure 7. PM marker expression can be used to longitudinally track leukemic clones
(A-D) Timeline of disease progression including mutational profile (left) and expression of eight representative PM 
markers in de novo and relapse AML samples and in an NBM control (right) in patient #7 (A), patient #8 (B), patient 
#3 (C), and patient #9 (D). NPM1 mut, NPM1 mutated AML.
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relapse sample. These data indicate that our panel of markers can be used to track the 
appearance of genetically altered leukemic clones over time, and can be used to robustly 
identify longitudinal changes in clonal composition within individual patients. 

Discussion

We used a label-free proteome approach to identify 50 leukemia-enriched PM markers, 
which includes both previously identified PM markers [27, 50, 51], such as CD123 (IL3RA) 
[52], TIM3 [53], CD44 [54], CD96 [55], CD47 [56], CD32 and CD25 (IL2RA) [57], CD99 [58], and 
CLL1 (CLEC12A) [59], as well as those not previously reported. Several of them were good 
predictors of disease progression, which will be useful for the identification of (residual) 
leukemic cells in a diagnostic setting. We implemented a panel of seven top candidate 
leukemia-enriched PM markers in the UMCG routine diagnostics workflow for the diagnosis 
of AML and showed that a LAP could be detected in 94% of the investigated cases. LAP-
specific PM markers were also found in relapse samples, and we are currently evaluating, in 
a larger cohort of patients, whether these markers can detect minimal residual disease and 
predict relapse. We regard the identification of these markers as a major improvement of 
clinical diagnosis.

Our combinatorial approach enables us to identify, sort, and characterize genetically 
distinct subclones within individual patients. We demonstrate that the development 
of specific subclones is not only accompanied by alterations in the genetic make-up but 
also by extensive changes in the regulatory phenotype, which in some cases leads to the 
development of a more aggressive type of AML requiring a different therapeutic approach. 
This notion is best illustrated by our analysis of patient #2 who acquired the FLT3-ITD 
mutation, which is a classical secondary mutation with extremely poor prognosis [60]. We 
showed previously that this type of AML is associated with a chromatin signature enriched 
in motifs for signaling inducible TFs, such as AP-1 whereby FLT3-ITD signaling is required 
for AP-1 binding in the genome [42]. A similar motif enrichment and footprint pattern is 
seen in the FLT3-ITD subclone examined in this study, which has arisen from an ancestral 
clone carrying three different mutations and displaying a different cistrome. Highly potent 
second-generation inhibitors for FLT3-ITD have recently been developed [61], and to be able 
to rapidly diagnose the presence of FLT3-ITD containing subclones will be essential for fast 
implementation of treatment. 

We find that up-regulation of a number of identified leukemia-associated PM markers 
predict poor prognosis, many of which have signaling activity and are likely to contribute to 
the pathogenesis of AML. We find a correlation between CD25 (the IL2 receptor alpha chain, 
encoded by IL2RA) and FLT3-ITD expression, in line with published observations [42, 62], 
indicating that the signaling environment in these cells has been further reprogrammed. 



3

Chapter 3

74

The activation of different growth factor receptors together with the FLT3-ITD is likely to 
be the cause for the increased proliferative capacity of the FLT3-ITD clone as compared to 
the parental clone. IL1RAP expression was suggested to be important for leukemic growth 
[63-65]. Recently, IL1RAP was shown to heterodimerize with FLT3 or KIT, thereby enhancing 
signaling via these pathways [66]. However, we observed that IL1RAP and FLT3 were only 
co-expressed in individual cells in a subset of AML cases, and that IL1RAP expression most 
strongly correlated with CD97 (a G-protein coupled receptor) and CD123 (Interleukin 
3 receptor alpha) expression. These data do suggest co-activation of multiple signaling 
pathways, and it will be important to study co-expression of such signaling molecules in 
further detail and determine how their activation - and inhibition - impacts on leukemia 
development and maintenance.

Effective AML therapy relies on the monitoring of clonal complexity at the onset 
of disease as well as during treatment, and ultimately on the clearance of all LSCs from 
potentially multiple distinct subclones. To achieve this, the molecular and cell biological 
characteristics of distinct AML subclones will need to be investigated in detail in order to 
identify multiple AML subtype- and subclone-specific drug vulnerabilities. The current study 
provides a framework that will allow such approaches. Our genome-wide characterization 
of subclonal populations showed that they consist of cells of a different biological identity 
even when carrying similar founder mutation(s). However, our DHS data also showed 
that subclones from individual patients still clustered together compared with the other 
polyclonal AMLs indicating the presence of specific pathways shared between ancestral 
and subclones, a concept that could also be therapeutically exploited. Challenges ahead 
include studying correlations between specific somatic mutations and expression of PM 
markers, the identification of PM marker combinations that might aid in MRD detection, and 
ultimately whether the subclone-specific PM marker expression profiles described here will 
be useful to specifically guide (immune-) therapy approaches to design truly personalized 
treatment strategies.
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Materials and Methods

Resources

Antibodies Source Identifier
CD151-PE R&D Systems Cat# FAB1884P
CD200-PE R&D Systems Cat# FAB27241P
MRC1-PE R&D Systems Cat# FAB25342P
CLL1-PE R&D Systems Cat# FAB2946P
ESAM-PE R&D Systems Cat# FAB4204P
IFNGR1-PE R&D Systems Cat# FAB673P
IL1RAP-PE R&D Systems Cat# FAB676P
IL6RA-PE R&D Systems Cat# FAB227P
ITGB7-PE R&D Systems Cat# FAB4669P
JAMC-PE R&D Systems Cat# FAB11891P
PVR-PE R&D Systems Cat# FAB25301P
SEMA4D-PE R&D Systems Cat# FAB74701P
Anti-GATA2 R&D Systems Cat# AF2046
CD25-PE Biolegend Cat# 302606
CD82-PE Biolegend Cat# 342104
CD97-PE Biolegend Cat# 336308
CD99-PE Biolegend Cat# 371306
CD45RA-BV421 Biolegend Cat# 304108
CD123-PECy7 Biolegend Cat# 306010
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ITGA6-PE Biolegend Cat# 313612
ITGAE-PE Biolegend Cat# 350206
TIM3-PE Biolegend Cat# 345006
CD19-APC-Cy7 BD Biosciences Cat# 557791
CD22-APC BD Biosciences Cat# 340933
CD34-APC BD Biosciences Cat# 560940
CD34-PerCP/PeCy5.5 BD Biosciences Cat# 347203
CD38-FITC BD Biosciences Cat# 555459
CD45-HV500 BD Biosciences Cat# 560777
CD47-PE BD Biosciences Cat# 556046
FLT3-PE BD Biosciences Cat# 558996
ITGA5-PE BD Biosciences Cat# 555617
AnnexinV-APC BD Biosciences Cat# 550474
CD7-APC Thermo Scientific Cat# 17-0079-42
CD34-APC Thermo Scientific Cat# CD34-581-05
CD56-PE Cytognos Cat# CYT-56PE
CD117-PECy7 Beckman Coulter Cat# IM3698
Mouse monoclonal CD25 Leica Microsystems Cat# NCL-CD25-305
Anti-C/EBPα Santa Cruz Cat# A2814

Production discontinued
IgG from rabbit serum Sigma-Aldrich Cat# I8140

Biological Samples
Mobilized CD34+ Peripheral Blood samples UMCG
Bone marrow samples UMCG
AML Patient samples UMCG

Chemicals, Peptides, and Recombinant Proteins
Phusion High-Fidelity DNA Polymerase Thermo Scientific Cat# F-530L
DAPI Thermo Scientific Cat# D1306
CellROXTM Deep Red Reagent Thermo Scientific Cat# C10422
FcR blocking reagent Mylteni Biotech Cat# 130-059-901
Protein G Dynabeads Invitrogen Cat# 10004D
Reprosil-Pur C18-AQ 1.9µm Dr. Maisch GmbH Cat# r119.aq.
Dynabeads™ Protein G Thermo Scientific Cat# 10003D
iQ SYBR Green Supermix Biorad Cat# 170-8887
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Quizartinib (AC-220) MedChemExpress Cat# HY-13001
Deoxyribonuclease I (DNase I) Worthington-Biochem Cat# LS006328

Critical Commercial Assays
CD34 MicroBead Kit, human Miltenyi Biotech Cat# 130-046-703
NucleoSpin tissue kit Machery-Nagel Cat# 740952
RNeasy micro kit Qiagen Cat# 74004 
QIAquick PCR purification kit Qiagen Cat# 28106
MicroPlex library preparation kit v2 Diagenode Cat# C05010013
QuantSeq 3’ mRNA-Seq FWD Kit Lexogen Cat# 015.24

Deposited data
Human: DNaseI-hypersensitive profiles This paper GSE117667

Experimental Models: Cell Lines
MS-5 cell line DSMZ Cat# ACC-441

RRID:CVCL_2128

Experimental Models: Organisms/Strains
NSG (NOD.Cg-Prkdcscid ll2rgtm1Wjl/SzJ) Centrale Dienst Proefdieren, UMCG

Oligonucleotides
gDNA primers for mutation detection This paper Supplemental Table 8
ChIP-qPCR primers This paper Supplemental Table 8

Software and Algorithms
MaxQuant v1.5.3.2 Cox et al, 2008 http://www.coxdocs.org/doku.ph-

p?id=maxquant:start
MaxLFQ algorithm Cox et al, 2014 and Cox 

et al, 2011
InfinicytTM 2.0 Cytognos www.infinicyt.com
FlowJo v10.0.6 TreeStar www.flowjo.com
Chromas Lite Technelysium Pty Ltd https://technelysium.com.au/wp/

chromas/
Pybedtools Dale et al., 2011
Wellington algorithm Piper et al., 2015
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Patient samples 
PB and BM samples of AML patients, BM of patients that underwent hip surgery and PB 
from allogeneic donors were studied after informed consent and protocol approval by the 
Medical Ethical Committee of the UMCG in accordance with the Declaration of Helsinki. 
Mononuclear cells (MNCs) were isolated via ficoll separation and cryopreserved.

In vitro primary AML co-cultures
MS5 cells were plated on gelatin coated culture flasks and expanded to form a confluent 
layer. Next, AML cells were plated in Gartner’s medium consisting of αMEM (Thermo 
Scientific) supplemented with 12.5% heat-inactivated fetal calf serum (Lonza), 12.5% heat-
inactivated horse serum (Invitrogen), 1% penicillin and streptomycin, 2mM glutamine (all 
from PAA Laboratories), 57.2 µM β-mercaptoethanol (Merck Sharp & Dohme BV) and 1 mM 
hydrocortisone (Sigma-Aldrich) with the addition of 20 ng/mL G-SCF, N-Plate and IL-3. Co-
cultures were grown at 37˚C and 5% CO2 and demi-populated weekly to count and analyze 
the cells by targeted sequencing, FACS and May-Grünwald-Giemsa (MGG) staining. Images 
of MGG stained cells were made with a DM3000 (Leica). Images of real-time co-cultures 
were made with a DMi1 (Leica).

In vivo AML subclone analysis
Six weeks old female NSG (NOD.Cg-Prkdcscid ll2rgtm1Wjl/SzJ) mice were purchased from 
the Centrale Dienst Proefdieren (CDP) breeding facility within the University Medical 
Center Groningen. Mouse experiments were performed in accordance with national and 

Homer Heinz et al., 2010 http://homer.ucsd.edu/homer/motif/
motifDatabase.html

Java TreeView Saldanha, 2004 http://jtreeview.sourceforge.net/
Bowtie v2.3.1 Langmead and Salz-

berg, 2012
http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

MACS v1.4.2 Zhang et al., 2008 http://liulab.dfci.harvard.edu/MACS/
R v3.2.3 www.r-project.org
Strand Avadis NGS v3.0 Strand NGS www.strand-ngs.com 
David 6.8 Huang Da et al., 2009 https://david.ncifcrf.gov/home.jsp
GSEA 2.2.2 Broad institute https://software.broadinstitute.org/

gsea/index.jsp
Prism 6 Graphpad www.graphpad.com
Coreldraw 2017 CorelTM www.coreldraw.com
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institutional guidelines, and all experiments were approved by the Institutional Animal 
Care and Use Committee of the University of Groningen (IACUC-RuG). The humanized 
niche scaffold NSG mouse model was established as described previously [26, 48, 67]. 
AML subclones were sorted and 5x105-1.75x106 cells/scaffold were directly injected into 
2 out of 4 scaffolds. Human CD45+ levels were measured regularly in blood obtained by 
sub-mandibular bleeding and mice were sacrificed when tumor volumes reached ethical 
limits or mice showed severe signs of illness. Cells from the humanized scaffolds and mouse 
organs including BM, spleen and liver were isolated and analyzed for human PM protein 
expression by FACS. Left over cells were cryopreserved and stored in liquid nitrogen.

Mass spectrometry sample preparation
Cryopreserved MNC fractions of AML patients and PB from allogeneic donors were thawed, 
resuspended in newborn calf serum (NCS) supplemented with DNase I (20 Units/mL), 4 µM 
MgSO4 and heparin (5 Units/mL) and incubated on 37˚C for 15 minutes (min). Next, CD34+ 
cells were isolated on the autoMACS using a magnetically activated cell-sorting progenitor 
kit (Miltenyi Biotech). In case of NPM1 mutated AMLs with CD34 expression <1%, the blast 
fraction was used. After isolation, 5x106 cells were washed twice with phosphate buffered 
saline (PBS), pelleted and snap frozen. At this stage, cells could be stored at -80oC, and could 
be transported on dry ice between laboratories.  Cell pellets were thawed on ice and lysed 
in 200 µl of ice-cold lysis buffer (8 M urea, 50 mM Tris, pH 8.2, 75 mM NaCl, 1 mM EDTA, 
1 mM EGTA, 1 mM PMSF, 10 mM sodium fluoride, 10 mM β-glycerophosphate, 2.5 mM 
sodium orthovanadate, 50 ng/mL calyculin A, 10 µg/mL aprotinin, 10 µg/mL leupeptin and 
1:100 (v/v) phosphatase inhibitor cocktails 1 and 3 (Sigma-Aldrich)). After sonication, cell 
debris was sedimented by centrifugation and the protein concentration was determined 
by a Bradford assay. Protein extracts (up to 200 µg of total protein each) were reduced 
(10 mM DTT, 30 min at room temperature) and alkylated (55 mM iodoacetoamide for 30 
min at room temperature) followed by in-solution digestion with endoproteinase Lys-C and 
trypsin (Promega) as detailed before [68]. Tryptic peptides were desalted using reversed-
phase 100 mg C18 SepPak cartridges (Waters) and fractionated by high pH reversed phase 
chromatography on an ÄKTA explorer system (GE Healthcare) as described previously [69]. 
Collected peptide fractions were combined by concatenation to obtain twelve final fractions 
per sample followed by peptide desalting and LC-MS/MS analysis [69].

Mass spectrometry analysis
All LC-MS/MS analyses were performed with an Easy nano LC II system (Thermo Fisher 
Scientific) coupled to an LTQ Orbitrap Velos instrument (Thermo Fisher Scientific). Peptide 
samples were loaded in solvent A (0.5% acetic acid) on a 20 cm fused silica column (New 
Objective) packed in-house with reversed phase material (Reprosil-Pur C18-AQ, 1.9 µm, 
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Dr. Maisch GmbH) at a flow rate of 500 nL/min. Bound peptides were eluted by a 2 h 
gradient from 10% to 60% of solvent B (80% acetonitrile, 5% DMSO, 0.5% acetic acid) at 
a flow rate of 200 nL/min and sprayed directly into the mass spectrometer by applying a 
spray voltage of 2.2 kV using a nanoelectrospray ion source (Proxeon Biosystems). The mass 
spectrometer was operated in the data-dependent mode to automatically switch between 
MS and MS/MS acquisition. For all MS measurements with the orbitrap detector a lock-
mass ion from ambient air (m/z 445.120024) was used to improve mass accuracy [70]. 
Full scans were acquired in the orbitrap mass analyzer at a resolution R = 60,000 and a 
target value of 1,000,000 ions. The fifteen most intense ions detected in the MS scan were 
selected for collision induced dissociation in the LTQ at a target value of 5000 ion counts. 
The resulting fragmentation spectra were also recorded in the linear ion trap. Ions that were 
once selected for data-dependent acquisition were dynamically excluded for 90 seconds 
from further fragmentation.  General used mass spectrometric settings were: no sheath and 
auxiliary gas flow; heated capillary temperature, 240°C; normalized collision energy, 35% 
and an activation q = 0.25.

Mass spectrometry data processing
All MS raw data files were collectively processed with the MaxQuant software (version 
1.5.3.2) [71] using the Andromeda search engine for false discovery rate (FDR) controlled 
peptide and protein identification and label-fee quantification (LFQ) enabled by the MaxLFQ 
algorithm embedded in MaxQuant [72]. Data were searched against the human Swiss-Prot 
database (version: 05.2015) comprising 42,119 database entries and 245 frequently detected 
contaminants (such as porcine trypsin, human keratins and Lys-C). Carbamidomethylation 
of cysteine was set as a fixed modification and oxidation of methionine and N-terminal 
acetylation were allowed as variable modifications. The minimum required peptide length 
was seven amino acids and up to two missed cleavages were allowed per peptide. The 
minimum required ratio count for protein quantification was set to two unique or razor 
peptides. An FDR of 0.01 was selected for both protein and peptide identifications and a 
posterior error probability (PEP) below or equal to 0.1 for each peptide-to-spectral match 
was required. The match between runs option was enabled for a time window of 0.5 min. 
Data was processed in 5 processing batches.

The proteingroups.txt output table of Maxquant was used to evaluate protein abundance. 
It was preprocessed by removing reverse and contaminant database hits. Furthermore, 
LFQ intensities were log 10 transformed and normalized for variation between processing 
batches by application of partial least square (PLS) based normalization. The latter was 
based on the assumption that the differences of protein intensities between batches are 
caused by latent variables depending on the processing batches but are not observable. 
First PLS analysis were performed to obtain the latent variables that summarize the effects 
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of the experimental factors on the protein intensities,

X = TPT + E
Y = UQ� + F

where X is the matrix of the log LFQ intensities, Y is the indicator matrix of the processing 
batches, P and Q are orthogonal loading matrices, and E and F are error terms. The 
decompositions of X and Y were performed such that the covariance between the score 
matrices T and U were maximized. The latent variable T was then used in the linear regression 
model for each protein i:

Xi
* = Xi - Tci

If the regression vector  is significantly different from 0 (, F-test), the log LFQ intensities were 
corrected:

FACS analysis
A detailed list of the flow cytometry antibodies used can be found in the Key Resource Table. 
Leukemia-enriched PM proteins were validated by flow cytometry. Cryopreserved MNC 
fractions of AML patients, PB from allogeneic donors and NBM samples were thawed as 
described in the “mass spectrometry sample preparation” section. For PM protein validation, 
1x107 MNCs were blocked with human FcR blocking reagent (Miltenyi Biotech) for 5 min at 
4˚C. Subsequently, cells were incubated with CD34, CD38, CD45RA and CD123, at 4˚C for 
30 min, subdivided in multiple tubes and stained at 4˚C for 30 min with antibodies against 
different leukemia-enriched PM proteins. In case of ROS staining, MNCs were incubated 
with primary antibodies and CellROX®Deep Red at 37˚C for 30 min simultaneously according 
to manufacturer’s protocol (Thermo Scientific). Apoptosis was quantified with AnnexinV 
according to manufacturer’s protocol (BD Biosciences). For cell sorting experiments, primary 
antibodies were added simultaneously and cells were stained for 30 min at 4˚C. In all FACS 
analyses described above, DAPI (Thermo Scientific) was used as viability stain. FACS analysis 
in the diagnostic research lab was performed according to the Euroflow protocol [31]. Here, 
freshly obtained whole BM aspirated samples were used. After ammonia lysis of the red 
cells, the isolated BM cells were FcR blocked with 50 mg/mL human IgG (Sanquin) and 
incubated with different antibodies. After incubation, the cells were fixed with FACS lysing 
solution (BD Biosciences) and washed twice in PBS before flow cytometric measurements. 
Fluorescence was measured on the MACSQuant Analyzer 10 (Miltenyi Biotech) or in case of 
the routine diagnostics on the FACSCanto II TM flow cytometer (BD Biosciences). Cell sorting 
was performed on a MoFlo XDP (Beckman Coulter). Data were analyzed using Flow Jo (Tree 
Star, Inc) and InfinicytTM (Cytognos).

Xi = Tci + ϵ
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Infinicyt analysis
Flow cytometry was performed as described in the “FACS analysis” section. In brief, leukemia-
enriched PM protein expression was measured in the PE-channel in separate tubes with 
identical backbone markers including anti-CD34-APC, anti-CD38-FITC, anti-CD45RA-BV421, 
and anti-CD123-PECy7. Next, all fcs files were merged into 1 file based on the backbone 
markers, FSC-A and SSC-A, with which expression of all leukemia-enriched PM proteins 
was determined for each single event, despite the fact they were measured with the same 
fluorophore initially. Subsequently, the automated population separator (APS), a PCA, was 
used to define subpopulations in the CD34+ cells (patient #1-3) or the viable MNC fraction 
(patient #4). Because fcs files where generated in a logical scale, the negative visibility tool 
was used to visualize negative values. APS analyzes using PC1 and PC2 resulted in a density 
plot with potential subpopulations and a list of PM proteins that were included in the 
analysis. The contribution of individual PM protein to both PC1 and PC2 were determined 
separately in a scale from 0 to 100% and ranked from high to low. The best candidates were 
used to sort subpopulations from each AML.

Targeted sequencing
Genomic DNA (gDNA) was isolated from pelleted cells (0.1-0.5x106 cells) with the 
NucleoSpin® Tissue kit according to manufacturer’s protocol (Machery-Nagel). gDNA 
concentration was measured with a NanodropTM spectrophotometer (Thermo Scientific) 
and a targeted PCR was performed on 50-100ng gDNA with Phusion High-Fidelity DNA 
Polymerase according to manufacturer’s protocol (Thermo Scientific). Product size was 
confirmed on a polyacrylamide gel and subsequently sent for Sanger sequencing (Macrogen) 
with forward primers unless otherwise indicated. Sanger sequencing results were analyzed 
with Chromas Lite (Technelysium Pty Ltd) and screenshots of chromatograms were plotted. 
Oligonucleotides used in this study are listed in Supplemental Table 8.

RNA sequencing
Total RNA was isolated using the RNeasy micro kit (Qiagen) according to manufacturer’s 
protocol. RNA quantity was examined using the LabChip GX (Perkin Elmer) and RNA 
sequence libraries were generated using the QuantSeq 3’ mRNA-Seq FWD Kit (Lexogen) 
according to manufacturer’s protocol. cDNA fragments were sequenced on an Illumina 
NextSeq500 using default parameters (single read). Bioinformatics were performed with 
the Strand Avadis NGS v3.0 software (Strand NGS) and sequence quality was examined for 
GC-content, base quality and base composition using FASTQC and StrandNGS. Quantified 
reads were normalized using the R package Bioconductor and aligned to build a human hg19 
(UCSC) transcriptome. Ensembl (2014.01.02) was used as gene annotation database. Reads 
that failed vendor QC, had an average quality score of less than 24, a mapping quality score 
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below 50 or a length less than 20 nucleotides were filtered out. GO-analysis was performed 
using David [73]. GSEA v2.2.2 on a pre-ranked gene list was performed with respect to 
MSigDB genesets C5 GO biological processes (version 6.0) or gene sets generated from 
selected publications as shown in the relevant figures.

Genome-wide analysis of DNase I Hypersensitive Sites
DNase-seq analysis of cryo-preserved AML samples was performed by an adaptation of 
our previously described protocol for DNase I digestion of permeabilized cells [42]. Here 
we have added a modification that makes it possible to perform high quality DNase-Seq 
analyses directly on cells snap-frozen in a freezing buffer consisting of 1.5 M sucrose, 60 mM 
KCl, 15 mM NaCl, 5 mM MgCl2 and 10 mM Tris pH 7.4. Prior to freezing, 1 million purified 
cells were centrifuged in a cold 1.5 mL micro-centrifuge tube at ~1500 x g for 1 min at 4oC. 
Cell pellets were resuspended at a concentration of 1x107 cells/mL in 100 µL of freezing 
buffer at 0oC. Cells were then divided into three aliquots of 30 µL containing 300.000 cells 
each in cold 1.5 mL tubes, and snap frozen on dry ice. At this stage, cells could be stored 
indefinitely at -80oC, and could be transported on dry ice between laboratories. For each of 
the three tubes, cells were kept on dry ice until immediately before processing. Cells were 
thawed by equilibrating in a bucket of water at 22oC for 2 min, before adding 120 µL of 
DNase I buffer consisting of 60 mM KCl, 15 mM NaCl and 5 mM MgCl2, equilibrated at 22oC. 
Each of the three digests was performed by adding 150 µL of DNase I buffer equilibrated at 
22oC, containing 0.4% Nonidet P40 (or IGEPAL CA-630), 2 mM CaCl2, and either 1.5, 3, or 5 
Units/mL of Worthington DPFF DNase I. The permeabilized cells were digested for exactly 3 
min at 22oC, with occasional tapping of the tubes to keep the cells in suspension, and then 
lysed by addition of 300 µL of 0.3 M Na Acetate, 10 mM EDTA pH 7.4, 1% SDS and 1 mg/
mL Proteinase K. DNA was then purified, size-selected, and processed for DNA-seq with a 
MicroPlex library preparation kit v2 (Diagenode).

DNase I sequencing data analysis
Reads were aligned to the hg 38 version of the human genome using Bowtie v2.3.1 [74] 
with default parameters. Regions of enrichment that correspond to open chromatin (peaks) 
were identified with MACS v1.4.2 [75] using the parameters --keep-dup=all -w -S. Peaks 
were annotated to their closest gene using the anotatePeaks.pl function in Homer [76], and 
further annotated to the gene promoter if within 2kb of the transcription start site, and as 
distal peaks otherwise. Promoter and distal peaks were treated separately in subsequent 
analyses.

DHS peak unions were constructed by merging peaks that had summit positions within 
200 bp of each other using the merge function in bedtools v2.25.0. A new summit position 
was defined for each merged peak as the mid-point between the original summit positions, 
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and this was used to define the DHS position for all downstream analyses. To identify 
shared and specific sets of peaks, the average tag density was calculated in 400 bp windows 
centered on the peak summits with the annotatePeaks.pl function in Homer, and using the 
wiggle files generated by MACS. Tag densities were normalized according to total tag count 
across all peaks, and further log-transformed (using log2 tag-count + 1) in R v3.2.3. A DHS 
was considered specific to a clone if it had a log fold-change of at least 1 relative to the 
other clone in that patient. A de-novo motif search was carried out for each set of shared 
and specific DHSs using the findMotifsGenome.pl function in Homer with the parameter 
-size 400.

DHS density plots were created by ranking peaks according to their log fold-change and 
retrieving the tag densities across a 2 kb window centered on the peak summits. This was 
carried out using the annotatePeaks.pl function in Homer with the parameters -size 2000 
-hist 10 -ghist and plotted using Java TreeView [77]. For each DHS, the log fold-change of the 
gene expression for the corresponding closest gene was plotted along the same coordinates, 
and visualized using Java TreeView.

Hierarchical clustering of DNase I data was carried out on the union of all peaks across 
all eight clones. The normalized, log-transformed tag counts for these peaks were used to 
calculate Pearson correlation values for sequences from each pair of clones. These correlation 
values were then converted to a distance (using 1 – Pearson correlation) and hierarchically 
clustered using average linkage clustering in R. This was visualized as a heatmap using the 
pheatmap R package.

Digital genomic footprinting analysis
Raw reads from high-depth DHS datasets were aligned and processed as described above. 
Digital genomic footprints were identified using the Wellington algorithm [78] with default 
parameters. A de-novo motif search was carried out within the set of footprints that 
occurred within the clone specific DHS populations, as well as within those that occurred in 
the shared DHSs. This was done using the findMotifsGenome.pl function in Homer with the 
parameter -size given. DNase I cut patterns for the clone specific footprints were calculated 
using the dnase_to_javatreeview.py function in Wellington, and plotted as a heatmap in 
Java TreeView.

Motif co-occurrence clustering analysis 
Genomic co-ordinates for TF binding motifs were retrieved from within the clone specific 
footprints using the annotatePeaks.pl function in Homer, and exported as BED files by using 
the -mbed option. This motif search was carried out using the pre-defined motif matrices 
from the Homer database, and was restricted only to those motifs that were found to 
be significantly enriched during the de-novo motif search. Motif co-occurrence was then 
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measured by counting the number of times that two motifs were within 50 bp of each other, 
using the intersection_matrix function in pybedtools [79]. Next, to assess the significance 
of this co-occurrence, we carried out a bootstrapping analysis whereby a set of footprints 
was randomly sampled with replacement from the total set of footprints across both AML 
subclones. The motif co-occurrence was then counted in these footprints. This procedure 
was repeated 1000 times, and resulted in a distribution of motif pair counts for each pair 
of TFs. The mean and standard deviations of these distributions were used to calculate a 
z-score for each motif pair. The resulting z-score matrix was then hierarchically clustered 
using complete linkage clustering of the Euclidean distances in R v3.2.3.

Chromatin immunoprecipitation 
Sorted subclones were cross-linked with 1% formaldehyde for 10 min, after which the 
reactions were stopped with addition of glycine at a final concentration of 125 mM. Cross-
linked cells were lysed in SDS buffer (100 mM NaCl, 50 mM Tris-Cl pH 8.1, 5 mM EDTA pH 
8.0, 0.02% NaN3 and 0.5% SDS)  including phosphatase inhibitors PMSF (0.1 mM) and CLAP 
(Chymostatin, Leupeptin, Antipain and Pepstatin A, 1 μg/ml each) and subsequently snap 
frozen in liquid nitrogen and stored at -80°C. ChIP was continued by resuspension of cells 
in ice cold IP buffer (1 part SDS buffer, 0.5 parts Triton dilution buffer consisting of 100 
mM Tris-Cl pH 8.6, 100 mM NaCl, 5 mM EDTA pH 8.0, 0.02% NaN3 and 5% Triton X-100) 
and sonication using a Bioruptor (Diagenode). Samples were pre-cleared using Protein 
G Dynabeads (Invitrogen) for 15 min at 4°C on a rotating platform. ChIP reactions were 
performed using the following antibodies: anti-GATA2 (R&D Systems), anti-C/EBPα (Santa 
Cruz) and IgG (Sigma-Aldrich) following overnight incubation at 4°C on a rotating platform. 
The next day samples were incubated with Protein G Dynabeads for 3-4 hr at 4°C on a 
rotating platform and subsequently beads were removed using a magnetic rack and washed 
with 3x Micelle buffer (150 mM NaCl, 20 mM Tris-Cl pH 8.1, 5 mM EDTA pH 8.0, 65% sucrose 
(w/v), 0.02% NaN3, 1% Triton X-100, 0.2% SDS), 2x Buffer 500 (500 mM NaCl, 0.5 grams 
deoxycholic acid, 1 mM EDTA pH 8.0, 50 mM HEPES pH 7.5, 1% Triton X-100, 0.02% NaN3), 
2x LiCl detergent/solution (2.5 grams deoxycholic acid, 1 mM EDTA pH 8.0, 250 mM LiCl, 
0.5% NP-40, 10 mM Tris-Cl pH 8.0, 0.02% NaN3) and 1x TE buffer. After washing beads were 
resuspended in 1% SDS and 0.1 M NaHCO3 for elution and reverse cross-linking of ChIP DNA, 
which was done overnight at 65°C. Samples were treated with RNAse and Proteinase K and 
purified using QIAquick PCR purification kit (Qiagen). ChIP efficiencies were determined by 
qPCR with iQ SYBR Green Supermix (Bio-Rad) on a CFX connect Thermocycler (Bio-Rad). 
ChIP efficiencies were visualized as percentage of input.

Immunohistochemistry
Tissue sections were cut from formalin fixed embedded BM biopsies of AML patients at 
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diagnosis. For CD25 staining, microwave antigen retrieval was performed in 0.1 M Tris/
HCl at pH 9.0. Monoclonal CD25 antibody (NCL-CD25-305, Novocastra) was used at 1:50 
dilution. Secondary and tertiary peroxidase conjugated antibodies were visualized by 
diaminobenzidine staining reaction.

AC-220 treatment
Primary AMLs cells were sorted into subclones first and 3x105 cells were plated in duplicate 
in 2 mL of Gartner’s medium as described in the “in vitro co-culture experiments” section 
with the addition of 20 ng/mL G-SCF, N-Plate and IL-3. AC-220 (MedChemExpress) was 
dissolved in dimethyl sulfoxide (DMSO) and added in a range from 0 to 500 nM with a final 
concentration of 1 µL DMSO/mL. Cells were treated for 48 hr, counted and analyzed for 
apoptosis by FACS as described in the “FACS analysis” section. 

Statistical analysis
Mass spectrometry data analysis, related to Figure 1 and Supplemental Table 2, was 
performed using the MaxQuant software as described in more detail in the “Method details” 
section. Significance of correlations of gene expression with mutation status of AML primary 
patients (TCGA dataset) related to Supplemental Table 3 was determined by Student’s t.test 
using Excel software. Statistical significance related to Figure 2 and S3 was determined by 
Student’s t.test using Graphpad Prism software. p values are indicated in the Figure legends.
Statistical significance related to the DNase I Hypersensitive Site Mapping in Figure 4 and 
Supplemental Figure 5 and the Digital Footprinting in Figure 5 and Supplemental Figure 
6 were determined using the R software (v3.2.3). Details are described in the “Method 
details” section under the relevant subheadings. Statistical differences in ChIP-qPCR 
results of distinct subclones related to Figure 5 were determined by Student’s t.test using 
Graphpad Prism software. p values are indicated in the Figure legends. Number of mice 
used for Kaplan Meier plots of in vivo experiments are indicated in Figure 6. Statistical 
significance was calculated using a Log-rank (Mantel-Cox) test and p values are annotated 
in the relevant Kaplan Meier plots. Primary AML growth curve analysis and the response 
to AC-220 of distinct subclones, both related to Figure 6, are annotated as mean ± SEM. 
Statistical significance, if applicable, was determined by Student’s t.test using Graphpad 
Prism software and are indicated in the Figure legends.

Data availability
The accession number for the data reported in this paper is GSE117667 and can be accessed 
via the following link https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117667.
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Supplementary information

Supplemental Figure 1. Validation of identified leukemia-enriched PM proteins
(A) Transcriptome-proteome correlation of five leukemia-enriched PM proteins including the Pearson correlation 
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coefficient. (B) Expression of 10 top candidate leukemia-enriched PM proteins in an independent cohort of NBM 
CD34+ cells and AML blasts. Data are shown as percent positive and MFI relative to the unstained control, horizontal 
lines indicate the averages. (C) Heatmap showing the fold change of the average PM protein expression in an 
independent cohort AML compared to the average PM protein expression of 10 NBM samples within different 
cell compartments. (D) Expression of four identified leukemia-enriched PM proteins in NBM CD34+ cells and AML 
blasts. Data are shown as percent positive and MFI relative to the unstained control, horizontal lines indicate 
the averages. (E) Heatmap showing the fold change of the average PM protein expression in AML compared to 
the average PM protein expression in six NBM samples within different cell compartments. (F) Expression of six 
leukemia-enriched PM proteins within the CD34+ and CD34- compartment three NPM1 mutated AML patients and 
one NBM.
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Prospective identification and isolation of AML subclones

Supplemental Figure 2. Examples of surface expression of LAP PM proteins compared with leukemia-enriched 
PM proteins
(A) Gating strategy used to determine the immature NBM/AML blast population in healthy and leukemic samples. 
Leukemia-enriched PM protein expression was analyzed in either SSClow, CD45mid, CD34+ cells or SSClow, CD45mid, 
CD117+ cells, in case of NPM1 mutated AMLs with CD34 expression <1%. (B-D) PM protein expression of a selection 
of LAP markers and leukemia-enriched PM proteins in three different AML patients. Positive for selected LAP 
markers and leukemia-enriched PM proteins (B), negative for selected LAP markers but positive for leukemia-
enriched PM proteins (C) and negative in all cases (D).
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Prospective identification and isolation of AML subclones

Supplemental Figure 3. Clinical relevance of leukemia-enriched PM proteins 
(A-D) Correlation of leukemia-enriched PM protein expression (MFI) and transcriptome (TCGA) of AML blasts with 
clinical parameters including FLT3-ITD and NPM1 mutated (NPM1 mut) AMLs (A), WBC (B), EVI1 overexpression 
(EVI1 overexpr.) mutations (C), and karyotype (D). The boxplots consist of a rectangle (the interquartile range) with 
a horizontal lind inside (the median) and whiskers (minumum and maximum). (E) Kaplan Meier plots (TCGA) of 
leukemia-enriched PM proteins that predict lower overall survival. * p < 0.05, ** p < 0.01, *** p < 0.001, Student's 
t test.
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Supplemental Figure 4. Prospective isolation of genetically distinct AML subclones using the PM proteome 
(A) PCA on CD34+ cells (left) of patient #3 and sorting strategy (right) based on the top candidate of PC1, listed in the 
middle. (B) Targeted Sanger sequencing of mutations in sorted subpopulations of patient #3. Reverse sequencing 
primers were used for NPM1dupCAGA and WT1dupACCGTACA mutations. (C) Schematic pedigree of clonal evolution in 
patient #3. (D) PCA on AML blasts of patient #4, (left) and sorting strategy (right) based on the top candidates from 
the PC1 and PC2, listed in the middle. (E) Targeted Sanger sequencing of mutations in sorted subpopulations of 
patient #4. Reverse sequencing primers were used for NPM1insCAGG and NRAS183A>T mutations. (F) Schematic pedigree 
of clonal evolution in patient #4. Dup., duplication; del., deletion; ins., insertion.
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Prospective identification and isolation of AML subclones

Supplemental Figure 5. Genetically distinct AML subclones rely on different transcriptional programs
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(A) GSEA analysis of ranked gene expression in the NRAS clone and WT1 clone of patient #1. (B) GSEA analysis 
of top 500 DHS associated genes specific for the NRAS clone or WT1 clone and DHS associated genes shared 
between both subclones. (C) GSEA analysis of ranked gene expression in the FLT3-ITD clone and FLT3-WT clone 
of patient #2. (D) GSEA analysis of top 500 DHS associated genes specific for the FLT3-ITD clone or FLT3-WT clone 
and DHS associated genes shared between both subclones. (E) Identified distal DHSs in the WT1dupTGTACCGT clone (1, 
green), both clones (2, black), and the WT1delC clone (3, red) of patient #3. (F) Presence of TF motifs AP-1, CTCF, 
and RFX1 (color intensity indicates tag density) in all identified distal DHSs of patient #3. (G) Enriched DHS motifs 
in WT1dupTGTACCGT and WT1delC clone of patient #3. (H) Identified distal DHSs in the NRAS38G>A clone (1, green), both 
clones (2, black), and the NRAS183A>T clone (3, red) of patient #4. (I) Presence of TF motifs ETS, CTCF, and RUNX (color 
intensity indicates tag density) in all identified distal DHSs of patient #4. (J) Enriched DHS motifs in NRAS38G>A and 
NRAS183A>T clones of patient #4. (K) Hierarchical clustering analysis of all DHSs of eight AML subclones isolated from 
patient #1-4.
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Prospective identification and isolation of AML subclones

Supplemental Figure 6. Digital footprints in AML subclones
(A-C) Genome browser screenshots of DHSs and digital footprints in subclones of patient #2 (FLT3-ITD and FLT3-
WT) in red and patient #1 (WT1 and NRAS) in blue. Examples of the DHSs and footprints at the IL1R1 locus (A), PKM 
locus (B), and MYCN locus (C).
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Supplemental Table 1. Patient characteristics (n=42) of samples used for mass spectrometry analysis

Supplemental Table 2. Average of LFQ values of annotated proteins in primary AML (n=42) and PBSCs (n=6)
Available online via https://www.cell.com/cancer-cell/fulltext/S1535-6108(18)30374-X#secsectitle0225

Age at diagnosis (years) 
 Median  
 Range 

 
59 
17-78 

White blood cell count (x109/L) 
 Median 
 Range 

 
83.9 
4.1-465.1 

CD34 count (%) 
 Median  
 Range 

 
34 
0.4-94 

Cytogenetic characteristics (no. (%)) 
 Normal karyotype 
 Complex cytogenetic abnormalities  

t(8;21) 
inv(16) 
del(5q) 
Other 

 
25 (59%) 
3 (7%) 
0 (0%) 
4 (10%) 
0 (0%) 
10 (24%) 

Risk group according to ELN (no. (%))a 
 Favorable 
 Intermediate 
 Adverse 

 
5 (12%) 
21 (50%)  
16 (38%) 

FLT3/NPM1 (no. (%)) 
 FLT3 WT/NPM1 WT 
 FLT3-ITDb/NPM1 WT 
 FLT3 WT/NPM1 mut 
 FLT3-ITDb/NPM1 mut 

 N.D. 

 
16 (38%) 
11 (26%) 
2 (5%) 
5 (12%)  
8 (19%)  

EVI1 (no. (%)) 
 EVI1 overexpression 
 EVI1 WT 
 N.D. 

 
0 (0%) 
16 (38%) 
26 (62%)  

CEBPA (no. (%)) 
 CEBPA mutant 
 CEBPA WT 
 N.D. 

 
2 (5%) 
15 (36%)  
25 (59%)  

 
ITD, internal tandem duplication 

NPM1 mut, NPM1 mutated AML 

WT, wild-type 

N.D., not determined 
a Risk group classification based on the 2017 European LeukemiaNet recommendations for diagnosis and management of 

acute myeloid leukemia in adults 
b FLT3-ITD with variant allelic frequency >0.3 
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Prospective identification and isolation of AML subclones

Supplemental Table 3-1. Additional information of the identified 50 leukemia-enriched PM proteins
b.d., below detection. n.d., not determined
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ADAM17 8.18 6 8.44 42 1.82 3.2E-03 2.02 1.1E-13 0.22
ATP2B2 b.d. 0 7.48 10 n.d. n.d. 1.12 5.9E-02 n.d.
ATRN 7.17 2 7.65 33 3.02 1.3E-03 1.22 2.0E-03 0.47
CD151 b.d. 0 7.66 21 n.d. n.d. 1.38 1.3E-04 0.66
CD200 b.d. 0 7.12 13 n.d. n.d. 1.38 1.2E-06 0.64
CD44 9.4 6 9.49 42 1.22 3.6E-01 2.19 2.9E-16 0.69
CD47 8.49 6 8.69 42 1.56 7.9E-02 1.57 8.5E-06 0.74
CD82 n.d. 0 n.d. 0 n.d. n.d. 1.89 8.4E-07 n.d.
CD96 b.d. 0 7.6 15 n.d. n.d. 2.76 1.2E-03 n.d.
CD97 8.75 6 8.88 42 1.35 1.7E-01 3.68 2.9E-15 0.69
CD99 8.92 6 9.24 41 2.08 2.2E-02 3.24 1.7E-18 -0.06
CLEC12A 7.57 5 7.84 37 1.87 1.2E-01 0.67 6.7E-02 0.66
CLEC2B b.d. 0 7.51 20 n.d. n.d. 2.26 2.0E-07 0.24
CNST 8.23 6 8.57 42 2.2 8.0E-05 3.59 4.5E-16 n.d.
DSC2 b.d. 0 8.24 10 n.d. n.d. 1.53 1.1E-01 n.d.
ESAM 7.21 4 7.5 19 1.97 1.1E-01 1 9.8E-01 0.9
FLT3 7.5 4 8.05 42 3.5 3.7E-04 4.82 3.7E-21 0.47
GPR114 b.d. 0 7.56 20 n.d. n.d. 4.03 1.3E-09 0.81
GPR124 6.9 1 7.29 2 2.47 n.d. 2.27 6.4E-08 n.d.
HAVCR2 b.d. 0 7.45 18 n.d. n.d. 2.05 1.6E-05 0.2
HLA-DRB5 7.58 1 8.02 13 2.79 n.d. 3.39 2.1E-02 0.49
IFNGR1 b.d. 0 7.64 20 n.d. n.d. 1.06 6.1E-01 0.05
IL1RAP 7.66 6 8.36 42 5.07 3.4E-07 4.6 2.8E-21 0.66
IL2RA b.d. 0 8.21 9 n.d. n.d. 2.21 1.0E-04 n.d.
IL3RA 7.62 5 8.09 41 2.94 4.1E-03 3.48 6.0E-17 0.77
IL6R b.d. 0 6.92 5 n.d. n.d. 1.11 3.1E-01 n.d.
IL6ST b.d. 0 7.93 9 n.d. n.d. 1.18 2.7E-02 -0.31
ITGA4 8.64 6 8.92 42 1.9 3.5E-05 1.24 7.2E-03 0.53
ITGA5 8.43 6 8.62 42 1.53 5.3E-02 2.37 4.0E-15 0.46
ITGA6 8.18 6 8.41 42 1.7 1.3E-01 1.79 7.2E-06 0.73
ITGAE b.d. 0 8.57 27 n.d. n.d. 1.36 2.2E-05 -0.22
ITGB7 7.26 2 7.88 41 4.23 5.2E-02 1.32 1.5E-01 0.81
JAM3 b.d. 0 7.42 13 n.d. n.d. 0.75 1.6E-01 0.82
KIT 8.12 6 8.64 42 3.35 6.7E-03 1.35 6.3E-02 0.44
MAGT1 8.41 6 8.76 42 2.21 5.3E-05 1.68 1.6E-04 0.32
MRC1 b.d. 0 7.46 25 n.d. n.d. 0.88 7.4E-02 0.8
MRC2 b.d. 0 7.83 32 n.d. n.d. 0.94 5.0E-01 -0.21
PTPRCAP b.d. 0 7.9 29 n.d. n.d. 1.84 4.1E-06 0.7
PVR b.d. 0 7.46 15 n.d. n.d. 1.27 1.9E-04 n.d.
RNFT1 7.29 2 7.65 22 2.27 9.6E-03 1.6 7.6E-09 0.27
SCARB1 b.d. 0 7.59 33 n.d. n.d. 1.16 2.0E-01 -0.47
SEMA4D 7.69 2 7.98 31 1.96 7.6E-02 0.93 4.0E-01 0.04
TGFBR2 b.d. 0 7.64 13 n.d. n.d. 0.66 3.4E-06 n.d.
TGOLN2 8.04 6 8.49 42 2.84 3.1E-04 1.38 9.8E-07 0.14
TMED4 8.31 6 8.51 42 1.58 3.4E-03 1.34 7.1E-05 0.13
TMEM173 9.28 6 9.51 42 1.72 1.4E-02 2.17 2.7E-14 0.82
TMEM177 7.49 4 7.98 25 3.12 6.8E-04 0.71 7.4E-05 0.4
TMEM192 8.02 6 8.27 42 1.78 6.3E-03 1.47 4.6E-08 0.23
TNFRSF4 b.d. 0 7.46 7 n.d. n.d. 3.34 4.5E-06 n.d.
TSPAN32 b.d. 0 7.54 20 n.d. n.d. 1.01 9.7E-01 0.92

Proteomics Transcriptomics
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Supplemental Table 3-2. Additional information of the identified 50 leukemia-enriched PM proteins
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ADAM17 1.55 6.3E-11 1.21 9.0E-03 0.68 2.3E-04
ATP2B2
ATRN
CD151 0.43 2.5E-05
CD200 0.14 6.6E-16 4.18 2.7E-04 0.26 1.1E-04
CD44 0.49 2.3E-05 1.88 2.3E-07
CD47
CD82
CD96 2.54 3.8E-04 0.39 5.7E-04 4.85 8.3E-04
CD97 1.87 3.5E-10 1.30 1.5E-02
CD99 0.60 2.8E-04
CLEC12A 0.45 8.4E-04
CLEC2B
CNST 1.23 3.6E-02
DSC2 2.73 4.1E-05
ESAM 0.45 1.2E-04 3.68 6.2E-05
FLT3 0.33 7.8E-07
GPR114
GPR124
HAVCR2 1.74 5.6E-03
HLA-DRB5 1.45 4.8E-02 2.86 2.6E-04
IFNGR1 0.58 9.1E-04 1.31 6.3E-03
IL1RAP 2.16 2.4E-06 1.83 4.1E-04
IL2RA 2.38 4.5E-06
IL3RA 2.22 3.3E-04 0.21 5.5E-07
IL6R
IL6ST 0.42 6.9E-06 0.65 2.8E-04 1.90 3.3E-04 2.20 1.7E-05
ITGA4 0.79 3.9E-02
ITGA5
ITGA6 0.46 7.2E-11
ITGAE 1.32 2.8E-04 1.34 2.2E-05 0.64 4.4E-05
ITGB7
JAM3 0.70 2.7E-02
KIT 0.48 3.4E-05 0.68 3.4E-02
MAGT1 1.31 7.7E-04
MRC1 3.33 5.3E-06
MRC2
PTPRCAP
PVR 0.47 2.2E-04
RNFT1 1.23 5.9E-03
SCARB1
SEMA4D 1.69 2.9E-05 1.19 9.2E-04
TGFBR2
TGOLN2 0.75 5.1E-04 1.16 4.2E-04 1.10 3.1E-02 0.81 8.6E-04
TMED4 0.85 4.5E-02
TMEM173 1.51 4.7E-07 1.25 9.6E-03 0.49 1.1E-09
TMEM177
TMEM192
TNFRSF4 2.67 1.4E-04
TSPAN32 1.29 9.1E-03

Transcriptomics from The Cancer Genome Atlas
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Prospective identification and isolation of AML subclones

Supplemental Table 4. Patient characteristics (n=23) of samples used for validation of 23 PM proteins

Age at diagnosis (years) 
 Median  
 Range 

 
59 
28-77 

White blood cell count (x109/L) 
 Median 
 Range 

 
45.1 
1.1-236.4 

CD34 count (%) 
 Median  
 Range 

 
35 
0.5-95 

Cytogenetic characteristics (no. (%)) 
 Normal karyotype 
 Complex cytogenetic abnormalities  

t(8;21) 
inv(16) 
del(5q) 
Other 

 
12 (52%) 
2 (9%) 
1 (4%) 
2 (9%) 
0 (0%) 
6 (26%) 

Risk group according to ELN (no. (%))a 
 Favorable 
 Intermediate 
 Adverse 
 N.D. 

 
2 (9%) 
2 (9%) 
18 (78%) 
1 (4%) 

FLT3/NPM1 (no. (%)) 
 FLT3 WT/NPM1 WT 
 FLT3-ITDb/NPM1 WT 
 FLT3 WT/NPM1 mut 
 FLT3-ITDb/NPM1 mut 

 N.D. 

 
9 (39%) 
2 (9%)  
4 (17.3%) 
4 (17.3%) 
4 (17.3%) 

EVI1 (no. (%)) 
 EVI1 overexpression 
 EVI1 WT 
 N.D. 

 
2 (9%) 
12 (52%) 
9 (39%)  

CEBPA (no. (%)) 
 CEBPA mutant 
 CEBPA WT 
 N.D. 

 
1 (4%) 
13 (57%) 
9 (39%) 

 
ITD, internal tandem duplication 

NPM1 mut, NPM1 mutated AML 

WT, wild-type 

N.D., not determined 
a Risk group classification based on the 2017 European LeukemiaNet recommendations for diagnosis and management of 

acute myeloid leukemia in adults 
b FLT3-ITD with variant allelic frequency >0.3 
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Supplemental Table 5. Patient characteristics (n=35) of samples used for validation of 10 PM proteins

Age at diagnosis (years) 
 Median  
 Range 

 
56 
17-78 

White blood cell count (x109/L) 
 Median 
 Range 

 
80 
4.1-269.9 

CD34 count (%) 
 Median  
 Range 

 
30 
0.5-94 

Cytogenetic characteristics (no. (%)) 
 Normal karyotype 
 Complex cytogenetic abnormalities  

t(8;21) 
inv(16) 
del(5q) 
Other 

 
22 (63%) 
4 (11%) 
0 (0%) 
2 (6%) 
0 (0%) 
7 (20%) 

Risk group according to ELN (no. (%))a 
 Favorable 
 Intermediate 
 Adverse 

 
3 (9%) 
19 (54%) 
13 (37%) 

FLT3/NPM1 (no. (%)) 
 FLT3 WT/NPM1 WT 
 FLT3-ITDb/NPM1 WT 
 FLT3 WT/NPM1 mut 
 FLT3-ITDb/NPM1 mut 

 N.D. 

 
8 (23%) 
11 (31%) 
3 (9%) 
6 (17%) 
7 (20%) 

EVI1 (no. (%)) 
 EVI1 overexpression 
 EVI1 WT 
 N.D. 

 
0 (0%) 
11 (31%)  
24 (69%) 

CEBPA (no. (%)) 
 CEBPA mutant 
 CEBPA WT 
 N.D. 

 
2 (6%) 
10 (28%) 
23 (66%) 

 
ITD, internal tandem duplication 

NPM1 mut, NPM1 mutated AML 

WT, wild-type 

N.D., not determined 
a Risk group classification based on the 2017 European LeukemiaNet recommendations for diagnosis and management of 

acute myeloid leukemia in adults 
b FLT3-ITD with variant allelic frequency >0.3 
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Prospective identification and isolation of AML subclones

Supplemental Table 6. Patient characteristics (n=139) of samples analysed in routine diagnostics

Age at diagnosis (years) 
 Median  
 Range 

 
67 
21-83 

White blood cell count (x109/L) 
 Median  
 Range 

 
6.6 
0.4-309 

CD34 count (%) 
 Median  
 Range 

 
21,8 
0.5-95 

Cytogenetic characteristics (no. (%)) 
 Normal karyotype 
 Complex cytogenetic abnormalities  

t(8;21) 
inv(16) 
del(5q) 
Other 

 
65 (47%) 
18 (13%) 
2 (1.3%) 
2 (1.3%) 
2 (1.3%) 
50 (36%) 

Risk group according to ELN (no. (%))a 
 Favorable 
 Intermediate 
 Adverse 
 N.D. 

 
21 (15%) 
38 (27%) 
72 (52%) 
8 (6%) 

FLT3/NPM1 (no. (%)) 
 FLT3 WT/NPM1 WT 
 FLT3-ITDb/NPM1 WT 
 FLT3 WT/NPM1 mut 
 FLT3-ITDb/NPM1 mut 

 N.D. 

 
92 (66%) 
7 (5%) 
17 (12%) 
11 (8%) 
12 (9%) 

EVI1 (no. (%)) 
 EVI1 overexpression 
 EVI1 WT 
 N.D. 

 
28 (20%) 
98 (71%)  
13 (9%) 

CEBPA (no. (%)) 
 CEBPA mutant 
 CEBPA WT 
 N.D. 

 
13 (9%) 
113 (82%) 
13 (9%) 

 
ITD, internal tandem duplication 

NPM1 mut, NPM1 mutated AML 

WT, wild-type 

N.D., not determined 
a Risk group classification based on the 2017 European LeukemiaNet recommendations for diagnosis and management of 

acute myeloid leukemia in adults 
b FLT3-ITD with variant allelic frequency >0.3 
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Supplemental Table 7. Deep exome sequencing of all AMLs used in this study

 

 
VAF, Variant allelic frequency 

bp, basepairs  

N.D., Not determined 

Ins, insertion 

Dup, duplication 

 

 Known somatic variants VAF Coverage  
Short variants of unknown 
significance VAF Coverage 

Patient 
#1 

IDH1_395G>A 0.01 530  BCORL1_ 2192A>G 0.99 281 
NRAS_35G>A 0.25 476 CEBPA_926_927insGAC 0.42 411 
WT1_1384C>T 0.20 425 CIC_1895T>C 0.49 452 
CEBPA_161_162insC 0.46 329 MLL3_2410C>G 0.13 257 
FLT3_1764_1765ins24bp 0.05 629 SDHA_1679C>G 0.03 245 

 

Patient 
#2 

DNMT3A_2645G>A 0.50 366  ALK_2527G>A 0.47 412 
IDH2_ 419G>A  0.50 433 CUX1_1210C>T 0.44 297 
FLT3_1782_1783ins63bp 0.24 739 MLL_3605C>A 0.28 764 
RUNX1_1204_1205insCCTA  0.42 436 MLL2_2563C>G 0.52 515 

 PRKDC_4174A>G 0.47 521 
TSC1_2285A>G 0.47 468 

 

Patient 
#3 

DNMT3A_2440G>T 0.50 N.D.  

N.D. NPM1_860_863dupTCTG 0.42 N.D. 
WT1_1108delC 0.27 N.D. 
WT1_1132_1139dupTGTACGGT 0.09 N.D. 

 

Patient 
#4 

DNMT3A_2645G>A 0.46 368  BRCA2_7051G>T 0.49 379 
IDH2_419G>A 0.46 445 FGF14_1A>G 0.55 321 
NPM1_863_864insCCTG 0.33 215 FGFR4_932A>G 0.50 410 
NRAS_183A>T 0.31 258 GPR124_2270C>T  0.52 302 
NRAS_38G>A 0.05 366 MAP3K1_2816C>G 0.46 215 
 PRKDC_11029C>T 0.51 401 
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Prospective identification and isolation of AML subclones

Supplemental Table 8. Oligonucleotides used for targeted sequencing on gDNA and ChIP-seq qPCR

Oligonucleotides targeted sequencing on gDNA 
Gene Mutation Direction Primer sequence 
DNMT3A 2440 G>T Fwd ACGCTTGGTGGATTTGTGTC 

Rev ATCACAGGAGGCTGCTTTGAG 
2645 G>A Fwd GACAGAAGATTCGGCAGAAC 

Rev TCTGGGTGCTGATACTTCTC 
NPM1 863_864 Ins. CCTG 

860_863 Dup. TCTG 
Fwd TCGGGAGATGAAGTTGGAAG 
Rev ACGGTAGGGAAAGTTCTCAC 

RUNX1 1204_1205 Dup. CCTA Fwd CCGCAACCTCCTACTCACTTCCG 
Rev CCTGACCTACAGCGAGATCC 

CEBPA 161_162 Ins. C Fwd TCGCCATGCCGGGAGAACTCTAAC 
Rev CCTGCTGCCGGCTGTGCTGGAAC 

IDH1 395 G>A Fwd TGCCACTATCACTCCTGATG 
Rev CTATTGTGCAGCCAGTGTTG 

NRAS 35 G>A 
38 G>A 

Fwd GATGTGGCTCGCCAATTAACC 
Rev TACCACTGGGCCTCACCTCTATG 

183 A>T Fwd CCAGATAGGCAGAAATGG 
Rev CTTCCCTAGTGTGGTAAC 

WT1 1108 Del. C 
1132_1139 Dup. ACCGTAC 

Fwd GGACTTTGGACTTGCAGACATC 
Rev TCCTGCTGTGCATCTGTAAGTG 

1384 C>T Fwd ATTGTTAGGGCCGAGGCTAGAC 
Rev GATAGCCACGCACTATTCCTTC 

FLT3 1782_1783 Dup. 63bp 
1764_1765 Dup. 24bp 

Fwd CCTTCCCTTTCATCCAAGAC 
Rev AAGCACCTGATCCTAGTACC 

 
Oligonucleotides for ChIP-PCR 

Chromosome 
number 

Location of Digital 
Footprint (Start/End) 

Direction Primer sequence 

1 30769123 Fwd GCAGTTGGTGGTCAGTGACTTTCCC 
30769136 Rev CCTGCTCACCTCCTGCCTTATCTG 

2 222912385 Fwd TGCATTGCATCAGTAGCAGCATCTG 
222912406 Rev CCAGTTGTGAAAGTTCCCCTTTTCAACAC 

4 109072764 Fwd GGCTCTGAGATGACAACACCATGACC 
109072789 Rev CATCTGGGCAAGGAATAGCTTGGC 

4 142704100 Fwd GGTGTATCCAAAATCTGGCACTTAACTAGC 
142704125 Rev TTTTGCTTCTAAGGTCAGTCCTTGCTCC 

5 68007632 Fwd TCAACCTCCAGAATAAAAGGTAGCAGTGAG 
68007657 Rev TCCATTCTGACTTCTGCCTGCTCC 

6 81131149 Fwd AAGGCTGTAGGGGTTCAGTAACACC 
81131174 Rev CCAAACCCAGCTACCCTCTGGATTAG 

11 46660067 Fwd AGCTTCCCCAGAGAAAGCACCC 
46660086 Rev AAGGCAAGAAATGTGCCCCAGC 

12 116406724 Fwd AGGGGTGACAAACAGCTCCAGG 
116406749 Rev GAAATCAAGGCAGATTGCATAAGAGCGTC 

16 89004270 Fwd TGAGCGACTGGCATTCCAGATAGAATAAG 
89004295 Rev GGATTAATAAGGTCTCAGTAATAGCGCGGC 

17 67784493 Fwd ACCAAACCAACCAGGAAACATTTAGGAAC 
67784518 Rev CTTCTAATTCCCAGGCAACAACCTTTACTG 

 
Fwd, forward; Rev, reverse; bp, basepairs; Ins., insertion; Del., deletion; Dup., Duplication 
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Abstract

Upregulation of the plasma membrane receptor IL1RAP in Acute Myeloid Leukemia 
(AML) has been reported but its role in the context of the leukemic bone marrow niche 
is unclear. Here, we studied the signaling events downstream of IL1RAP in relation to 
leukemogenesis and healthy hematopoiesis. IL1RAP was significantly upregulated across 
various AML subtypes and was expressed on the outer membrane, whereby high IL1RAP 
expression was associated with a leukemic GMP-like state. Stimulation with IL1β resulted 
in the induction of multiple chemokines and an inflammatory secretome via the p38 MAPK 
and NFκB signaling pathways. IL1β-induced signaling through IL1RAP was dispensable for 
AML cell proliferation and NFκB-driven survival. IL1RAP was also expressed in stromal 
cells where IL1β induced expression of inflammatory chemokines and cytokines as well. 
Intriguingly, the IL1β-induced inflammatory secretome of AML cells grown on stroma 
was detrimental for normal hematopoiesis while AML cell proliferation was much less 
affected. The addition of Anakinra, an FDA-approved IL1 receptor antagonist, could 
reverse this effect. Blocking the IL1-IL1RAP signaling axis might be a good therapeutic 
approach to reduce inflammation in the bone marrow niche and thereby promote normal 
hematopoietic recovery over AML proliferation after chemotherapy.
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Introduction

The fate of both AML and healthy hematopoietic stem cells (HSCs) is critically dependent 
on interactions with the bone marrow (BM) niche [1-4]. Recent data has also suggested 
that malignant cells can remodel the BM microenvironment into a leukemic BM niche 
favoring leukemogenesis over normal hematopoiesis [4-7]. Plasma membrane (PM) 
proteins are first in line to respond to signals that arise from the BM niche. One of these 
PM proteins, interleukin-1 receptor accessory protein (IL1RAP), is specifically upregulated 
in stem/progenitor cells from chronic myeloid leukemia (CML) and AML patients but not on 
healthy CD34+ hematopoietic stem/progenitor cells (HSPCs) [8-11]. This has led to several 
studies that investigated the targetability of IL1RAP as treatment strategy of chronic myeloid 
leukemia (CML) and acute myeloid leukemia (AML) [12-16], but little is known regarding the 
cell-intrinsic role of IL1RAP in AML stem/progenitor cells. Also, the canonical interleukin-1 
(IL1)-IL1RAP signaling axis in AML with respect to the leukemic BM niche has not been 
studied extensively.

The IL1 family is part of the innate immunity that regulates local inflammatory responses, 
and its  dysregulation may lead to autoinflammatory diseases often caused by excessive 
IL1β production [17, 18]. The IL1 family consists of 7 ligands including IL1α, IL1β, IL18, IL33, 
IL36α, β and γ that can bind different IL1 receptors whereby the majority forms a dimer with 
the IL1RAP co-receptor [19]. Activation of the IL1 receptor complex activates the MyD88/
IRAK1/IRAK4/TRAF6/TAK1 signaling pathway, which in turn results in activation of NFκB and 
mitogen-activated protein kinases (MAPK) including p38 [20, 21]. The majority of proteins 
in this pathway are often upregulated in Myelodysplastic Syndromes (MDS) and AML, which 
suggests an important role for this pathway in leukemogenesis [22-24]. The IL1 signaling 
route can induce a variety of inflammatory cytokines and chemokines, which has been 
shown to be an important factor for development and maintenance of MDS [25]. In AML, 
IL1 has been proposed to enhance proliferation and survival [26-29]. 

Here, we studied the IL1–IL1RAP signaling axis in primary AML patients in the context 
of the BM niche and revealed that the IL1β-induced secretome, in particular derived 
from IL1RAP+ stromal cells, impacts on leukemogenesis and most notably on healthy 
hematopoiesis.

Results

IL1RAP is upregulated in AML patients and correlates with a leukemic-GMP (L-GMP) 
signature 

IL1RAP expression was evaluated in NBM CD34+ cells (n=11) and blasts of AML and 
MDS patients (CD34+ or SSClowCD45mid in case of CD34 expression <1%). Samples from de 
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novo AML patients (n=110), patients that developed a secondary AML from an MDS (sAML) 
(n=27), Acute Promyelocytic Leukemia (APL) patients (n=4) and MDS patients (n=13) were 
included (Figure 1A and Supplemental Figure 1A). IL1RAP was heterogeneously expressed 
among de novo AML, sAML and APL patients with the majority showing upregulated 
IL1RAP expression. While on average lower than in AML, IL1RAP expression was also 
significantly upregulated in MDS/MDS-RAEB compared to NBM CD34+ cells (Figure 1A). 
Immunohistochemistry showed clear IL1RAP expression on the PM (Figure 1B). IL1RAP 
expression was not consistently upregulated in relapse samples compared to de novo 
samples, but changes in the percentage of IL1RAP+ cell populations were noted in some 
cases, suggestive of changes in clonal composition (Supplemental Figure 1B). 

Figure 1. IL1RAP is upregulated in AML patients and correlates with a L-GMP signature
(A) IL1RAP expression (%) measured by flow cytometry in NBM (n=11), de novo AML (n=110), sAML (n=27), APL (n=4) 
and MDS/MDS-RAEB (n=13). Statistical analysis was performed using a Kruskal-Wallis test. (B) Immunofluorescence 
and expression measured by flow cytometry of IL1RAP in multiple AML cell lines and one primary AML patient. 
(C and D) Pearson correlation of IL1RAP mean fluorescent intensity (MFI) measured by flow cytometry with 
quantitative proteome expression was calculated for 31 individual primary AML patients [9]. GO analysis (C) and 
GSEA analysis (D) were performed on a ranked list of genes associated with high to low IL1RAP expression. False 
discovery rate (FDR) and normalized enrichment score (NES) was used for significance. * p<0.05, *** p<0.001.
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Next, we evaluated cellular processes that were enriched in AML patients with high 
and low IL1RAP expression. Flow cytometry data as well as full quantitative proteome data 
were available for 31 AML patient samples [9] and were included in these analyses. IL1RAP 
expression as determined by flow cytometry correlated significantly with our quantitative 
proteome data (Supplemental Figure 1C). Gene ontology (GO) and gene set enrichment 
analysis (GSEA) showed that IL1RAPhigh AMLs were associated with the terms “mitochondrial 
translation elongation and termination”, “energy production via oxidative phosphorylation” 
and a “L-GMP signature”, whereas AML patients with low IL1RAP expression were associated 
with “regulation of RNA metabolic processes”, “gene expression” and a glycolysis-enriched 
HSC-like signature (Figure 1C and 1D) [30, 31]. While IL1A and IL1B were expressed by 
AML cells at varying levels, no correlations were seen with IL1RAP expression, neither in 
our quantitative proteome data nor in various published transcriptome datasets (data not 
shown) [32, 33].

IL1-induced IL1RAP signaling is dispensable for AML cell proliferation but is associated 
with an inflammatory secretome

Data generated in previous studies in which we compared gene expression profiles of 
primary AML and NBM CD34+ cells suggested that the IL1RAP pathway might be actively 
used in many AML patients since components of the IL1RAP-TAK1 signaling pathway 
were significantly upregulated in AML CD34+ cells while negative feedback proteins such 
as IL1R2, IL1RN and MARCH8 were significantly downregulated (Supplemental Figure 2A) 
[32]. In order to investigate the repertoire of targets downstream of the IL1-IL1RAP axis 
we performed genome-wide transcriptome studies in primary AML CD34+ (100% IL1RAP+), 
K562 (58% IL1RAP+) and THP1 (100% IL1RAP+) cells that were stimulated with IL1β for 1 hr 
(Supplemental Table 1 and Supplemental Figure 2B). We initially focused on the upregulated 
genes and identified 299 genes that were >2-fold upregulated in at least 2 groups and 32 
genes that were >2-fold upregulated in all three groups (Figure 2A). GO analysis on the 
combination of these genes (331) showed enrichment for genes associated with chemokine 
signaling, inflammation, response to IL1 and an anti-apoptotic signature (Figure 2B). In 
addition, GSEA on a ranked gene list of primary AML cells showed significant enrichment in 
IL1β-stimulated cells for processes associated with “inflammation”, “chemokine signaling”, 
“TNF signaling via p38”, “hypoxia” and “AMLs with a NPM1 mutation” (Figure 2C) [34-37]. 
We confirmed the upregulation of several of the identified genes in independent primary 
AML samples that expressed IL1RAP (Figure 2D and Supplemental Figure 2C). 

We noted that K562 cells could be separated into an IL1RAP+ and IL1RAP- population. To 
further elucidate the downstream pathways of IL1RAP, we sorted these populations (Figure 
3A). Both of them showed similar growth kinetics and the IL1RAP expression remained 
stable over time (Supplemental Figure 3A and 3B). As expected, an upregulation of IL8 upon 
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Figure 2. IL1-induced IL1RAP signaling is associated with an inflammatory secretome
(A) Transcriptome analysis of genes 2-fold upregulated in a primary AML patient and 2 AML cell lines upon 
stimulation with IL1β. (B) GO-analysis on 331 genes that were 2-fold upregulated in at least 2 out of 3 groups (THP1, 
K562, and AML#1) (C) GSEA-analysis on a ranked gene list of AML patient #1. Genes were ranked from upregulated 
to downregulated upon stimulation with IL1β. FDR and NES scores were used for significance. (D) qRT-PCR analysis 
in 5 primary AML patient samples ± IL1β stimulation. Bars indicate mean ± SD of biological triplicates. Statistical 
analysis was performed using a Student’s t.test. * p<0.05; ** p<0.01; *** p<0.001.

IL1β stimulation was only observed in IL1RAP+ cells. The IL1β response was blocked with 
inhibitors against TAK1 and NFκB, whereas inhibition of JNK, p38 and MEK/ERK showed 
less effect (Figure 3B). These data are in line with previous observations by Bosman et al. 
who studied the TAK1-NFκB axis, which is downstream of IL1RAP in AML [22]. As these 
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data suggest that NFκB, an anti-apoptotic transcription factor, is involved in the downstream 
signaling of IL1RAP, we tested whether IL1RAP knockdown had an effect on the proliferation 
of AML cell lines. We transduced both K562 IL1RAP+ and IL1RAP- cells (as negative controls) 
with shRNA vectors against IL1RAP, as well as OCI-AML3 cells (Figure 3C, 3D and Supplemental 
Figure 3C). Knockdown of IL1RAP did not result in impaired cell proliferation (Figure 3E and 
3F). Additionally, we challenged K562, OCI-AML3 and THP1 cell lines by serum deprivation 
and stimulated them with IL1β to determine whether cell viability was controlled by the IL1-
IL1RAP axis under stress conditions. However, the serum starvation-induced loss of viability 
was not rescued by addition of IL1β (Figure 3G). 

Figure 3. IL1RAP is dispensable for AML proliferation and IL1-IL1RAP signaling does not rescue proliferation 
under stress conditions 
(A) IL1RAP expression on K562 measured by flow cytometry. (B) qRT-PCR analysis in K562 IL1RAP+ and IL1RAP- cells 
treated with TAK1, NFκB, JNK, p38 and MEK inhibitors and subsequently stimulated with IL1β. Bars indicate mean ± 
SD of technical triplicates. Statistical analysis was performed using a Student’s t.test. (C and D) Knockdown efficiency 
of IL1RAP in K562 IL1RAP+ and IL1RAP- cells (C) and OCI-AML3 cells (D) measured by qRT-PCR. Bars indicate mean 
± SD of technical triplicates. Statistical analysis was performed using a Student’s t.test. (E and F) Growth curves 
of K562 IL1RAP+ and IL1RAP- cells (n=3) (E) and OCI-AML3 cells (n=3) (F) with a knockdown of IL1RAP. (G) Growth 
curves after serum depletion of K562, OCI-AML3 and THP1 cells (n=3) ± IL1β. * p<0.05; ** p<0.01; *** p<0.001.

Synergism of the IL1-IL1RAP signaling with other active signaling pathways in AML
IL1RAP was recently described to be directly associated with FLT3 (CD135) and c-kit (CD117) 
receptors [38]. We analyzed co-expression of IL1RAP with signaling receptors including 
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CD135, CD117 and IL3 receptor (CD123) in immature AML stem progenitor cells (CD34+ or 
SSClowCD117+ in case of CD34 expression <1%) by flow cytometry in a cohort of 124 primary 
AML patients of which 4 representative examples are shown (Figure 4A). Subsequently, 
patients were defined as single positive, double positive, or double negative for marker 
combinations when at least 50% of the cells resided within either one of the gates (Figure 
4A and B). These analyses revealed that 21% of the patients were CD135+IL1RAP+, while 
4% expressed IL1RAP without CD135 (Figure 4B). 29.8% and 28.1% of the patients were 
IL1RAP+CD117+ and IL1RAP+CD123+, respectively, and we did not identify patients that 
expressed IL1RAP without any detectable CD117 or CD123 (Figure 4B). Expression of IL1RAP 
as quantified by flow cytometry (MFI) correlated significantly with CD123 expression, and to 
a lesser degree with CD135, but no significant correlations were found with CD117 (Figure 
4C and Supplemental Figure 4A). These observations indicate that IL1RAP signaling can co-
occur in cells that are also hardwired for FLT3 ligand (FLT3L), Stem Cell Factor (SCF) and/or 
IL3-induced signal transduction, and in fact might influence those pathways as well. 

To investigate these possibilities, cells were stimulated with IL1β in combination with 
either FLT3L, or SCF, or IL3. Four AML patient samples with differential expression of the 
designated receptors were selected. AML CD34+ cells were isolated and stimulated with 
different cytokines or a combination thereof. Activation of signal transduction pathways was 
read out by Western blotting for phosphorylated STAT5 (pSTAT5), p38 (p-p38) and AKT (pAKT) 
(Figure 4D-G and Supplemental Figure 4B-E). Figure 4D and 4E illustrates an AML patient 
sample that expressed high levels of IL1RAP, FLT3, CD117 and CD123 within the CD34+ blasts 
compartment. Stimulation with IL1β resulted in downstream activation of the p38 signaling 
pathway, IL3 activated the STAT5 signaling pathway and FLT3L and SCF both activated the 
PI3K-AKT signaling pathway. Co-stimulation of IL1β with SCF resulted in a slightly increased 
downstream activation of the PI3K-AKT signaling, although no additive effects were seen 
on pSTAT5 or p-p38 (Figure 4D and 4E). In another patient that expressed high levels of 
IL1RAP, CD123 and CD117 and low levels of CD135 we observed that IL1β activated p-p38 
and IL3 induced pSTAT5, but again the IL3 signaling was not further potentiated by co-
stimulation with IL1β (Supplemental Figure 4B and 4C). The third example is shown in Figure 
4F and 4G, which responded well to FLT3L, SCF and IL3, but co-stimulation with IL1β did 
not further enhance activation of any of these signaling pathways (Figure 4F and 4G). The 
fourth patient sample had low IL1RAP expression, and while basal levels of p-p38 were high, 
IL1β stimulation indeed did not further enhance this signal and also no effects were seen 
on IL3-induced pSTAT5 (Supplemental Figure 4D and 4E). In addition, we did not observe 
synergistic effects of IL1β with FLT3L or IL3 in THP1 cells on downstream phosphorylation of 
ERK (pERK), cJUN (p-cJUN) and AKT (pAKT) (Supplemental Figure 4F, 4G, 4I and 4J).

We evaluated the addition of the anti-IL1RAP monoclonal antibody (α-IL1RAP MAb) on 
the synergism of IL1β with FLT3L and IL3. α-IL1RAP MAb could partly rescue the IL1-induced 
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upregulation of IL8 and CXCL1 (Supplemental Figure 4H). α-IL1RAP MAb treatment did not 
alter phosphorylation levels of AKT and cJUN upon stimulation with IL1β in combination 
with FLT3L or IL3 (Supplemental Fig 4I and 4J). In sum, although we clearly showed that 

Figure 4. Synergism of the IL1-IL1RAP signaling with other active signaling pathways in AML
(A) Gating strategy of co-expressing IL1RAP, CD135, CD123 and CD117 measured by flow cytometry within 4 
representative primary AML patients. (B) Pie-chart showing co-expression of IL1RAP with CD135, CD123 and CD117 
in blasts of 124 primary AML patients. At least 50% of the total amount of cells in a specific group was used as a 
cut-off to include a patient in a certain group; otherwise, patients were called “unclassified”. (C) Pearson correlation 
of IL1RAP with CD135, CD123 and CD117 based on MFI (n=124). (D) Western blot of primary patient CD34+ blasts 
positive for IL1RAP, CD135, CD117 and CD123. Cells were stimulated with IL1β, FLT3L, SCF, IL3 or a combination of 
these cytokines. (E) Quantification of Western blot in panel D, pSTAT5 and p-p38 were normalized on β-Actin and 
pAKT was normalized on total AKT. (F) Western blot of primary patient CD34+ blasts with low IL1RAP and CD135 
expressing but positive for CD117 and CD123. Cells were stimulated with IL1β, FLT3L, SCF, IL3 or a combination of 
these cytokines. (G) Quantification of Western blot in panel F, pSTAT5 and p-p38 were normalized on β-Actin and 
pAKT was normalized on total AKT. *** p<0.001.
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the p38 pathway can be activated by IL1β in primary AML patients, we did not observe 
synergism of IL1β with other signaling molecules including FLT3L, SCF and IL3 on downstream 
phosphorylation of p38, STAT5, AKT, ERK and cJUN.

The IL1RAP signaling pathway impairs normal hematopoiesis but not AML cell growth in 
the context of human mesenchymal stromal cells (MSCs)
We showed that IL1RAP is often upregulated in AML cells, is a functional receptor 
inducing an inflammatory gene expression signature, but no evidence was found for a 
cell-intrinsic role for the IL1-IL1RAP axis in controlling cell proliferation or survival under 
stress conditions. Therefore, we wondered whether the inflammatory secretome induced 
via the IL1-IL1RAP signaling route plays a role in inducing an inflammatory BM niche that 
favors AML cell proliferation over normal hematopoiesis. An experiment was set up where 
IL1RAP-expressing AML CD34+ cells were grown in liquid culture conditions or on MSCs, 
in the absence or presence of IL1β. From these cultures, the conditioned medium (CM) 
was harvested and transferred to healthy CB-derived or PB-derived CD34+ cell cultures to 
determine the effects on proliferation and differentiation (Figure 5A). In line with previous 
data, the addition of IL1β had limited impact on the proliferative capacity of primary AML 
CD34+ cells, neither when grown in liquid culture conditions nor when grown in co-culture 
with MSCs (Figure 5B). Similarly, IL1β did not affect the proliferation of CB CD34+ cells when 
grown in liquid culture conditions, however, a marked reduction in proliferation was noted 
when cultured on MSCs in a dose-dependent manner (Figure 5C). 

The addition of CM from a primary AML patient sample grown under liquid culture 
conditions did not affect CB CD34+ growth, neither under liquid culture conditions nor when 
grown on MSCs (Figure 5D and 5E). CM harvested from MSCs only marginally reduced CB 
cell growth in liquid culture and not when grown on MSCs (Figure 5D and 5E). Strikingly, 
the CM harvested from a primary AML patient sample grown on MSCs negatively impacted 
on healthy CB cell survival, both in liquid cultures and on MSCs, which was even further 
aggravated when the AML cultures were treated with IL1β (Figure 5D, 5Ee and Supplemental 
Figure 5A and 5B). The percentage of DAPI-positive CB cells was higher upon treatment 
with CM from AML cultured in liquid and stromal settings with or without exogenous IL1β 
compared with addition of fresh Gartner’s medium, indicating that cell viability was reduced 
(Supplemental Figure 5B).  Similar results on cell survival were obtained using adult PB 
CD34+ cells (Figure 5F and Supplemental Figure 5E). Importantly, the phenotypes could in 
part be rescued by addition of Anakinra, an FDA-approved inhibitor of the IL1 receptor, 
and consequently, the IL1RAP pathway (Figure 5F and Supplemental Fig 5E and 5F). The 
CB CD34+ percentage, but not absolute CD34+ cell counts, were increased 3 days after 
addition of CM of AML co-cultures (Supplemental Figure 5C and 5D). These data would 
argue that more differentiated cells are most affected by the inflammatory secretome 
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Figure 5. The IL1RAP signaling pathway impairs normal hematopoiesis but not AML cell growth in the context 
of human MSCs 
(A) Schematic overview of experimental setup of co-cultures and conditioned medium (CM) transferring. (B) 
Growth curve of AML CD34+ cells in liquid culture (left) and on a stromal layer of MSCs (right) ± IL1β in different 
concentrations. The arrow indicates from whereon IL1β has been added. (C) Growth curve of CB CD34+ cells in 
liquid culture (left) and on a stromal layer of MSCs (right) ± IL1β in different concentrations. The arrow indicates 
from whereon IL1β has been added. (D and E) Growth curve (left) and cumulative cell number on day 14 (right) of 
CB CD34+ cells in liquid (D) and on a stromal layer of MSCs (E) with the addition of CM from an MSC culture (CM 
MSC), an AML CD34+ liquid culture (CM AML), an AML CD34+ MSC co-culture (CM MSC + AML) and an AML CD34+ 

MSC co-culture with the addition of 10ng/mL IL1β (CM MSC + AML + IL1β). The arrow indicates from whereon CM 
has been added. Statistical analysis was performed by a Student’s t.test (F) Growth curve (left) and cumulative cell 
number on day 21 (right) of CD34+ PBSCs on stromal layer of MSCs with the CM from AML cultures as described 
in the legend of Figure 5D and 5E plus an AML CD34+ co-culture with the addition of 10ng/mL IL1β and 500 ng/mL 
Anakinra (CM MSC + AML + IL1β + Anakinra). Statistical analysis was performed by a Student’s t.test. (G) IL1RAP 
expression on MSCs measured by flow cytometry. (H) qRT-PCR of MSCs stimulated with and without IL1β. Statistical 
analysis was performed using a Student’s t test. (I) Schematic model how AML cells might impact on healthy 
hematopoiesis in the BM niche, in part via the IL1-IL1RAP axis. * p<0.05; ** p<0.01; *** p<0.001.
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induced by IL1β in AML stromal cocultures. We observed minimal or no differences in the 
CD34+CD38+/CD34+CD38- distribution after addition of CM to CB cells grown in liquid or on 
MSCs respectively (Supplemental Figure 5C and 5D). 

Clearly, the stromal cells play an important role in mediating the negative effects of IL1β 
on the proliferation of healthy CD34+ HSPCs. Therefore, we wondered whether MSCs also 
expressed IL1RAP and would also be responsive to IL1β as was seen for AML cells. Indeed, 
MSCs expressed high levels of IL1RAP and were responsive to IL1β comparable to what 
was seen for AML cells (Figure 5G and 5H). These data propose a model in which direct 
contact of AML cells with MSCs results in an inflammatory secretome that impairs healthy 
hematopoiesis (Figure 5I). This negative phenotype of healthy hematopoiesis is partly IL1-
induced and addition of exogenous IL1β can aggravate this observed phenotype.

Discussion

It has been shown that the fate of normal and leukemic stem cells critically depends on signals 
arising from the bone marrow niche [39, 40]. Many of them initiate signal transduction in 
target cells by binding to PM receptors. The identification and functional analyses of such 
AML-specific PM proteins will help our understanding of leukemia initiation, progression 
and maintenance. Here, we studied IL1RAP, which was specifically upregulated on the outer 
membrane of a large subset of AML patients and was associated with a L-GMP like signature. 
The downstream IL1RAP pathway was functional in primary AML CD34+ cells and could be 
activated by IL1β. Knockdown of IL1RAP did not affect AML proliferation nor did activation 
of the IL1RAP pathway result in an NFкB-driven rescue upon serum deprivation, in contrast 
to what was previously reported [8, 38]. Intriguingly, stimulation with IL1β induced an 
inflammatory secretome in AML cells grown on MSCs which negatively impacted on normal 
hematopoietic cell survival, while AML cells were much less affected. This observation was 
specific for AML cells that were cultured in direct contact with stromal cells as CM of AML cells 
and MSCs alone did not affect healthy hematopoiesis. Previously, we described technology 
with which genetically distinct subclones can be identified and prospectively isolated for 
functional studies based on differential expression of plasma membrane proteins [9]. In 
one patient, differential expression of IL1RAP allowed us to distinguish an NRAS mutated 
clone (CD34+/IL1RAP+) from a WT1 mutated clone (CD34+/IL1RAP-) while both subclones 
contained similar founder mutations [9]. These subclones also differed remarkably at the 
transcriptome level, whereby the IL1RAP+ NRAS mutated subclone was strongly enriched 
for L-GMP and inflammatory gene signatures. The connection between dysregulation 
of the Ras-pathway and IL1 signaling was previously investigated in non-small cells lung 
cancer in the context of GATA2 dependency [41]. Combined, these data indicate that IL1RAP 
expression can be used to distinguish distinct biological characteristics of leukemic clones.
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Previously, it was shown that IL1RAP can co-dimerize with CD117 and CD135 receptors, 
which resulted in an amplification of survival and proliferation signaling in AML [38]. 
Therefore, we analyzed co-expression of IL1RAP with important AML signaling receptors 
including CD117, CD135 and CD123. In our dataset, FLT3 and CD123, but not CD117 
expression, correlated well with IL1RAP expression. Stimulation of these receptors with 
FLT3L, IL3 and SCF showed heterogeneous downstream activation between different AMLs 
but no clear synergism was observed when FLT3, CD123 and CD117 were co-stimulated 
with IL1β. While the hypothesis that IL1RAP receptors can interact with other receptors and 
thereby impact on signal transduction is certainly intriguing, further studies are required to 
resolve these issues.

We identified and confirmed differentially regulated proteins induced by IL1β in primary 
AMLs and showed that these changes were mediated via NFκB and p38 MAPK. Interestingly, 
besides inflammatory factors, GATA2 was also upregulated ~2.6 fold upon IL1β stimulation. 
p38-dependent GATA2 activation has been associated with poor overall survival and increased 
transcriptional activation of IL1β and CXCL2 [42, 43]. We hypothesize that this p38-dependent 
activation of GATA2 is part of a positive feedback loop in IL1RAP expressing AMLs that results 
in an inflammatory niche. Our data showed that only the CM of AML CD34+ cells grown on a 
stromal layer did negatively impact on healthy hematopoiesis, which was aggravated when 
exogenous IL1β was added. These data suggest that the presence of direct interaction and 
cross-talk of AML CD34+ with the stromal niche cells is essential to induce a secretome that 
impairs healthy hematopoiesis. The exact mechanisms that underlie the negative impact 
of the IL1β-induced secretome on normal hematopoiesis remain to be elucidated, but we 
did observe an increase in DAPI+ cells suggestive for increased cell death. It appeared that 
differentiated CD34- cells were most sensitive since a slight increase in the percentage but 
not absolute number of CD34 was noted upon exposure to the inflammatory secretome. 
Although not in the context of IL1β stimulation, Miraki-Moud et al. suggested that AML 
cells do not impair the survival of normal HSCs but do inhibit differentiation and from which 
HSCs can recover once removed from the leukemic environment [44]. In addition, single 
cell sequencing studies of the mouse bone marrow provided a very detailed description of 
the cellular heterogeneity within the BM niche that was remodeled upon stress or MLL-AF9 
leukemia engraftment [45, 46]. This remodeling affected function and maturation of BM 
stromal cells resulting in the loss of signaling molecules known to be essential for healthy 
hematopoiesis [45]. Similar findings have been seen via exosome secretion and remodeling 
of the osteoblastic niche via TGF-β, Notch and inflammatory signals [47, 48]. Together, these 
findings suggest that leukemic cells can impact on normal hematopoiesis in multiple ways. 
Indeed, not all negative effects on healthy hematopoeisis we observed can be explained by 
the effect of IL1β as Anakinra did not result in a full rescue. Likely, there are more proteins 
secreted by AMLs and/or MSCs that also influence healthy hematopoietic proliferation. For 
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example, Carter and colleagues showed that IL1β can result in a Cox-2-dependent secretion 
of prostaglandin E2 (PGE2) by MSCs [49]. In turn, this resulted in upregulated β-catenin 
levels in AML cells that subsequently led to increased levels of apoptosis repressor with 
caspase recruitment domain (ARC) and augmented chemoresistance in AML cells [49].

The formation of an inflammatory niche might not only be important for leukemia 
progression but likely plays a role in the early stages of leukemia development as well. 
It has been shown that hematopoietic clones harboring a pre-leukemia mutation in Tet 
methylcytosine dioxygenase 2 (TET2) can outgrow non-mutated clones after inflammatory 
stress, which in turn might be aggravated by the fact that TET2 knockout mice show increased 
levels of inflammatory proteins including IL1b, IL-6 and chemokines including Cxcl1-3 and 
Pf4 [50, 51]. Upon ageing, the BM niche changes and becomes more senescent and as a 
result, via a senescent-associated secretory phenotype (SASP), more inflammatory [52-54]. 
Although the data are limited, it is enticing to consider that an inflammatory BM niche might 
accelerate clonal expansion and that the IL1-IL1RAP signaling axis plays an important role 
already in early stages of leukemic initiation.

Overall, our study contributes to the understanding of the role that plasma membrane 
receptors play in the leukemic BM niche. Such insights might aid further development of 
therapies aimed at specifically targeting factors that are essential for leukemogenesis. It is 
becoming clear that not all leukemia-induced changes in the BM niche exclusively impact on 
leukemic cells themselves, but in fact also normal hematopoiesis can be severely impacted 
on by the presence of expanding leukemic clones. Inhibition of the IL1-IL1RAP signaling axis 
might be a good therapeutic approach to reduce inflammation in the BM niche and thereby 
promote normal hematopoietic recovery over AML proliferation after chemotherapy.
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Material and Methods

Patient samples
Neonatal cord blood (CB) was harvested from healthy full-term pregnancy placentas, 
healthy mobilized peripheral blood stem cells (PBSCs) were obtained from left overs of 
transplant material, normal bone marrow (NBM) was obtained after hip surgery of healthy 
individuals and cells from AML and MDS patients were obtained from BM or peripheral 
blood (PB) at diagnosis. Primary mesenchymal stromal cells (MSCs) were retrieved from a 
healthy donor that underwent hip surgery. MSCs were expanded in αMEM with 200mM 
glutamine (Lonza), 10Units/mL heparin, 5% human platelet lysate (Sanquin) and 1% p/s and 
frozen at low passage till further use. Mononuclear cells (MNCs) were isolated using a ficoll 
gradient separation (LymphoprepTM) and either freshly used or frozen in liquid nitrogen. 
Cryopreserved MNCs of AML patients and mobilized PB were thawed, resuspended in new 
born calf serum (NCS) supplemented with DNase I (20Units/mL), 4 µM MgSO4 and heparin 
(5Units/mL) and incubated on 37˚C for 15 min. CD34+ cells of CB, mobilized PB and AML 
MNCs were isolated on the autoMACS Pro Separator using a magnetically activated cell-
sorting progenitor kit (Miltenyi Biotech). All healthy individuals and AML patients gave an 
informed consent in accordance with the Declaration of Helsinki at the University Medical 
Centre Groningen (UMCG) and Martini Hospital Groningen, the Netherlands. All protocols 
were approved by the Medical Ethical Committee of the UMCG. 

Cell (co-)cultures
Leukemic human cell lines were cultured in RPMI 1640 medium with 200mM glutamine 
(Lonza) supplemented with 10% fetal calf serum (FCS) (Lonza) and 1% penicillin-
streptomycin (p/s) (PAA laboratories), at 37°C. In case of serum depletion (Figure 3G), cells 
were treated with 10%, 1% and 0.5% FCS ± 10ng/mL IL1β. Fresh medium and IL1β was 
added after demi-population. For co-culture experiments, cryopreserved MSCs of the same 
donor were thawed, resuspended in Gartner’s medium consisting of αMEM with 200mM 
glutamine supplemented with 12.5% FCS, 12.5% horse serum (Invitrogen), 1% p/s, 57,2µM 
β-mercaptoethanol and 1µM hydrocortisone (both Sigma-Aldrich). MSCs were plated in 
0.1% gelatin coated 96-wells plates and grown confluent. Subsequently, 1x10E5 AML CD34+ 
cells or between 5x10E3-15x10E3 PBSC/CB CD34+ cells were plated into Gartner’s medium 
with the addition of 20ng/mL granulocyte colony-stimulating factor (G-CSF), Nplate and 
IL3. Inhibition of the IL1-signaling pathway was established by the addition of 500ng/mL 
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Anakinra (Swedish Orphan Biovitrum BVBA). Co-cultures were grown at 37˚C and 5% CO2 
and demi-populated regularly, replacing 50-80% of the volume with fresh or conditioned 
Gartner’s medium. Suspension cells were retrieved by shaking on a plate shaker, stained 
with CD34, CD38, CD45 (all BD Biosciences) and DAPI (Thermo Scientific) and analyzed on 
the MacsQuant Analyzer 10 (Mylteni) or CytoFLEX (Beckman Coulter) flow cytometer.

Flow Cytometry
Cryopreserved MNCs of AML and MDS patients and NBM samples were thawed as 
described in the “patient samples” section. In general, for flow cytometry analysis and 
cell sorting, cells were treated with human FcR blocking reagent (Miltenyi Biotech) prior 
to antibody staining. Subsequently, cells were incubated with the appropriate antibody 
cocktail and incubated at 4˚C for 30 min. Immediately before analysis, DAPI (Thermo 
Scientific) was added as viability stain. Flow cytometry analysis in the diagnostic research 
lab, Figure 1A, 4A, 4B and Supplemental Figure 1A and 4A, was performed according to 
the Euroflow protocol [55]. Here, freshly obtained whole BM aspirated samples were used. 
After ammonia lysis of erythrocytes, the isolated BM cells were FcR blocked with 50mg/mL 
human IgG (Sanquin) and incubated with different antibodies. After incubation, the cells 
were fixed with FACS lysing solution (BD Biosciences) and washed twice in PBS before flow 
cytometric measurements. Fluorescence was measured on the MacsQuant Analyzer 10 
(Miltenyi Biotech) or in case of the routine diagnostics on the FACSCanto II TM flow cytometer 
(BD Biosciences). Cell sorting was performed on a MoFlo XDP (Beckman Coulter). Data were 
analyzed using Flow Jo (Tree Star, Inc) in case of Figure 1A and Supplemental Figure 1A. Co-
expression of IL1RAP with FLT3, CD117 and CD123 (Figure 4A, 4B and Supplemental Figure 
4A) was analyzed with InfinicytTM (Cytognos) in order to merge expression on the basis of 
a common backbone. Antibodies used in this study: CD34 (581), CD45 (HI30), FLT3 (4G8), 
CD38 (HIT2) (all BD Biosciences), IL1RAP (#89412) (R&D), CD123 (6H6) (Biolegend), CD34 
(581) (Thermo Scientific) and CD117 (104D2D1) (Beckman Coulter). 

Lentiviral transfection
HEK 293T cells were transfected with 3mg of the pLKO eGFP construct, containing 
short hairpins against IL1RAP sh1: 5’-TGGCCTTACTCTGATCTGGTATTGGACTA-3’ 
, sh2: 5’-CGGGCATTAATTGATTTCCTACTATATTC-3’ [56] or scrambled control 
5’-TTCTCCGAACGTGTCACGTT-3’, together with 3mg of the packaging construct pCMV-
dR8.91 (Delta 8.9) containing gag, pol and rev genes, 0,7mg of glycoprotein VSV-G 
expressing envelope plasmid and 21ml Fugene transfection reagent (Roche). Viral particles 
were collected in αMEM and stored at -80°C until further use. For transfection, AML cell 
lines were transduced in 2 rounds with 1:1 ratio virus to medium in the presence of 8mg/
mL Polybrene (Sigma-Aldrich). Cells were washed 4 times with PBS + 5% FSC and sorted for 
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GFP+DAPI- on a MoFlow Astrios cell sorter (Beckman Coulter).

Immunofluorescent microscopy
5x10E4 cells were spun down on slides with a cytospin and immediately fixated in 4% 
paraformaldehyde (PFA), permeabilized with PBS + 0,1% Triton X-100 and washed once with 
PBS+ (blocking solution containing 0,5% bovine serum albumin (BSA) and 0,15% glycine). 
Slides were incubated with primary antibodies Rabbit anti-IL1RAP (Thermo Scientific) in a 
moist environment at room temperature, rinsed with PBS + 0,1% Triton X-100 and PBS+ 
and incubated with secondary antibodies FITC-Goat anti-Rabbit (Life Technologies). At 
the final step, DAPI solution (Thermo Scientific) was added, cells were washed with PBS 
and preserved in the mounting medium (Vector Laboratories). Images were taken with a 
DM6000B fluorescent microscope (Leica).

Western blotting
For the detection of phosphorylated proteins, 5x10E4 primary AML CD34+ cells were serum-
starved for 1hr, stimulated with 20 or 100ng/mL IL1β (Sigma-Aldrich) for 10 min, spun down 
in a pre-cooled centrifuge at 4°C and directly boiled in Laemmli-SDS-PAGE sample buffer. 
For co-stimulation analysis, AML cells were stimulated for 10 min either alone with 50ng/
mL FLT3L, SCF or IL3 or in combination with 20ng/mL IL1β. In case of co-stimulation analysis 
in THP1 cells, 5x10E4 cells were serum-starved for 3hr and subsequently stimulated for 10 
min with 10ng/mL or 50ng/mL IL1β alone or in combination with either 50ng/mL FLT3L or 
50ng/mL IL3. IL1-signaling was blocked using 10µg/mL anti-IL1RAP MAb (R&D) for 24 hr 
prior to stimulation. Samples were loaded onto a Mini-PROTEAN® TGX™ Precast Protein 
Gel (Bio-Rad) and run in electrophoresis buffer (25mM, 152mM glycine, 0.07% SDS). The 
PageRuler Plus Prestained Protein Ladder (Thermo Scientific) was used to determine protein 
size. Subsequently, the gel was blotted onto a methanol activated PVDF FL-membrane 
(Immobilion) using a Trans-Blot Turbo™ Blotting System (Bio-Rad) according to the 
manufacturer’s protocol. The membrane was blocked with Odyssey Blocking Buffer in PBS 
(Li-Cor) and incubated overnight with primary antibodies including phospho-p38 Thr180/
Tyr182 (Cell Signaling Technology, CST), phospho-STAT5 pY694 (BD Biosciences), phospho-
AKT Ser473 (CST), phospho-ERK 1/2 T202/Y204 (CST) and p-cJUN S73(CST). Total AKT (pan) 
(CST) and β-Actin (Santa Cruz) were used as loading controls. Blots were washed with TBST 
(TBS with 0,1% Tween 20) and incubated for 2 hr with secondary antibodies including 
anti-mouse Alexa Fluor 800 and anti-rabbit Alexa Fluor 680 (Invitrogen). The membranes 
were visualized on the Odyssey CLx Near-Infrared Fluorescence Imaging device (Li-Cor) and 
analyzed with Image Studio Lite 5.2 software.
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Transcriptome analysis
2x10E5 K562, THP1 and AML CD34+ cells were stimulated in 10ng/mL IL1β (Sigma-
Aldrich) for 1 hr. Cells were harvested and RNA was isolated using the RNeasy mini kit 
(Qiagen) according to the manufacturer’s protocol. Genome-wide expression analysis was 
performed on Illumina (Illumina, Inc., San Diego, CA) BeadChip Arrays (Illumina Human HT-
12 v4 Expression Beadchips). 0,75mg of cRNA combined was used in labelling reactions 
and hybridization with the arrays according to the manufacturer’s instructions. Data was 
analyzed using GenomeStudio V2011.1 Gene Expression Module v1.9.0 (Illumina, Inc.) and 
Genespring (Agilent). A quantile log2 normalization of the data was performed. GO analysis 
was performed on a ranked gene list using Gorilla [57]. GSEA v4.0.1. on a pre-ranked gene 
list was performed with respect to MsigDB C2 and C5 gene sets (version 7) or gene sets 
generated from selected publications as shown in the relevant figures.

qRT-PCR
2x10E5 primary AML CD34+ cells, human MSCs, K562 IL1RAP+/- or THP1 cells were incubated 
with 10ng/mL IL1β for 1 hr. IL1-signaling was blocked using 10µg/mL anti-IL1RAP MAb (R&D) 
or 500 ng/mL Anakinra for 24 hr prior to stimulation. RNA was isolated using the RNeasy Mini 
Kit (QIAGEN) according to the manufacturer’s protocol. cDNA was synthesized with iScript 
cDNA Synthesis Kit (Bio-Rad) and qRT-PCR was performed using SsoAdvanced™ Universal 
SYBR Green Supermix on the CFX Connect Real-Time instrument (Bio-Rad). Expression of the 
ribosomal protein like (RPL) 27 gene was used to calculate relative expression levels. In case 
of inhibitory experiment in Figure 3B, cells were pre-treated with TAK1 inhibitor (100nM 
5z-7-oxozeaenol), NFκB inhibitor (2µM BMS-345541), P38 inhibitor (5µM SB203580) or 
MEK/ERK inhibitor (10µM U0126) (all Sigma-Aldrich) for 2 hr prior to stimulation with 10ng/
mL IL1β for 1 hr.

Statistical analysis
Data of growth curves and qRT-PCR are presented as mean ± SD. Significance was determined 
by either a Kruskal-Wallis test, one-way ANOVA followed by a Sidak’s multiple comparison 
test or Student’s t.test using Graphpad Prism software as indicated in the figure legends. 
p values are indicated in the figure legends. FDR q-values and NES scores were used as 
indication for significance of GSEA plots as indicated in the figure legends.
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Supplementary information

Supplemental Figure 1. IL1RAP is a bona fide leukemia-specific PM protein
(A) Examples of IL1RAP expression in NBM, PB and 3 AML patient samples measured by flow cytometry. (B) IL1RAP 
expression (%) within the CD34+ AML blast compartment (black, n=8) or, in case of NPM1 mutant AML patients, 
the CD117+ AML blast compartment (blue, n=3) in paired de novo – relapse samples measured by flow cytometry. 
(C) Pearson correlation of IL1RAP PM expression (MFI) with quantitative proteome expression of IL1RAP (n=31). 
IL1RAP PM expression (MFI) was used for correlations with total quantitative proteome expression as shown in 
Figure 1C and 1D.
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Supplemental Figure 2. Genes associated with the IL1RAP signaling pathway are upregulated in AML
(A) Transcriptome data of AML CD34+ samples (n=60) and 40 NBM CD34+ samples (n=40) [32]. Fold change of 
the average of AML over the average of NBM was calculated for genes associated with the IL1RAP pathway and 
inflammatory cytokines. Statistical analysis was performed using a Student’s t test. (B) Expression of IL1RAP in 
AML#1, K562 and THP1 cells measured by flow cytometry. (C) Expression of IL1RAP and CD34 in 5 primary AML 
patients measured by flow cytometry. * p<0.05.
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Supplemental Figure 3. K562 IL1RAP+ and IL1RAP- cells are stable in time
(A) Growth curve of K562 IL1RAP+ and IL1RAP- sorted cells (n=3). (B) IL1RAP expression in K562 IL1RAP+ and IL1RAP- 

cells measured by flow cytometry in time after cells had been sorted. (C) Knockdown of IL1RAP at the PM of K562 
IL1RAP+ and IL1RAP- cells at day 26 after transduction.
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Supplemental Figure 4. Synergism of the IL1-IL1RAP signaling with other active signaling pathways in AML
(A) Pearson correlation of IL1RAP with CD135, CD123 and CD117 in blasts of 124 primary AML patients, related 
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to Figure 4C. (B) Western blot of primary patient CD34+ blasts with low CD135 expression but positive for IL1RAP, 
CD117 and CD123. Cells were stimulated with IL1β, FLT3L, SCF, IL3 or their combination. (C) Quantification of 
Western blot in panel B, pSTAT5 and p-p38 were normalized on total AKT. (D) Western blot of primary patient CD34+ 
blasts with low IL1RAP expression but positive for CD135, CD117 and CD123. Cells were stimulated with IL1β, FLT3L, 
SCF, IL3 or their combination. (E) Quantification of Western blot in panel D, pSTAT5 and p-p38 were normalized 
on total AKT. (F) Western blot of THP1 cells stimulated with IL1β (50ng/ml), FLT3L, IL3 or their combination. (G) 
Quantification of Western blot in panel F, pAKT was normalized on total AKT and pERK was normalized on β-Actin. 
(H) qRT-PCR analysis of IL8 (left) and CXCL1 (right) in THP1 cells that were stimulated with IL1β after incubation with 
or without α-IL1RAP MAb. Bars indicate mean ± SD of technical triplicates. Statistical analysis was performed by a 
Student’s t.test. (I) Western blot of THP1 cells stimulated with IL1β, FLT3L, IL3 or their combination after incubation 
with or without α-IL1RAP MAb. (J) Quantification of Western blot in panel a, pAKT was normalized on total AKT and 
p-cJUN was normalized on β-Actin. ** p<0.01 *** p<0.001
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Supplemental Figure 5. Effect of treatment with CM of AML (co-)cultures on the hematopoietic output 
(A) DAPI percentage at day 7 and 19 of CB CD34+ liquid culture treated with different CM. (B) DAPI percentage at 
day 7 and 19 of CB CD34+ MSC co-culture treated with different CM. (C) CD34 percentage, cumulative cell number 
and distribution CD34+CD38+ (more committed myeloid progenitors) versus CD34+CD38- (immature HSC) cells at 
day 7 of CB CD34+ liquid culture treated with different CM. (D) CD34 percentage, cumulative cell number and 
distribution CD34+CD38+ versus CD34+CD38- cells at day 7 of CB CD34+ MSC co-culture treated with different CM. (E) 
qRT-PCR analysis of IL8 (left) and CXCL1 (right) in THP1 cells that were stimulated with IL1β after incubation with or 
without Anakinra. Bars indicate mean ± SD of technical triplicates. Statistical analysis was performed by a Student’s 
t.test. (F) DAPI percentage at day 18 and 24 of PBSC CD34+ MSC co-culture treated with different CM. Statistical 
analysis for all panels was performed by a one-way ANOVA followed by a Sidak’s multiple comparison test, unless 
indicated otherwise. * p<0.05; ** p<0.01; *** p<0.001.

Supplemental Table 1. Transcriptome analysis AML CD34+, THP1, and K562 ± IL1β
Available upon request.
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Summary

Acute myeloid leukemia (AML) is a hierarchical disease with leukemic stem cells (LSCs) that 
give rise to immature leukemic blasts that lack the capability to differentiate in mature blood 
cells. In addition, multiple genetically distinct subclones can co-exist within an AML patient. 
In this thesis, we made use of the leukemic plasma membrane (PM) surfaceome to study 
this clonal heterogeneity, we studied the functional role of leukemia-enriched PM protein 
interleukin-1 receptor accessory protein (IL1RAP) and further improved our previously 
established humanized scaffold niche xenograft mouse model by introducing interleukin-1 
(IL1) and thrombopoietin (TPO).

 Our previously established humanized scaffold niche xenograft mouse model 
allows us to study primary AML samples in vivo in a human microenvironment. In chapter 
2, we genetically engineered mesenchymal stromal cells (MSCs) to overexpress IL3 and 
TPO and used these MSCs to build a humanized BM scaffold. The IL3- and TPO-producing 
MSCs maintained their ability to differentiate into bone, adipocytes, and other stromal 
components. Primary AML cells of three individual patients could readily engraft in these 
cytokine-expressing niches, including a biphenotypic acute leukemia (BAL) patient, from 
which the myeloid compartment model was better preserved compared to the previous 
humanized scaffold niche model. Transplantation of MLL-AF9 transduced cord blood 
(CB) CD34+ in mice with human cytokine-expressing niches resulted in reduced scaffold 
engraftment but significantly increased myeloid output of cells that engrafted in the mouse 
compartments including BM, spleen and liver. The high local levels of IL3 within the scaffold 
might result in stem cell differentiation and thereby reduced engraftment. Titrating the 
levels of IL3 and TPO might be needed to further improve this cytokine-expressing BM 
scaffold niche. This study showed that with relatively simple genetic editing of human MSCs, 
important niche factors can be studied in context of a human microenvironment.

 Chapter 3 studies the intra-tumor heterogeneity of AML caused by clonal evolution. 
We first identified 50 plasma membrane (PM) proteins that were specifically (over)
expressed on primary AML CD34+ cells compared with normal CD34+ cells. These proteins 
were correlated with different leukemia subtypes and leukemia-associated mutations. We 
included 7 leukemia-enriched PM proteins in the routinely diagnostics and showed that 
these proteins could define a leukemia-associated phenotype in the majority of patients. 
A combinatorial approach comparing the expression of multiple leukemia-enriched PM 
proteins allowed the identification and isolation of genetically distinct AML subclones. 
Next, we studied these AML subclones and showed that they differ in their chromatin 
organization, transcription factor networks, gene expression, engraftment behavior, and 
drug sensitivity. Finally, we showed that these leukemia-enriched markers can be used to 
track leukemic clones longitudinally. The results in this chapter provides tools to separate 
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and study individual AML subclones.
 In chapter 4 we focused on the PM protein IL1RAP. IL1RAP was found specifically 

expressed on the outer membrane of AML CD34+ cells and not on normal CD34+ cells. The 
intracellular role of IL1RAP in AML is mostly unknown, therefore, we studied the downstream 
signaling of IL1RAP in primary AML cells. Activation of IL1RAP positive leukemia cells with 
IL1 resulted in the induction of multiple chemokines and an inflammatory secretome via the 
p38 MAPK and NFκB signaling pathways. In contrast to previous studies, we did not observe 
any negative growth phenotype after knockdown of IL1RAP. Intriguingly, the inflammatory 
secretome did not affect AML cell survival in an MSC co-culture settings, whereas the 
secretome did affect the growth of normal CD34+ cells. This phenotype was only observed 
in context of an MSC stromal layer and suggests that direct crosstalk between AML cells and 
MSCs is essential for the observed effect. Interfering with the IL1-IL1RAP signaling might 
facilitate healthy hematopoietic recovery and should therefore be therapeutically exploited.

 Finally, chapter 5 discusses the results described in chapter 2,3, and 4 in context 
of the current literature. Possible future directions are discussed supported by preliminary 
data. The chapter closes with the concluding remarks of this thesis.
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Discussion and future perspectives

Identification of leukemia-enriched PM proteins
PM proteins are responsible for the communication with neighboring cells in the bone 
marrow (BM) niche via direct and indirect signals. The identification of the PM surfaceome 
of AML cells greatly improves our knowledge of these BM niche interactions. Multiple 
transcriptome datasets are available of studies that compared primary AML cells with 
healthy controls [1-4], whereas the amount of studies that identified leukemia PM markers 
at the protein level are limited [5-8]. We performed full label-free quantitative proteome 
analysis on immature AML blasts and healthy peripheral blood stem cells (PBSCs). Principle 
component analysis (PCA) of all proteins annotated in at least 90% of the samples (6025 
proteins) showed separated clustering of PBSC CD34+ cells compared to AML CD34+ cells 
(Figure 1A, left panel). Similar results were obtained for proteins specific to the PM (849 
proteins) (Figure 1A, right panel)[9]. AML CD34+ cells were enriched for gene ontology (GO) 
terms involved in cell cycle, metabolic processes and cytoskeleton organization compared 
to healthy PBSC CD34+ cells (Figure 1B). Subsequent analysis of the PM proteome identified 
50 PM proteins that were specifically enriched in AML [8]. The majority of proteins we 
identified were overexpressed in a subset but not all AML patients and many, but not all, 
were also found to be upregulated at the transcriptome level. Previously, Bonardi et al. 
identified 59 leukemia-enriched PM protein candidates determined by surface-specific 
proteomics of 2 primary AMLs combined with transcriptome analysis on a large cohort 
of normal bone marrow (NBM) and AML samples published by de Jonge et al [3, 5]. We 
found substantial overlap (12 proteins) of these previous identified leukemia-enriched PM 
proteins with the 50 proteins identified in this thesis. Candidate markers identified by the 
proteomics in this thesis has been performed in a much larger cohort with multiple different 
AML subtypes and thereby might also include subtype-specific PM proteins. A recent study 
by Perna et al. also defined a set of leukemia-enriched PM proteins [7]. They performed 
surface-specific proteomics on 6 AML cell lines and supplemented this list with previously 
performed proteomics on cell lines and 70 candidates proposed by others. They compared 
these proteins with multiple transcriptome datasets of healthy immature hematopoietic 
cells and non-hematopoietic tissues in order to prevent off-target toxicity of antibody-based 
therapies. In total they propose 30 potential candidates overexpressed in AML and low or 
not expressed in non-hematopoietic tissue. Some proposed candidates overlap with the 
PM proteins identified in this thesis although the majority does not, likely as of differences 
in cell source (cell lines versus and primary AML) and technical approach (PM proteomics 
versus total proteomics).

We also performed proteomics on 6 cell lines (HL60, MOLM13, NB4, TF1, THP1 and 
K562) on the same platform as we used for the primary material. Surprisingly, PCA on all 
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annotated proteins in at least 90% of the samples (5893 proteins) revealed that healthy 
CD34+ and AML CD34+ cells are more alike compared to AML cell lines (Figure 1C, left panel) 
[9]. Proteins that were significantly overexpressed in AML cell lines compared to PBSC CD34+ 

cells or AML CD34+ cells were highly enriched for processes associated with cell cycle and 
metabolism (Figure 1D). We observed substantial overlap between the proteins upregulated 

Figure 1. Full quantitative proteomics analysis of AML
(A) PCA analysis of total proteome (left) and PM-specific proteome (right) in PBSC CD34+ cells (blue, n=6) and AML 
CD34+ cells (red, n=36). (B) GO analysis of proteins >2 fold upregulated (p<0.05) in AML CD34+ cells compared 
to PBSC CD34+ cells. (C) PCA analysis of total proteome (left) and PM-specific proteome (right) in PBSC CD34+ 

cells (blue, n=6), AML CD34+ cells (red, n=36) and AML cell lines (green, n=6). (D) GO analysis of proteins >2 fold 
upregulated (p<0.05) in AML cell lines compared to AML CD34+ cells (top panel) and PBSC CD34+ cells (bottom 
panel). (E) Overlap of proteins upregulated in cell lines compared to AML CD34+ cells or PBSC CD34+ cells as 
described under D. (F) Overlap of AML cell line enriched PM proteins identified by Strassberger et al. and de Boer 
et al. [6, 8]. AML cell line PM proteins were compared to PMN and PBSC CD34+ cells, respectively. (G) PCA analysis 
of total proteome (left) and PM-specific proteome (right) in AML CD34+/MNC cells (n=42). Proteins were associated 
to the PM as determined previously by Uhlen et al. for all panels [9]. FDR, False discovery rate. 



5

Chapter 5

142

in cell lines compared to PBSC CD34+ cells and upregulated proteins compared to AML CD34+ 
cells suggesting this is not disease-related but rather a difference between cell lines and 
primary material in general (Figure 1E). Intriguingly, also the PM proteome of cell lines is 
significantly different from primary material suggesting that this fast cycling phenotype also 
effects the surfaceome (Figure 1C, right panel). Also Strassberger et al. performed surface-
specific proteome analysis on AML cell lines (HL60, NB4, PLB985, THP1), one blast crisis 
chronic myeloid leukemia (BC-CML) cell line (K562) and compared this to a normal human 
granulocytic cell line (PMN) [6]. We found considerable overlap between the upregulated 
PM proteins identified by Strassberger et al. and the upregulated PM proteins we identified 
despite the fact that different healthy controls were used. Clearly, we showed that cell lines 
differ substantially from primary material and data obtained from cell lines might need 
further validation in primary material. Cell lines are immortalized and might therefore be 
different in their proteome compared to the primary cells from which they were derived 
initially. Comparative studies of cell lines and primary cells showed that cell lines lose specific 
functions that were seen in primary cells and shift their resources into functions associated 
with proliferation [10]. In time, these cell lines might undergo a Darwinian selection of 
certain clones that do well in our culture systems.

Genetic aberrancies impact on chromatin accessibility and gene expression
Clustering analysis of AML patient samples only showed that the patients with a 
nucleophosmin 1 (NPM1) mutation (NPM1cyt) have a different proteome compared to 
NPM1 wild-type (NPM1-wt) AML patients (Figure 1G). Important to note is that AMLs with 
a NPM1cyt mutation often have <1% CD34 positivity, therefore we performed proteomics 
on the mononuclear cell fraction (MNC) in 6 out of 7 NPM1cyt mutant cases whereas all 
other samples were enriched for CD34+ cells. Some patients that had an internal tandem 
duplication (ITD) in fms like tyrosine kinase 3 (FLT3) clustered together as well, although 
the differences with FLT3 wild-type (FLT3-wt) patients were less clear compared to 
the proteome of NPM1cyt mutated AMLs (Figure 1G). These data suggest that genetic 
mutations can impose differences in total and PM-specific protein expression. Indeed, we 
observed multiple correlations of PM protein expression with specific genetic mutations. 
For example, CD25 and IL1RAP expression was increased in FLT3-ITD AMLs, CD97 was 
increased in NPM1cyt mutated AMLs and complex karyotype AMLs have reduced expression 
of T-cell immunoglobulin and mucin-domain containing-3 (TIM3), CD82 and CD123. It has 
been shown that FLT3-ITD result in constitutive activation of STAT5 and mitogen-activated 
protein kinase (MAPK) [11, 12]. This activation also results in the down-regulation of CCAAT/
enhancer-binding protein alpha (CEBPA) and PU.1, two important transcription factors (TFs) 
that control monocytic and granulocytic differentiation, respectively [12]. In addition, the 
MAPK responsive transcription factor AP-1 has been identified as major driver of the FLT3-
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ITD specific chromatin landscape [13].
Signal transduction networks initiated downstream of FLT3-ITD might instruct the 

observed differences in the transcriptome and proteome of FLT3-ITD AML patients compared 
to FLT3-wt AML patients. The identification and isolation of a FLT3-ITD and FLT3-wt subclone 
allowed us to study differences in the chromatin landscape and TF occupancy between 
genetically distinct subclones in an individual patient. RNA sequencing analysis showed 
that the FLT3-ITD subclone maintained an expression profile comparative with previous 
FLT3-ITD identified expression profiles [13, 14]. We observed limited but clear differences 
between chromatin accessibility of both subclones, which was associated with differences 
in TF occupancy throughout the genome. Similarly, we noticed subclone-specific chromatin 
accessibility, TF occupancy and gene expression in an AML patient that harbored a NRAS 
and wilms tumor 1 (WT1) mutated subclone. Ras mutations have been associated with the 
proteasome machinery and interleukin-1 (IL1)/ nuclear factor kappa B (NFκB) signaling in 
lung cancers [15]. And WT1 loss-of-function mutations and have been associated with site-
specific in DNA hydroxymethylation, which resulted differential gene expression [16]. These 
data are in line with our transcriptome observations in the NRAS an WT1 mutated subclones, 
which showed enrichment for IL1 mediated inflammatory processes and chromatin 
organization, respectively. Limited differences were observed in the chromatin accessibility 
in two other AML patients in which we could also separate distinct subclones. In one of 
these patients we separated a subclone with a mutation in NRAS at position 38 (NRAS38G>A) 
from a subclone with a mutation in NRAS at position 183 (NRAS183T>A). In the other patient 
we could separate a subclone with a duplication in WT1 from a subclone with a deletion 
in WT1. These data suggest that different mutations in identical genes have limited impact 
on the chromatin landscape likely as they have similar biological consequences, at least in 
these 2 examples.

Clustering analysis of genome wide chromatin accessibility in the 8 different subclones 
isolated from 4 individual AML patients revealed that patient-specific chromatin accessibility 
is dominant over changes imposed by secondary driver mutations that defined the distinct 
subclones. The Bonifer lab previously generated chromatin accessibility maps of the blast 
population in a large cohort of AML patient samples [17]. We questioned whether the 
genetically distinct subclones we identified in 4 AML cases would cluster according to their 
common founder mutations or whether secondary subclone-specific mutations would be 
more dominant. In these 4 cases, it appeared that the common founder mutations in CEBPA, 
runt-related transcription factor 1 (RUNX1) and NPM1 dominated over the secondary 
mutations in FLT3, NRAS and WT1 (Figure 2). Whether this is a common phenomenon needs 
to be addressed further in future studies in which more subclones will be analyzed in detail.
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Figure 2. Chromatin accessibility in AML
Pearson correlation of chromatin accessibility measured by DNAse I Hypersensitive site mapping in AMLs and AML 
subclones carrying different mutations. Blue boxes indicate clusters of similarly mutated AML patients. Green boxes 
highlight isolated AML subclones of individual patients [8, 17]. The Bonifer lab is acknowledged for providing this 
specific figure.

Challenges in identification and isolation of genetically distinct AML subclones
Whole exome sequencing of de novo AMLs revealed that the majority of AML patients harbor 
multiple genetically distinct subclones [18-20]. We showed that genetic mutations resulted 
in altered protein composition on the PM, which allowed us to prospectively sort genetically 
and functionally distinct subclones [8]. Though, as seen with many newly developed tools, 
there are still challenges ahead that require further refinement and improvement.

AML patients can be relatively easily defined as monoclonal or polyclonal by mutation 
analysis of AML blasts. If mutations are present with variant allelic frequencies (VAFs) that 
are significantly different from 0.5 (1 allele mutated in all cells) or 1 (both alleles mutated 
in all cells), this must be as of the existence of multiple genetically distinct clones. Flow 
cytometry analysis of these polyclonal AMLs did not always result in differences in a selected 
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subset of leukemia-enriched PM protein expression. It might be that certain mutations have 
only limited or no impact on the PM protein expression. Alternatively, the selected subset 
of PM proteins might not allow separation of these subclones. For example, we made use 
of the TCGA dataset and tried to identify PM proteins specifically expressed in isocitrate 
dehydrogenase 1 (IDH1) and IDH2 mutated AMLs [18]. When we analyzed expression of 
10 leukemia-enriched PM proteins we identified previously, we did not observe differences 
between IDH1/2 wildtype and mutant AMLs (Figure 3A). Alternatively, we did identify 
genes that were significant overexpressed in IDH1 or IDH2-mutated AMLs, and within this 
list zoomed into the most upregulated PM proteins for which flow-compatible antibodies 
were available including transmembrane protein 22 (TMEM22), cadherin-2 (CDH2) and the 
Wnt receptor frizzled class receptor 3 (FZD3) (Figure 3B). Explorative flow analysis of CDH2 
and FZD3 in a small subset of IDH1/2 mutant and wild-type patients did not give definitive 
answers as to whether these proteins would be specifically expressed on IDH1/2 mutated 
cells, so further studies are required (Figure 3C). Similar approaches for other mutations 
might further improve the subset of PM proteins by which we can define genetically distinct 
subclones.

A second challenge is that AML patients sometimes harbor very small subclones with 
VAFs representing <5% of the total population. These small subclones can preferentially 
grow out in xenograft mouse models and at relapse of disease making it very relevant to also 
identify these subclones at initial diagnosis [19, 21]. Identifying these small subclones will 
require unique and specific PM proteins and novel single-cell techniques like TARGET-seq 
in order to detect genetic mutations and map relevant cell biological processes in limited 
available amount of cells [22]. To make bonafide statements it is of the utmost importance 
to isolate clean AML blast populations, which can be challenging with multiple flow 
antibodies that have spectral overlap and differ in signal quality. With a single cell “mass 
cytometry” method named CyTOF you can implement over 30 parameters simultaneously, 
however, this method does not allow isolation of the cells as viable cell population [23]. A 
final remark is that PM protein analysis of polyclonal AML patients in some cases resulted in 
clearly defined distinct subpopulations in Infinicyt-based PCA, but whole exome or targeted 
Myeloid Trusight sequencing did not reveal VAFs that would fit with the populations we 
observed by flow cytometry. An intriguing possibility is that in these cases it might be 
epigenetic changes that underly clonal heterogeneity. Alternatively, it is also quite possible 
that cell extrinsic differences, for instance positioning of cells within the bone marrow niche, 
determine the expression of the PM surfaceome.

Altogether, addressing these challenges will further improve the prospective identification 
and isolation of AML subclones. We should aim to increase the amount of isolated subclones 
as this might unravel certain communalities and/or differences of subclones with a similar 
genetic profile.
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Clonal drift in patient-derived xenografts
Patient-derived xenograft (PDX) mouse models enable the study of primary AML patient 
samples in a more long-term setting that addresses multiple aspects of leukemia development 
including LSC engraftment in the BM, leukemia outgrowth and dissemination of AML cells to 
other organs like spleen and liver. Reproducing the subclonal architecture of heterogeneous 
pre-transplant AML samples in engrafted samples is an important aspect of any PDX model. 
Previously, we developed a humanized scaffold niche xenograft mouse model that allowed 
engraftment of 29 out of 39 (74%) primary AMLs [24]. Similar results were obtained by 
Reinish et al., who developed humanized BM ossicles that allowed engraftment of 13 out 
of 15 (87%) primary AMLs [25]. In both cases, the human microenvironment was superior 
to murine BM in engrafting good risk AMLs. Both studies partially addressed the subclonal 
architecture pre-transplant and after engraftment in 3 and 4 AML cases, respectively and 

Figure 3. Correlation of PM proteins with IDH1 mutated AML cells
(A) mRNA expression of a subset of leukemia-enriched PM proteins with IDH1/2 wildtype (wt) and IDH1/2 mutant 
(mut) AML patients. (B) mRNA expression of 3 PM proteins with IDH1/2 wt and IDH1/2 mut AML patients. (C) Flow 
cytometry analysis of CDH2 and Frizzled in IDH1/2 wt and IDH1/2 mut AML blasts.
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found changes in subclonal composition in at least some of the cases [24, 25]. Changes in 
subclonal architecture of primary AMLs have been addressed more extensively in NOD scid 
gamma (NSG) mice. Also, in these models, clonal drift is observed in multiple cases [21, 
26, 27]. In contrast, Paczulla et al. found relative high numbers of AMLs (18 out of 19) that 
could engraftment in NSG mice and detected only minimal differences in clonal architecture 
between pre-transplant and after reconstitution in NSG mice [28]. In the latter study, 
they performed pre-transplant irradiation, which might augment LSC homing of distinct 
subclones thereby better preserving clonal architecture. Clearly, the microenvironment 
plays an important role as well. For example, Antonelli et al. demonstrated this for a 
leukemia patient that harbored a dominant clone with inv(16)/t(9;22) and a minor IDH1 
mutated subclone with a VAF of 0.04 [24]. Injecting sorted CD34+ cell intra-scaffold resulted 
in engraftment in the scaffold with dissemination to the BM, spleen en liver. Upon exome 
sequencing of AML cells obtained from the scaffold and murine BM, we noted that the 
dominant inv(16)/t(9;22) clone engrafted in the scaffold while in the mouse niche only 
the minor IDH1 mutated subclone engrafted. Injection of the same polyclonal AML in 
regular NSG mice without humanized niches only resulted in engraftment in the murine 
BM in some cases, but the ones that did engraft only contained the minor IDH1 mutated 
subclones whereas the dominant inv(16)/t(9;22) subclone did never engraft. These clonal 
preferences were also observed in NSG mice compared with NSG mice that have knock-in 
of stem cell factor (SCF), granulocyte-macrophage colony-stimulating factor (GM-CSF) and 
interleukin-3 (IL3) (NSG-SGM3). Here, depending on the presence or absence of human 
cytokines different subclones engrafted [21]. It has also been proposed that the altered 
function of the mutated gene(s) in AML can influence engraftability of a subclone. VAFs of 
founder mutations like DNA methyltransferase 3A (DNMT3A), protein tyrosine phosphatase 
non-receptor type 11 (PTPN11) and RUNX1 were often similar between pre-transplant AMLs 
and after engraftment in NSG mice whereas mutations in tumor protein p53 (TP53), NPM1 
and IHD2 where more divergent after engraftment [26].

We were able to identify and prospectively sort genetically distinct subclones as viable 
populations. This allowed us to study engraftability of genetically distinct subclones of 
individual patients in the humanized scaffold mouse model [8]. We observed clear preference 
of subclones in repopulating the humanized scaffold with preferential engraftment of FLT3-
ITD mutated clones over NRAS and WT1 mutated clones. Although, the numbers are limited, 
these data together with previously published data indicate that within PDX models clonal 
drift of polyclonal AMLs is likely to occur. It is therefore important to keep track of the clonal 
architecture in any in vitro and in vivo culture of primary AMLs in order to draw the correct 
conclusions. One could speculate whether this clonal drift is only seen due to limitations 
of our models or whether similar clonal drift is observed in patients. Quite possibly, the 
representation of clonal architecture at diagnosis is just a snapshot in time, and most likely 
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can change significantly as a consequence of time or treatment. Most evidence for the clonal 
evolution in patients comes from de novo – relapse AML patient samples, which revealed 
that the number of variegating genetic lesions at relapse are increased compared with de 
novo AML and further increases when it takes more time to disease relapse [29, 30]. The 
majority of these genomic or chromosomal changes at relapse were associated with late 
proliferative events and not with epigenetic modifying events like mutations in DNMT3A, tet 
methylcytosine dioxygenase 2 (TET2) and additional sex combs like 1 (ASXL1), which were 
often similar between de novo and relapse samples. These data support a model in which 
the relapse AML is genetically related to the de novo AML but that persisting subclones 
or pre-leukemic hematopoietic stem cells (HSCs) after therapy acquire additional genetic 
aberrations.

Stability of PM protein expression
Internalization of PM receptors via endocytosis is one of the main mechanisms to switch 
off or recycle PM receptors [31]. Stable expression at the membrane therefore requires 
continuous transcription and translation of newly formed receptors. Longitudinal tracking 
by flow cytometry and specific targeting of genetically distinct subclones requires stable PM 
protein expression. We analyzed the PM expression at diagnosis and after engraftment in 
the humanized scaffold (huSC) and murine BM (muBM) (Figure 4A-B) [24]. AML patient #1 
was diagnosed with a monoclonal AML harboring an IDH1 mutation and a FLT3-ITD and this 
clone could engraft both in the huSC as well as the muBM (Figure 4A). Infinicyt-based PCA 
on a large subset of leukemia-enriched PM proteins showed one population at the start and 
one after engraftment in the huSC and muBM (Figure 4A, upper panels). Two representative 
PM proteins, TIM3 and IL1RAP, were stably expression after engraftment (Figure 4A, lower 2 
panels). The second example illustrates the AML diagnosed with a dominant inv(16)/t(8;22) 
clone and a minor IDH1 and FLT3-ITD mutated subclone as described in the previous 
paragraph. Here we exclusively observed engraftment of the dominant inv(16)/t(8;22) clone 
in the huSC and only engraftment of the minor IDH1/FLT3-ITD mutated subclone in the 
muBM. PCA of a large set of PM proteins showed two distinct populations (not genetically 
different) that were maintained in the huSC whereas engraftment of the minor IDH1/FLT3-
ITD mutated subclone in the muBM resulted in a single population (Figure 4B, top panel). 
Two populations were seen based on differential expression of CD82 and ITGA5 de novo 
and after engraftment in the huSC whereas a single cell population was observed in the 
muBM (Figure 4B, lower 2 panels). Moreover, ITGA5 was similar expressed compared to 
healthy NBM de novo and after huSC engraftment whereas ITGA5 was upregulated in the 
muBM (Figure 4B, lowest panel). Also PM protein expression analysis of de novo – relapse 
AML patients showed that changes in clonal composition were accompanied with changes 
in PM protein expression (Figure 4C) [8]. In this case, a patient was diagnosed with a 
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monoclonal DNMT3A, NPM1 and FLT3-ITD mutated clone and relapsed several years later 
with a polyclonal AML harboring two subclones with founder mutations in DNMT3A and 
NPM1 and two different subsequent driver mutations in WT1 including a deletion (WT1 
del) and duplication (WT1 dup) (Figure 4C). PCA analysis on leukemia-enriched PM proteins 
showed a single population in the de novo AML whereas two clear distinct populations 
where observed at relapse that could be separated on the basis of CD82 (Figure 4C). Also, 

Figure 4. Stably expressed leukemia-enriched PM proteins can define AML (sub)clones in time 
(A) AML patient #1 was diagnosed with a monoclonal AML harboring an IDH1 and FLT3-ITD mutation. PM protein 
analysis and subsequent Infinicyt PCA analysis was performed at diagnosis in BM and peripheral blood (PB) as well 
as after engraftment in either the huSC or the muBM [24]. (B) AML patient #2 was diagnosed with two subclones, 
a dominant subclone with an inv(16) and t(8;11) and a minor subclone with mutations in IDH1 and FLT3-ITD. Only 
the dominant inv(16)/t(8;11) subclone engrafted in the huSC whereas in the muBM only the minor IDH1/FLT3-ITD 
mutated subclone engrafted. PM protein analysis and subsequent Infinicyt-based PCA analysis was performed at 
diagnosis and after in vivo engraftment. (C) PM protein analysis in AML patient #3, which had a monoclonal de novo 
AML with mutations in DNMT3A, NPM1 and FLT3 and a relapse of 2 clones with mutations in DNMT3A, NPM1 and 
WT1del/WT1dup. (D) Disease progression of an AML patient that relapsed from the same clone as the one identified 
in the de novo AML. IL1RAP expression was analyzed at different stages in the disease progression.
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CD99 expression at relapse was increased compared to the de novo AML. Together, these 
data indicate that expression of PM proteins are rather stable on AML (sub)clones over time, 
which allows clonal tracking in time by flow cytometry.

This is of importance regarding minimal residual disease (MRD) assessment during 
complete remission, which allows the identification of small leukemic cell populations. 
MRD can be addressed molecularly by PCR-based methodologies for specific mutations 
like NPM1 and FLT3-ITD and with multiparametric flow cytometry of aberrant PM protein 
expression [32, 33]. Challenges in MRD detection include PCR sensitivity and the availability 
of leukemia-specific PM proteins. IL1RAP is specifically expressed in leukemic blasts and 
stem cells and would be a good candidate to detect MRD. Therefore, we longitudinal 
followed an AML patient that was diagnosed with an IL1RAP+ clone (Figure 4D). Complete 
remission was established after the 1st treatment, however, a very small population of 
IL1RAP+ within the CD34+CD38- compartment remained. In time, this IL1RAP+ population 
increased in size and ultimately this patient relapsed from the similar clone as seen at first 
diagnosis. Current ongoing experiments are aimed at isolating such MRD+ cells using flow-
sorting followed by (targeted) sequencing to prove that these cells are indeed leukemic and 
not healthy wild-type cells that express aberrant PM markers, for instance as a consequence 
of the regeneration process upon transplantation.

Immunotherapy treatment of AML patients
Immunotherapy has become part of possible treatment strategies for many different cancers, 
primarily based on successes of antibody-medicated checkpoint blockade via cytotoxic 
T-lymphocyte–associated antigen 4 (CTLA-4) and programmed cell death protein 1 (PD1), 
discoveries for which James Allisson and Tasuku Honjo received the Nobel Prize in Physiology 
and Medicine in 2018 [34, 35]. Meanwhile, alternative immunotherapy approaches were 
developed including antibody-drug conjugates (ADCs), bi-/trispecific antibodies and chimeric 
antigen receptor (CAR) T cells [36-38]. ADCs comprise a monoclonal antibody coupled to a 
cytotoxic payload, which is internalized upon binding to the cognate antigen and release 
of the cytotoxin, causing cell death [36]. Bi-/trispecific antibodies are capable recognizing 
multiple distinct antigens, at least one epitope often recognizes cytotoxic T cells whereas the 
other epitope(s) recognize tumor antigens [37]. Finally, CAR T cell therapy requires T cells 
that are engineered to express tumor antigen recognition receptors, in addition, these T 
cells have been further modified with co-stimulatory signaling domains and T cell activating 
components [38]. All these different strategies have one common denominator, they heavily 
depend on the specificity and accessibility of the chosen antibody target(s).

Also, in AML treatment, immunotherapy is a promising new therapy and a lot of early 
phase clinical trials are currently conducted, although with varying results [39]. A major 
complication in treatment of AML patients with immunotherapy are off-target effects, as 
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many proposed tumor antigens are also expressed on healthy stem and progenitor cells 
[39]. A lot of effort has been made to identify targetable antigens specifically expressed 
on AML cells, which resulted in various possibly candidates including CD123 (also known 
as IL3 receptor alpha IL3RA), TIM3, CD44, CD47, CD96, CD99, C-type lectin-like (CLL1) 
(also known as C-type lectin domain family 12 member A (CLEC12A)) and IL1RAP [1, 40-
46]. Unfortunately, none of these markers have made it into clinical practice as target for 
immunotherapy so far. In part this is due to off-target toxicity but possibly also as of the 
considerable amount of heterogeneity seen within individual AML patients, whereby not all 
subclonal tumor cells would express the antigen. The identification of known but also new 
leukemia-enriched PM proteins by full quantitative proteomics in our study might contribute 
to improved immunotherapy [8]. Perna et al. carefully addressed the expression of potential 
candidates in a wide variety of non-hematopoietic tissue in order to predict off-target 
toxicity [7]. They propose 30 candidate PM proteins of which CD44, CD82, CD96, CD123 and 
CLEC12A overlap with our list of 50 leukemia-enriched PM proteins. Still many proposed 
candidates are enriched in AML but not per se specific for AML. The identification of co-
expression of multiple leukemia-enriched antigens on the same AML cell might improve 
immunotherapy as strategies that make use of multiple antigen recognition sites like bi/
tri-specific antibodies might have reduced off-target toxicity. In our case, genetically distinct 
subclones could often be detected and separated on the basis of more than one maker, 
which would allow targeting of these subclones with multiple enriched tumor antigens. A 
combination of patient-specific and in some cases subclone-specific drugs might be needed 
to prevent relapse of disease.

AML cells within the BM microenvironment
The BM microenvironment is critically important for healthy hematopoiesis as well as 
leukemogenesis [47, 48]. The interaction with the niche cells can either be direct, via adhesion 
molecules, or indirect via secreted growth factors, chemokines and extracellular matrix 
molecules. It has been demonstrated that in vitro culturing of immature hematopoietic stem/
progenitor cells (HSPCs) on a confluent layer of murine marrow stromal cell line (MS5) or 
human mesenchymal stem cells (MSCs) of early passages improved long-term proliferation 
compared to liquid culture conditions [49, 50]. Primary AML cells grown on a stromal layer 
of MSCs showed heterogeneous but on average increased secretion of cytokines including 
IL1β, tumor necrose factor-α (TNFα), chemokine (C-X-C motif) ligand 1 and 5 (CXCL1/5), 
matrix metalloproteinase-1 (MMP1), granulocyte colony-stimulating factor (G-CSF), and 
GM-CSF [51]. This cytokine milieu supported long-term growth and inhibited apoptosis of 
primary AMLs. Also, the use of MSCs in humanized xenograft mouse models resulted in 
improved AML engraftment, as described before [24, 25]. Remaining challenges of in vivo 
xenografts include the absence of species-specific growth factors like G-CSF, thrombopoietin 



5

Chapter 5

152

(TPO) and IL3 that are important for leukemogenesis and LSC maintenance. In addition, it 
has been shown that lineage fate of mixed lineage leukemia (MLL)-rearranged leukemia is 
affected by the cell of origin, its fusion partner but also the BM cytokine milieu [52-54].

Characterization of the MSC secretome by transcriptome analysis as well as cytokine 
arrays revealed that especially TPO and IL3 are not secreted by MSCs [55, 56]. The lack of 
these cytokines, IL3 in particular, might explain the bias along the lymphoid lineage in a 
cord blood (CB) CD34+ MLL-AF9 humanized BM scaffold xenograft model [57]. Therefore, 
we genetically engineered human MSCs to overexpress IL3 and TPO as alternative for 
human cytokine expressing mice like the macrophage colony-stimulating factor (M-CSF), 
IL3, GM-SCF, signal regulatory protein α (SIRPα), TPO, recombination activating gene 2 
(RAG2)-/- interleukin-2 Receptor Subunit Gamma (IL2Rg)-/- (MISTRG) and NSG-SGM3 mice 
[55]. We indeed observed for the first time a full myeloid MLL-AF9 leukemia in PB, BM, 
spleen and liver, however, the majority of mice still showed lymphoid output and the tumor 
formation in the humanized cytokine scaffold was reduced compared to the previously 
established humanized scaffolds. Genetic overexpression of IL3 and TPO in primary MSCs 
does not allow fine tuning of the local cytokine levels to the desired physiologically relevant 
concentrations. The reduced engraftment in the scaffold might be caused by high levels 
of IL3 within the scaffold driving differentiation of LSCs and thereby loss of self-renewal 
and scaffold engraftment. LSCs that migrate to the mouse compartments directly after 
injection might escape these high local levels of human IL3 within the scaffold and thereby 
retain their self-renewal capabilities. Subsequently, these LSCs can reconstitute the murine 
compartments where their progeny showed a slight increase in differentiation along the 
myeloid lineage in some cases, which might be as of circulating human IL3 in the mouse 
blood that has been produced within the scaffold. Alternatively, it has been shown that the 
developmental stage of the human niche also influences lineage fate of MLL-rearranged 
leukemias [58]. Comparison of neonatal and adult BM stromal cells showed that chemokine 
(C-C motif) ligand 5 (CLL5) is specifically secreted by adult stromal cells forcing a bias along 
the myeloid lineage in adult stromal conditions. [58]. In our studies we made use of one 
adult MSC donor across all different experiments, however, we still maintained a bias along 
the lymphoid lineage. Clearly, these data show that lineage fate of MLL-rearranged leukemia 
is not only dependent on external cues like IL3 but other factors including cell source, age-
dependent (adherent and secreted) BM niche factors and fusion partners influence lineage 
outcome. Likely we need multiple different models to fully recapitulate all different types 
pediatric and adult MLL-rearranged leukemias.

The role of IL1RAP in the inflammatory BM microenvironment
Inflammation is a tightly regulated immune response to an irritant. Different mechanisms 
of hematopoietic activation upon stressors have been proposed including activation by pro-
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inflammatory cytokines like type I interferons (IFNs) and activation of toll-like receptors 
(TLRs) and Nod-like receptors via pathogen-associated molecular patterns (PAMPs) [59]. This 
natural response provides us with an complex defense mechanism against pathogens and 
other stressors, however, prolonged and excessive exposure to these inflammatory milieu 
can actually promote BM failure and initiation of hematological malignancies including 
myelodysplastic syndrome (MDS), myeloproliferative neoplasm (MPN) and AML [48, 60-62]. 
In this thesis we studied the role of IL1RAP, an important IL1 signaling receptor in regulating 
inflammation, which has been shown to be specifically expressed in blasts and stem cells of 
CML, MDS and AML patients compared to healthy HSPCs [46, 63, 64]. IL1-IL1RAP signaling 
resulted in downstream activation of MAPK p38 pathway and subsequently NFκB in primary 
AML cells. NFκB is a transcription factor, which is frequently observed constitutively active 
in AML and can upregulate different anti-apoptotic proteins but also is a key regulator of 
the inflammatory response via upregulation of multiple chemokines and cytokines [65-
67]. In contrast to previous findings, we did not observe an increased survival under stress 
conditions [68]. Neither did knockdown of IL1RAP result in increased apoptosis and thereby 
reduced viability as was proposed previously [46, 68]. We observed similar results in a shRNA 
library screen of KBM7 cells in vivo where knockdown of IL1RAP with 5 different shRNAs did 
not result in loss of engraftability and survival. The data in this thesis would suggest that 
IL1RAP does not directly have a cell intrinsic role in leukemia cells.

We found that the IL1-IL1RAP induced secretome of AML cells affects healthy 
hematopoiesis and not AML cells themselves. Interestingly, the effect was only seen when 
AML cells were grown in the context of MSCs suggesting that the cross-talk of AML cells with 
their microenvironment is essential for this effect. Also, MSCs express IL1RAP and upregulate 
several chemokines upon stimulation with IL1β, however, this had limited effect on healthy 
hematopoiesis compared to the secretome of AML-MSC co-cultures. The importance of 
cross-talk between AML cells and MSCs has been addressed previously. Genome-wide gene 
expression analysis of MSC in co-culture with AML cells showed increased expression of 
genes involved in NFκB, TLR and chemokine signaling including interleukin-6 (IL6), IL1B, 
interleukin-1 receptor-associated kinase-like 2 (IRAK2), interleukin-8 (IL8) and CXCL1 [69]. 
In addition, Carter and colleagues showed that IL1β can induce cyclooxygenase-2 (COX2)-
mediated upregulation and secretion of prostaglandin E2 (PGE2) in MSCs [70]. In turn, PGE2 
secretion results in β-Catenin-mediated upregulation of caspase recruitment domain, an 
anti-apoptotic protein, in AML cells [70, 71]. The secretome of AML-MSC co-cultures resulted 
in reduced healthy hematopoietic cell numbers, however, at early timepoints the immature 
CD34+ HSPCs remained unharmed. These data would suggest that HSCs are less affected 
by this inflammatory secretome compared to more differentiated cells. Miraki-Moud and 
colleagues showed that healthy mouse HSCs in the BM of AML patients had a differentiation 
block but remained unharmed themselves [72]. Isolation and analysis of these HSCs showed 
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that they kept their stem cell features and were able to differentiate along the different 
lineages suggesting that this stop in differentiation is reversible. Interestingly, it has also 
been shown that PGE2 can result in HSPC survival and expansion in a similar manner as 
observed for AML cells [73]. In our assay, we could not detect persisting CD34+ cells for 
long periods of time, but more functional assays including colony forming cell assays at 
later timepoints would be important to determine whether progenitor activity would be 
maintained.

The IL1-IL1RAP signaling axis in AML might also play an role in clonal hematopoiesis of 
the elderly and AML initiation as upon ageing the BM microenvironment suffers from chronic 
inflammation with higher basal levels of pro-inflammatory cytokines like IL6, TNFα and 
IL1β [62]. This chronic inflammatory BM environment results in accumulated DNA damage 
in activated HSCs thereby result in pre-leukemic HSC clones as an early step in leukemia 
development [74]. The presence of clonal hematopoiesis increases the risk to develop a 
hematological malignancy but it is not fully clear if and how founder mutations in DNMT3A, 
TET2 and ASXL1 would contribute to this [75]. It has been shown that Tet2 deficient mice 
have increased stem cell self-renewal and have an increased risk to develop pre-leukemic 
myeloproliferation in vivo [76]. In addition, inflammatory signals including IL6 appear to be 
crucial for this myeloproliferative phenotype observed in Tet2 deficient mice [77]. Similar 
findings have been made in Dnmt3a deficient mast cells, which secreted higher levels of IL6, 
TNFα and interleukin-13 (IL13) [78]. In addition, Dnmt3a loss together with a Jak2 V617F 
mutations activated inflammatory signaling in HSPCs [79]. Clearly, inflammation can play 
a role in leukemia initiation but it remains unclear whether also IL1-IL1RAP signaling plays 
a role in this. In summary, both the intracellular molecular state determined by mutations 
associated with clonal hematopoiesis as well as the inflammatory state of the BM niche are 
likely affecting the IL1RAP expression on the outer membrane. It will be important to take 
both these features into account if we use IL1RAP to target AML cells and to study MRD as it 
might be difficult to distinguish regenerating hematopoiesis from residual leukemia in a by 
chemotherapy disturbed BM niche.
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Concluding remarks

Clonal heterogeneity of AMLs in one of the major challenges in current AML treatment. 
Within this thesis, we identified leukemia-enriched PM proteins that allow the identification 
and prospective isolation of genetically distinct AML subclones. We showed that subclones 
rely on different biological processes and require different treatment strategies. In addition, 
the isolation of subclones as viable cells provide unique opportunities for future studies that 
study clonal heterogeneity in AML. This will improve our knowledge of subclonal evolution 
from CHIP up to relapsed AML. If we can find subclone-specific vulnerabilities we can 
improve therapy strategies thereby prevent relapse of disease.

In addition to this, we further improved our previously established xenograft mouse 
models that allows studying of leukemia clones in a physiological more relevant way. We also 
provide new evidence for the function of the leukemia-specific surface marker IL1RAP. IL1-
IL1RAP signaling in AML cells induced an inflammatory secretome, which was detrimental 
for healthy hematopoietic cells leaving leukemogenesis intact. Targeting this signaling might 
improve hematopoietic recovery over leukemogenesis.

It will be of importance to increase the number of patients in which we can segregate 
subclones as viable cell populations as this will allow us to make statements regarding 
relapse frequency, treatment sensitivity and competitiveness of individual subclones. 
Clonal tracking, the isolation and functional characterization of subclones at different time 
points will improve our knowledge of disease progression from CHIP to MDS/AML as well 
as progression into a relapsed leukemia. Improving the humanized scaffold niche xenograft 
mouse model by introducing endogenous human growth factors will provide us tools 
to study clonal evolution in vivo. The ultimate goal is to provide patients with a curative 
personalized subclone-specific treatment that prevents relapse of disease.
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Nederlandse samenvatting

Om het bloed te verversen worden er elke dag miljarden witte bloedcellen, rode 
bloedcellen en bloedplaatjes aangemaakt. Het proces dat resulteert in de aanmaak van 
deze verschillende typen bloedcellen wordt hematopoëse genoemd. Hematopoëse vindt 
plaats in het beenmerg en wordt nauwkeurig gereguleerd om er voor te zorgen dat de 
juiste hoeveelheid van het juiste type bloedcel wordt geproduceerd. Het fundament van 
de hematopoëse wordt gevormd door hematopoëtische stamcellen die aan de basis staan 
van alle bloedcellen. Een hematopoëtische stamcel heeft de unieke eigenschap dat na een 
celdeling één dochtercel een exacte kopie is van zichzelf, terwijl de andere dochtercel zich 
ontwikkelt in een snel delende blastcel die vervolgens kan uitrijpen naar een functionele 
bloedcel (Figuur 1, hoofdstuk 1). Dit proces van bloedstamcel tot uitgerijpte bloedcel 
wordt ook wel differentiatie genoemd. Differentiatie van blastcellen kan resulteren in 
rode bloedcellen en bloedplaatjes (myeloïde differentiatie) of witte bloedcellen (lymfoïde 
differentiatie). Tijdens deze differentiatie en vele celdelingen die daarmee gepaard gaan 
kunnen fouten in het DNA ontstaan, ook wel mutaties genoemd. Er zijn in elke cel allerlei 
mechanismen actief om ervoor te zorgen dat deze mutaties worden hersteld en als dit niet 
lukt, een proces te activeren dat leidt tot gereguleerde celdood. Dit voorkomt dat deze 
“foute” cellen overleven en celdeling ondergaan. Toch ontglipt er zo nu en dan een “foute” 
cel aan dit geavanceerde controle systeem en kunnen mutaties in het DNA doorgegeven 
worden aan dochtercellen. Het overgrote deel van deze mutaties heeft geen effect op de 
eigenschappen van de cel, maar sommige van deze mutaties in het DNA veranderen de 
eigenschappen van de cel wel. 

In acute myeloïde leukemie (AML) is er sprake van een opeenstapeling van 
verschillende mutaties in de hematopoëtische stamcel, wat uiteindelijk leidt tot een 
transformatie naar een leukemische stamcel. Bij een deling van deze leukemische 
stamcellen ontstaat één dochter cel, welke net als bij normale stamcellen een exacte kopie 
van zichzelf is, terwijl de andere dochtercel een leukemische blastcel wordt met myeloïde 
eigenschappen. Anders dan gezonde blastcellen, kunnen deze snel delende leukemische 
blastcellen niet uitrijpen naar functionele myeloïde bloedcellen. Hierdoor ontstaat een 
tekort aan functionele bloedcellen en een ophoping van leukemische blastcellen in het 
beenmerg. Door geavanceerde DNA sequencing technieken weten we inmiddels vrij exact 
welke mutaties bijdragen aan het ontstaan van AML. Ook weten we steeds beter in welke 
volgorde mutaties plaatsvinden. Mutaties die vaak als eerste plaatsvinden noemen we 
"founder" mutaties en daaropvolgende mutaties noemen we "driver" mutaties. Beiden zijn 
nodig voor het ontwikkelen van leukemie (Figuur 2, hoofdstuk 1). Recente studies tonen 
een tweede vorm van complexiteit aan, waarbij een AML patiënt niet één type leukemische 
stamcellen bezit, maar vaak meerdere verschillende leukemische stamcellen, elk met 
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andere mutaties. Deze verschillende type leukemische stamcellen en hun bijbehorende 
dochtercellen worden ook wel subklonen genoemd. Subklonen hebben vaak eenzelfde 
eerste founder mutatie maar verschillen in de daaropvolgende driver mutaties (Figuur 3, 
hoofdstuk 1). 

De huidige behandeling van AML bestaat vaak uit meerdere kuren chemotherapie 
gevolgd door een hematopoëtische stamceltransplantatie. Het merendeel van de patiënten 
bereikt door deze behandelstrategie complete remissie, waarbij er geen tekenen meer zijn 
dat er nog leukemiecellen in het bloed zitten. Echter, meer dan de helft van de patiënten 
krijgt binnen 5 jaar opnieuw leukemie waarbij eenzelfde behandeling vaak moeilijker is, 
onder meer door het ontwikkelen van resistentie tegen de chemotherapie. Het terugkeren 
van de leukemie komt doordat er bij de eerste behandeling leukemische stamcellen 
achtergebleven zijn. Deze stamcellen zijn ongevoelig voor chemotherapie, doordat ze, in 
tegenstelling tot leukemische blastcellen, niet snel delend zijn. 

In dit proefschrift zijn wij op zoek gegaan naar manieren om deze leukemische 
stamcellen te kunnen onderscheiden van gezonde stamcellen. Deze kennis kunnen we 
wellicht gebruiken om medicijnen te ontwikkelen die de leukemische stamcellen aanpakt 
zonder daarbij de gezonde (stam)cellen aan te tasten. In hoofdstuk 3 van dit proefschrift 
hebben we specifiek gekeken naar eiwitten die veel aanwezig zijn op de buitenkant van 
de cel omdat deze goed bereikbaar zijn voor doelgerichte therapie zoals immunotherapie. 
In deze studie hebben we 50 eiwitten geïdentificeerd alleen of meer aanwezig zijn op 
leukemische stamcellen vergeleken met gezonde stamcellen. Met deze eiwitten kunnen we 
verschillende AML subklonen binnen één patiënt identificeren en isoleren. Hierdoor zijn 
we voor het eerst in staat de verschillende eigenschappen van AML subklonen binnen één 
patiënt te onderzoeken. Uitgebreide DNA analyses, inclusief epigenetica en gen expressie 
profielen, laten zien dat AML subklonen erg van elkaar kunnen verschillen in het reguleren 
van gen expressie. Dit heeft als gevolg dat AML subklonen ook verschillende celbiologische 
eigenschappen hebben en daardoor anders reageren op verschillende behandelingen. Als 
we de kwetsbaarheden van individuele AML subklonen kunnen identificeren kunnen we 
hier onze behandelstrategieën op afstemmen. Het uiteindelijke doel omvat het doelgericht 
doden van alle aanwezig AML subklonen en bijbehorende leukemische stamcellen om 
daarmee de kans van het opnieuw ontwikkelen van leukemie zo klein mogelijk te maken.

Leukemische stamcellen zijn, net als gezonde hematopoëtische stamcellen, 
afhankelijk van de beenmerg omgeving om te kunnen overleven. In leukemie onderzoek 
wordt daarom geprobeerd de beenmerg omgeving zo goed mogelijk na te bootsen. Sommige 
modellen maken gebruik van proefdieren zoals de muis waarin, door het aanbrengen 
specifieke mutaties, een muizen leukemie kan ontstaan die vervolgens bestudeert kan 
worden. Alternatieve modellen zijn xenograft modellen, waarbij humane leukemie cellen 
in een immuun-deficiënte muis worden geïnjecteerd. Hierdoor wordt humane leukemie 
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geïnitieerd vanuit het muizen beenmerg. Op deze manier is het mogelijk om humane cellen 
in een complex systeem te bestuderen en behandelen. Het nadeel van dit xenograft model is 
dat sommige belangrijke eiwitten ontbreken die normaal aanwezig zijn in humaan beenmerg. 
Recente ontwikkelingen in het xenograft model maken gebruik van kleine “scaffolds” (kleine 
partikels gemaakt van ceramisch materiaal), welke gecoat worden met humane beenmerg 
stamcellen. Deze scaffolds worden onderhuids geïmplanteerd in de muis. In 6 weken tijd 
ontwikkelt dit zich tot een humane beenmerg omgeving door de vorming van humaan 
beenmerg en bot. Onderzoek heeft aangetoond dat de stamcel eigenschappen van de 
leukemie beter behouden blijven in deze humane omgeving dan in het muizen beenmerg. 
Toch zijn er nog steeds leukemie typen waarbij niet alle eigenschappen behouden blijven 
omdat er andere belangrijke factoren ontbreken in dit humane beenmerg scaffold model. 
Hoofdstuk 2 bestudeerd twee eiwitten die niet tot expressie komen in dit model. Deze 
eiwitten, interleukine 3 en trombopoëtine, zijn belangrijk zijn voor het behoud van sommige 
eigenschappen van leukemische stamcellen. Middels genetische manipulatie hebben wij 
de beenmerg stamcellen, die uiteindelijk de humane beenmerg omgeving vormen, zodanig 
aangepast dat ze nu wel deze eiwitten produceren. Analyses van de leukemische cellen 
in dit genetisch gemodificeerde model laten zien dat sommige eigenschappen van de 
leukemische stamcel beter behouden zijn, al kunnen (te) hoge lokale concentraties van deze 
eiwitten ook leiden tot verlies van enkele stamcel eigenschappen. In dit hoofdstuk laten we 
zien dat middels relatief simpele genetische modificaties in humane beenmerg stamcellen, 
interacties van leukemische cellen met de humane beenmerg omgeving bestudeerd kunnen 
worden. Deze strategie biedt de mogelijkheid om de functies van specifieke eiwitten 
betrokken bij de ontwikkeling van leukemie te bestuderen in een fysiologisch relevante 
omgeving.

In hoofdstuk 4 wordt specifiek gekeken naar de functie van het eiwit interleukin-1 
receptor accessory protein (IL1RAP). IL1RAP is één van de eiwitten die we geïdentificeerd 
hebben in hoofdstuk 3 en is alleen aanwezig op bepaalde typen leukemische stamcellen, 
maar helemaal niet op gezonde stamcellen. IL1RAP is een receptoreiwit op de buitenkant 
van de cel en belangrijk voor de communicatie van de cel met zijn omgeving. Wanneer een 
specifiek eiwit, in dit geval interleukine-1 (IL1), aan de receptor bindt resulteert dit in een 
signaal naar de celkern waarop verschillende processen in gang gezet worden. IL1 wordt met 
name veel geproduceerd wanneer er sprake is van een ontsteking. De interactie van IL1 met 
IL1RAP kan werken als een positieve feedback, waardoor meer ontstekingsfactoren worden 
geproduceerd wat leidt tot een sterkere ontstekingsreactie. In dit hoofdstuk tonen wij aan 
dat in leukemische stamcellen er verschillende genen betrokken bij ontstekingsreacties 
geactiveerd worden wanneer de IL1RAP receptor wordt geactiveerd. Opvallend genoeg lijken 
de leukemische (stam)cellen hier geen last van te hebben terwijl gezonde hematopoëse 
wel lijdt onder deze versterkte ontstekingsreacties. Dit suggereert dat de aanwezigheid van 
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IL1RAP bijdraagt aan het creëren van een ontstekingsreactie in het beenmerg. Dit heeft een 
negatief effect op gezonde hematopoetische cellen maar niet op AML cellen.

Tenslotte worden in hoofdstuk 5 de resultaten uit hoofdstukken 2, 3 en 4 
bediscussieerd in de context van recent gepubliceerd onderzoek. Toekomstige studies 
gericht op grotere groepen patiënten zullen ons meer inzicht geven in de eigenschappen 
van verschillende AML subklonen. Verder draagt het verbeteren van onze modellen en 
het nauwkeurig bestuderen van leukemie-specifieke eiwitten bij aan een beter begrip 
van de ziekte. Wetenschappelijk kennis staat aan de basis van een patiënt-specifieke 
behandelstrategie met minimale bijwerkingen.
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