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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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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. 
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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.



5

Chapter 5

144

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 
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(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.



5

Chapter 5

156

References
1. Kikushige, Y., et al., TIM-3 is a promising target to selectively kill acute myeloid leukemia stem cells. Cell Stem 

Cell, 2010. 7(6): p. 708-17.

2. Saito, Y., et al., Identification of therapeutic targets for quiescent, chemotherapy-resistant human leukemia 
stem cells. Sci Transl Med, 2010. 2(17): p. 17ra9.

3. de Jonge, H.J., et al., Gene expression profiling in the leukemic stem cell-enriched CD34+ fraction identifies 
target genes that predict prognosis in normal karyotype AML. Leukemia, 2011. 25(12): p. 1825-33.

4. Bagger, F.O., et al., BloodSpot: a database of gene expression profiles and transcriptional programs for 
healthy and malignant haematopoiesis. Nucleic Acids Res, 2016. 44(D1): p. D917-24.

5. Bonardi, F., et al., A proteomics and transcriptomics approach to identify leukemic stem cell (LSC) markers. 
Mol Cell Proteomics, 2013. 12(3): p. 626-37.

6. Strassberger, V., et al., A comprehensive surface proteome analysis of myeloid leukemia cell lines for 
therapeutic antibody development. J Proteomics, 2014. 99: p. 138-51.

7. Perna, F., et al., Integrating Proteomics and Transcriptomics for Systematic Combinatorial Chimeric Antigen 
Receptor Therapy of AML. Cancer Cell, 2017. 32(4): p. 506-519 e5.

8. de Boer, B., et al., Prospective Isolation and Characterization of Genetically and Functionally Distinct AML 
Subclones. Cancer Cell, 2018. 34(4): p. 674-689 e8.

9. Uhlen, M., et al., Proteomics. Tissue-based map of the human proteome. Science, 2015. 347(6220): p. 
1260419.

10. Pan, C., et al., Comparative proteomic phenotyping of cell lines and primary cells to assess preservation of cell 
type-specific functions. Mol Cell Proteomics, 2009. 8(3): p. 443-50.

11. Hayakawa, F., et al., Tandem-duplicated Flt3 constitutively activates STAT5 and MAP kinase and introduces 
autonomous cell growth in IL-3-dependent cell lines. Oncogene, 2000. 19(5): p. 624-31.

12. Mizuki, M., et al., Flt3 mutations from patients with acute myeloid leukemia induce transformation of 32D 
cells mediated by the Ras and STAT5 pathways. Blood, 2000. 96(12): p. 3907-14.

13. Cauchy, P., et al., Chronic FLT3-ITD Signaling in Acute Myeloid Leukemia Is Connected to a Specific Chromatin 
Signature. Cell Rep, 2015. 12(5): p. 821-36.

14. Valk, P.J., et al., Prognostically useful gene-expression profiles in acute myeloid leukemia. N Engl J Med, 2004. 
350(16): p. 1617-28.

15. Kumar, M.S., et al., The GATA2 transcriptional network is requisite for RAS oncogene-driven non-small cell 
lung cancer. Cell, 2012. 149(3): p. 642-55.

16. Rampal, R., et al., DNA hydroxymethylation profiling reveals that WT1 mutations result in loss of TET2 
function in acute myeloid leukemia. Cell Rep, 2014. 9(5): p. 1841-1855.

17. Assi, S.A., et al., Subtype-specific regulatory network rewiring in acute myeloid leukemia. Nat Genet, 2019. 
51(1): p. 151-162.

18. Cancer Genome Atlas Research, N., et al., Genomic and epigenomic landscapes of adult de novo acute 
myeloid leukemia. N Engl J Med, 2013. 368(22): p. 2059-74.

19. Ding, L., et al., Clonal evolution in relapsed acute myeloid leukaemia revealed by whole-genome sequencing. 
Nature, 2012. 481(7382): p. 506-10.

20. Welch, J.S., et al., The origin and evolution of mutations in acute myeloid leukemia. Cell, 2012. 150(2): p. 
264-78.

21. Klco, J.M., et al., Functional heterogeneity of genetically defined subclones in acute myeloid leukemia. Cancer 
Cell, 2014. 25(3): p. 379-92.

22. Rodriguez-Meira, A., et al., Unravelling Intratumoral Heterogeneity through High-Sensitivity Single-Cell 
Mutational Analysis and Parallel RNA Sequencing. Mol Cell, 2019. 73(6): p. 1292-1305 e8.

23. Bendall, S.C., et al., Single-cell mass cytometry of differential immune and drug responses across a human 
hematopoietic continuum. Science, 2011. 332(6030): p. 687-96.

24. Antonelli, A., et al., Establishing human leukemia xenograft mouse models by implanting human bone 
marrow-like scaffold-based niches. Blood, 2016. 128(25): p. 2949-2959.



157

5

Summary, discussion and future perspectives

25. Reinisch, A., et al., A humanized bone marrow ossicle xenotransplantation model enables improved 
engraftment of healthy and leukemic human hematopoietic cells. Nat Med, 2016. 22(7): p. 812-21.

26. Wang, K., et al., Patient-derived xenotransplants can recapitulate the genetic driver landscape of acute 
leukemias. Leukemia, 2017. 31(1): p. 151-158.

27. Quek, L., et al., Genetically distinct leukemic stem cells in human CD34- acute myeloid leukemia are arrested 
at a hemopoietic precursor-like stage. J Exp Med, 2016. 213(8): p. 1513-35.

28. Paczulla, A.M., et al., Long-term observation reveals high-frequency engraftment of human acute myeloid 
leukemia in immunodeficient mice. Haematologica, 2017. 102(5): p. 854-864.

29. Hirsch, P., et al., Genetic hierarchy and temporal variegation in the clonal history of acute myeloid leukaemia. 
Nat Commun, 2016. 7: p. 12475.

30. Kronke, J., et al., Clonal evolution in relapsed NPM1-mutated acute myeloid leukemia. Blood, 2013. 122(1): 
p. 100-8.

31. Di Fiore, P.P. and P. De Camilli, Endocytosis and signaling. an inseparable partnership. Cell, 2001. 106(1): p. 
1-4.

32. Schuurhuis, G.J., et al., Minimal/measurable residual disease in AML: a consensus document from the 
European LeukemiaNet MRD Working Party. Blood, 2018. 131(12): p. 1275-1291.

33. Voso, M.T., et al., MRD in AML: The Role of New Techniques. Front Oncol, 2019. 9: p. 655.

34. Couzin-Frankel, J., Breakthrough of the year 2013. Cancer immunotherapy. Science, 2013. 342(6165): p. 
1432-3.

35. Couzin-Frankel, J., CANCER IMMUNOTHERAPY. Baby’s leukemia recedes after novel cell therapy. Science, 
2015. 350(6262): p. 731.

36. Marcucci, F., et al., Antibody-Drug Conjugates (ADC) Against Cancer Stem-Like Cells (CSC)-Is There Still Room 
for Optimism? Front Oncol, 2019. 9: p. 167.

37. Chan, A.C. and P.J. Carter, Therapeutic antibodies for autoimmunity and inflammation. Nat Rev Immunol, 
2010. 10(5): p. 301-16.

38. Sadelain, M., I. Riviere, and S. Riddell, Therapeutic T cell engineering. Nature, 2017. 545(7655): p. 423-431.

39. Liu, Y., et al., Immunotherapy in acute myeloid leukemia and myelodysplastic syndromes: The dawn of a new 
era? Blood Rev, 2019. 34: p. 67-83.

40. Jordan, C.T., et al., The interleukin-3 receptor alpha chain is a unique marker for human acute myelogenous 
leukemia stem cells. Leukemia, 2000. 14(10): p. 1777-84.

41. Jin, L., et al., Targeting of CD44 eradicates human acute myeloid leukemic stem cells. Nat Med, 2006. 12(10): 
p. 1167-74.

42. Hosen, N., et al., CD96 is a leukemic stem cell-specific marker in human acute myeloid leukemia. Proc Natl 
Acad Sci U S A, 2007. 104(26): p. 11008-13.

43. Majeti, R., et al., CD47 is an adverse prognostic factor and therapeutic antibody target on human acute 
myeloid leukemia stem cells. Cell, 2009. 138(2): p. 286-99.

44. Chung, S.S., et al., CD99 is a therapeutic target on disease stem cells in myeloid malignancies. Sci Transl Med, 
2017. 9(374).

45. van Rhenen, A., et al., The novel AML stem cell associated antigen CLL-1 aids in discrimination between 
normal and leukemic stem cells. Blood, 2007. 110(7): p. 2659-66.

46. Barreyro, L., et al., Overexpression of IL-1 receptor accessory protein in stem and progenitor cells and outcome 
correlation in AML and MDS. Blood, 2012. 120(6): p. 1290-8.

47. Morrison, S.J. and D.T. Scadden, The bone marrow niche for haematopoietic stem cells. Nature, 2014. 
505(7483): p. 327-34.

48. Schepers, K., T.B. Campbell, and E. Passegue, Normal and leukemic stem cell niches: insights and therapeutic 
opportunities. Cell Stem Cell, 2015. 16(3): p. 254-67.

49. Issaad, C., et al., A murine stromal cell line allows the proliferation of very primitive human CD34++/CD38- 
progenitor cells in long-term cultures and semisolid assays. Blood, 1993. 81(11): p. 2916-24.

50. Walenda, T., et al., Co-culture with mesenchymal stromal cells increases proliferation and maintenance of 
haematopoietic progenitor cells. J Cell Mol Med, 2010. 14(1-2): p. 337-50.



5

Chapter 5

158

51. Brenner, A.K., I. Nepstad, and O. Bruserud, Mesenchymal Stem Cells Support Survival and Proliferation 
of Primary Human Acute Myeloid Leukemia Cells through Heterogeneous Molecular Mechanisms. Front 
Immunol, 2017. 8: p. 106.

52. Barabe, F., et al., Modeling the initiation and progression of human acute leukemia in mice. Science, 2007. 
316(5824): p. 600-4.

53. Wei, J., et al., Microenvironment determines lineage fate in a human model of MLL-AF9 leukemia. Cancer 
Cell, 2008. 13(6): p. 483-95.

54. Horton, S.J., et al., MLL-AF9-mediated immortalization of human hematopoietic cells along different lineages 
changes during ontogeny. Leukemia, 2013. 27(5): p. 1116-26.

55. Carretta, M., et al., Genetically engineered mesenchymal stromal cells produce IL-3 and TPO to further 
improve human scaffold-based xenograft models. Exp Hematol, 2017. 51: p. 36-46.

56. Schinkothe, T., W. Bloch, and A. Schmidt, In vitro secreting profile of human mesenchymal stem cells. Stem 
Cells Dev, 2008. 17(1): p. 199-206.

57. Sontakke, P., et al., Modeling BCR-ABL and MLL-AF9 leukemia in a human bone marrow-like scaffold-based 
xenograft model. Leukemia, 2016. 30(10): p. 2064-2073.

58. Rowe, R.G., et al., The developmental stage of the hematopoietic niche regulates lineage in MLL-rearranged 
leukemia. J Exp Med, 2019. 216(3): p. 527-538.

59. Takizawa, H. and M.G. Manz, Impact of inflammation on early hematopoiesis and the microenvironment. Int 
J Hematol, 2017. 106(1): p. 27-33.

60. Banerjee, T., et al., Flaming and fanning: The Spectrum of inflammatory influences in myelodysplastic 
syndromes. Blood Rev, 2019. 36: p. 57-69.

61. Lussana, F. and A. Rambaldi, Inflammation and myeloproliferative neoplasms. J Autoimmun, 2017. 85: p. 
58-63.

62. Hemmati, S., T. Haque, and K. Gritsman, Inflammatory Signaling Pathways in Preleukemic and Leukemic Stem 
Cells. Front Oncol, 2017. 7: p. 265.

63. Jaras, M., et al., Isolation and killing of candidate chronic myeloid leukemia stem cells by antibody targeting 
of IL-1 receptor accessory protein. Proc Natl Acad Sci U S A, 2010. 107(37): p. 16280-5.

64. Zhao, K., et al., IL1RAP as a surface marker for leukemia stem cells is related to clinical phase of chronic 
myeloid leukemia patients. Int J Clin Exp Med, 2014. 7(12): p. 4787-98.

65. Guzman, M.L., et al., Nuclear factor-kappaB is constitutively activated in primitive human acute myelogenous 
leukemia cells. Blood, 2001. 98(8): p. 2301-7.

66. Perkins, N.D., The diverse and complex roles of NF-kappaB subunits in cancer. Nat Rev Cancer, 2012. 12(2): 
p. 121-32.

67. Hoesel, B. and J.A. Schmid, The complexity of NF-kappaB signaling in inflammation and cancer. Mol Cancer, 
2013. 12: p. 86.

68. Mitchell, K., et al., IL1RAP potentiates multiple oncogenic signaling pathways in AML. J Exp Med, 2018. 
215(6): p. 1709-1727.

69. Reikvam, H., et al., The cytokine-mediated crosstalk between primary human acute myeloid cells and 
mesenchymal stem cells alters the local cytokine network and the global gene expression profile of the 
mesenchymal cells. Stem Cell Res, 2015. 15(3): p. 530-541.

70. Carter, B.Z., et al., An ARC-Regulated IL1beta/Cox-2/PGE2/beta-Catenin/ARC Circuit Controls Leukemia-
Microenvironment Interactions and Confers Drug Resistance in AML. Cancer Res, 2019. 79(6): p. 1165-1177.

71. Carter, B.Z., et al., Anti-apoptotic ARC protein confers chemoresistance by controlling leukemia-
microenvironment interactions through a NFkappaB/IL1beta signaling network. Oncotarget, 2016. 7(15): p. 
20054-67.

72. Miraki-Moud, F., et al., Acute myeloid leukemia does not deplete normal hematopoietic stem cells but induces 
cytopenias by impeding their differentiation. Proc Natl Acad Sci U S A, 2013. 110(33): p. 13576-81.

73. Porter, R.L., et al., Prostaglandin E2 increases hematopoietic stem cell survival and accelerates hematopoietic 
recovery after radiation injury. Stem Cells, 2013. 31(2): p. 372-83.



159

5

Summary, discussion and future perspectives

74. Walter, D., et al., Exit from dormancy provokes DNA-damage-induced attrition in haematopoietic stem cells. 
Nature, 2015. 520(7548): p. 549-52.

75. Jaiswal, S., et al., Age-related clonal hematopoiesis associated with adverse outcomes. N Engl J Med, 2014. 
371(26): p. 2488-98.

76. Moran-Crusio, K., et al., Tet2 loss leads to increased hematopoietic stem cell self-renewal and myeloid 
transformation. Cancer Cell, 2011. 20(1): p. 11-24.

77. Meisel, M., et al., Microbial signals drive pre-leukaemic myeloproliferation in a Tet2-deficient host. Nature, 
2018. 557(7706): p. 580-584.

78. Leoni, C., et al., Dnmt3a restrains mast cell inflammatory responses. Proc Natl Acad Sci U S A, 2017. 114(8): 
p. E1490-E1499.

79. Jacquelin, S., et al., Jak2V617F and Dnmt3a loss cooperate to induce myelofibrosis through activated 
enhancer-driven inflammation. Blood, 2018. 132(26): p. 2707-2721.




	Chapter 5

