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Hematopoiesis
The human blood production system is a highly regulated process. The hematopoietic 

stem cells, capable of long-term self-renewal, give rise to the daily production of billions 

of new blood cells. Via myeloid and lymphoid progenitor cells, blood cell development 

follows a strict path of differentiation towards mature cells (Figure 1A). These cells execute 

crucial tasks for physiological function of the human body: hemostasis, oxygen transport 

and immunity. At each stage of blood cell maturation, the process of hematopoiesis 

can be disrupted, leading to hematological diseases (Figure 1B).1 This thesis focusses on 

a disease resulting from dysfunction and uncontrolled proliferation of myeloid progenitor 

cells: acute myeloid leukemia (AML).

Acute myeloid leukemia
AML is a blood cancer originating from myeloid blasts that are unable to mature and show 

aberrant proliferation, characterized by rapid division as well as long-term quiescence.2,3 

In the US, in 2020 19,940 new AML cases were diagnosed, accounting for 1.1% of all 

new cancer cases.4 In the Netherlands, this translates to 700-800 new AML cases each 

year.5 The incidence of AML increases with age, reaching a maximum around 80 years of 

age (Figure 2). In 2020, 11,180 patients died from AML in the US, accounting for 1.8% 

of all cancer deaths.4 Death rates rise with age: under 65, the age-adjusted death rate is 

1.8 : 100,000, whereas death rates in patients of 65 years and over are 38.5 : 100,000. 

At pediatric age, AML peaks at infant age and reaches a nadir around 8 years of age, 

after which the incidence gradually increases over the age groups. With an overall 5-year 

survival of 25% in adults (2011 – 2018),5 AML is a deadly cancer, indicating a need for 

better treatments. 

Figure 1. (A) Normal myelopoiesis and (B) acute myeloid leukemia
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Diagnosis, treatment and outcome of AML
AML can present with leukocytosis and concomitant anemia, thrombocytopenia and 

neutropenia, or with complete pancytopenia. This leads to life-threatening infections, 

fatigue, paleness, fever and bleeding tendency. Physical examination may reveal 

concurrent lymphadenopathy, hepatosplenomegaly and (minor) skin bleedings, 

the latter being a sign of low platelet counts and sometimes disseminated intravascular 

coagulation. If untreated, this may eventually lead to potentially fatal bleedings. Definitive 

diagnosis of AML is based on morphology (typically > 20% blasts in bone marrow)6,7 

and immunophenotyping (indication of an excess of aberrant myeloid progenitor cells 

as determined by flow cytometry). Cytogenetic and molecular analyses (observation of 

recurrent genetic aberrancies associated with AML) are routinely performed at diagnosis 

for prognostication and treatment selection. Rapid initiation of treatment consisting of 

chemotherapy and supportive care is indicated in order to prevent a fatal outcome. 

Treatment of AML has been essentially unaltered for the past five decades.8-10 Standard 

protocols consist of combinations of cytarabine and anthracycline-based therapy, 

supplemented with etoposide in pediatric AML.7,11 Multiple cycles – usually two –  are 

administered to induce complete remission (CR). CR is defined as < 5% bone marrow 

blasts and absence of Auer rods defined morphologically, combined with absence of 

extramedullary disease and recovery of peripheral blood cell counts.7 Traditionally, 

achievement of CR is considered the most important outcome predictor. Recent insights 

however also stress the prognostic importance of immunophenotypically and molecularly 

assessed measurable residual disease (MRD) in CR and the presence of leukemic stem cells 

(LSC) at diagnosis and their detection at follow-up.12-20 Upon achievement of complete 

remission, one or more cycles of conventional chemotherapy, autologous (not in children) 

or allogeneic stem cell transplantation serve as consolidation therapy. Although most 

patients attain CR, many (~40-80%) ultimately relapse.9,21-23 Although treatment options 

are available to achieve second CR, relapsed patients generally face dismal prognosis.2 

With current treatment regimens, five-year overall survival is 15-90%24 in adults – reaching 

90% for acute promyelocytic leukemia, a rare but well-treatable form of AML25 – and up 

to 75% in children with AML9 depending on risk group. Although survival chances have 

improved for AML patients over the years, this is mainly due to improvement in risk 

stratification and supportive care26 and not to improvement in anti-leukemia therapy.

Etiology 
At the molecular level, AML is characterized by the presence of several recurrent genetic 

aberrations, of which some are related to clinical outcome.27,28 These genomic alterations 

can also serve as targets for treatment.29,30 Early studies appreciated the role and prognostic 

value of chromosomal abnormalities in AML, with some aberrations predicting favorable 

prognosis (e.g. inv[16]) while others were associated with adverse clinical outcomes (e.g. 

monosomal karyotype).31 However, absence of cytogenetic abnormalities is common in 

AML: ~20% of pediatric32-34 and ~45% of adult31 AMLs are classified as cytogenetically 

normal AML (CN-AML). Later research revealed that a number of point mutations, 

insertions and deletions frequently occur in AML, suggesting their role in pathogenesis.27 

Early disease models classified these aberrations as type I and II, responsible for aberrant 

proliferation and impaired differentiation, respectively.35 Whole-genome-sequencing of 

clinical specimens further defined founder and driver mutations, chromosomal gains and 

losses, and the role of timing of these mutations.28,36-43 In vitro and in vivo models show 

that the leukemic potential of complementary mutations is dependent on the combination 

with pre-existing mutations.40,44-52 Some of the recurrently mutated genes are found in 

healthy individuals, including TET2, ASXL1 and DNTM3A mutations, suggesting their role 

in early leukaemogenesis.53-55

Although in addition to chromosomal aberrations thousands of mutations across 

>75 genes have been identified in AML,50 risk classification based on these aberrations 

at diagnosis is insufficient as response to chemotherapy is not considered. Therefore, 

measurements that accurately define response and measurable residual disease (MRD) 

after induction chemotherapy have been developed. 

Figure 2. Incidence of AML per age group (reproduced from seer.cancer.gov/statfacts/html/
amyl.html)
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Measurable residual disease (MRD) and leukemic stem cells 
(LSC) in AML
MRD is defined as the population of leukemia cells present at sub-microscopic level 

during and after chemotherapy in the setting of CR with < 5% leukemic blasts. MRD can 

be utilized as a read-out for treatment efficacy, and allows for early detection of relapse, 

allowing early intervention. MRD can be determined using flow cytometry-based or 

quantitative PCR techniques, or next-generation sequencing based techniques. The latter 

is based on detecting persisting genetic mutations in complete remission, requiring 

the detection of at least one mutation at diagnosis.20 Using flow cytometry, leukemic cells 

are either identified using aberrant leukemia-associated (immune) phenotypes (LAIP), 

or a ‘different-from-normal-approach’, to identify aberrant cells without obligatory 

knowledge of aberrancies present at diagnosis.18 Although MRD status is currently absent 

in international classification algorithms, its presence after treatment strongly predicts 

relapse and thus may improve patient-specific outcome prediction.20,22,56,57 

Even though the presence of MRD is highly predictive of prognosis and relapse,15,20,58-60  

still a substantial part of MRD-negative patients relapse. This illustrates that relapse-

initiating leukemic cells are missed in the conventional LAIP approach, and that other 

clones – apparently drug resistant and not identified as dominant at diagnosis or under 

the detection limit – initiate the relapse (Figure 3).61 Likely, these cells have stem-cell 

characteristics, such as self-renewal capacity, and are drug resistant due to their localization 

in the bone marrow niche, quiescence, and expression of drug efflux pumps.62,63 These 

properties make these so-called LSCs important, but at the same time difficult targets 

A B C
espaleRsisongaiD Remission

Therapy Therapy

Death by therapy Less malignant clone

Dominant clone, blast cell

Dominant clone, stem cell

Relapse initiating clone, blast cell

Relapse initiating clone, stem cell

Therapy sensitive clone, stem cell

Therapy sensitive clone, blast cell

for treatment (Figure 4). Independent of MRD status, presence of LSCs both at diagnosis 

and in CR is predictive for poor survival.16 Whereas current treatment regimens are very 

effective against the vast majority of leukemic cells, elimination of all leukemia-initiating 

cells is often suboptimal. The challenge with current treatment protocols is to identify 

patients in whom chemotherapy is sufficiently eliminates all leukemia-initiating cells, such 

as LSCs, and in which patients additional or intensified therapies are necessary. To give 

insight in response mechanisms towards chemotherapy at diagnosis, in this thesis we 

investigate the association of gene-expression profiles with ex vivo response towards 

commonly used chemotherapeutic drugs of primary AML blasts. 

Clinical implementation of immunophenotypic and 
molecular data
Combining molecular and immunophenotypic observations with clinical outcome data of 

AML patients provides insight in disease biology and helps us using these rather abstract 

data for prognostication and treatment selection. Above all, heterogeneity in AML is so 

Figure 3. Clonal selection by therapy. (A) Schematic representation of an AML bone marrow sample 
at diagnosis, three clones present: one dominant clone (blue) and two small clones (orange, green). 
All clones contain both LSC (small cells) and leukemic progenitor cells (large cells). (B) Schematic 
representation of AML bone marrow sample in remission: the bulk of the tumor is eradicated by 
therapy. Therapy-resistant LSC survive (blue clone, orange clone). Possible out-competition of clones 
at further follow-up is shown for the originally major blue clone. (C) Schematic representation of 
AML bone marrow sample at relapse, caused by outgrowth of therapy-resistant and most malignant 
clone (orange). Figure 4. Examples of leukemic stem-cell directed therapies.
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extensive that one may consider to not classify AML as a single disease, but as a collection 

of entities that may have a similar phenotype at first glance, but are genetically distinct 

and have various outcomes.64 Classification based on molecular subtype is complex, 

as the prognostic implication of genetic mutations is, for example, dependent on 

the presence of co-existing genetic aberrations. Internal tandem duplications of FMS-like 

tyrosine kinase 3 (FLT3-ITD) are the most common genetic aberrations in AML22 and often 

co-occur with mutations in NPM1. Generally, FLT3-ITD is predictive of adverse clinical 

outcome, but the effect tones down when an NPM1 mutation co-occurs.65 Furthermore, 

the effect of a mutated gene may be altered by its expression or phosphorylation, or even 

alterations of genes and proteins within the same biological pathway.64

Besides interactions between genes, some genetic aberrations are so rare that their 

prognostic relevance is difficult to study. Especially in pediatric AML – much rarer than 

adult AML – this poses a challenge for mutations in for example TP53. In this thesis, 

one of the aims is to clarify the exact prevalence and prognostic value of this mutation 

in pediatric AML, as well as the impact of differential gene expression in relevant p53-

related pathways.

Current European Leukemia Net (ELN)-classification22 of AML is based on recurrent 

molecular abnormalities that have proven prognostic value in large cohorts. Although 

the effect of chromosomal aberrations, single gene mutations and overexpression is 

clinically meaningful, AML is a collection of multiple leukemic clones, with or without 

a high burden of LSC, with varying mutational backgrounds with distinct expression and 

phosphorylation profiles.52,64,66-69 Clones with mutations that have leukemic potential but 

are not dominant can be discretely present, and may induce relapse at a later stage. 

Classification is based on the dominant clone, as many genetic abnormalities in subclones 

are often below the detection threshold. Furthermore, except for NPM1 and FLT3-ITD, 

the combined effect of several genetic mutations is not taken into account in risk 

classification, because they in general constitute small subgroups, which hampers clinical 

analyses of its impact. This indicates that the current population-based prognostication 

strategies are insufficient and could be further fine-tuned at the patient-level incorporating 

information on combinations of mutations, the order of their acquisition, emergence 

of novel clones during treatment course as well as patient-specific gene and protein 

expression and phosphorylation profiles. In this thesis, we explore how the use of specific 

characteristics of FLT3-ITD, could add to currently used models for prognostication.

Opportunities for improved tailored and targeted treatment 
Alterations and differential expression of single genes, MRD status and presence of LSCs 

are associated with outcome in AML22 and serve as markers for risk stratification and 

therapeutic targets. Patients are already treated using tailored approaches: depending on 

risk group, guidelines recommend either autologous or allogeneic stem cell transplantation 

as consolidation. Additionally, using patient-specific molecular information, selection of 

targeted agents added to conventional therapy or replacing chemotherapy, may further 

improve survival. 

An example of novel patient-tailored treatments – without using targeted agents –  is 

the use of high-dose daunorubucin in FLT3-ITD AML.70 Other initiatives include the choice 

of consolidation treatment (autologous vs allogeneic transplantation) in CR based on 

the presence of MRD as determined by multiparameter flow cytometry.71,72 Also, seemingly 

small alterations to chemotherapy approaches may provide benefits to AML patients: 

the liposomal formulation of cytarabine and daunorubucin (“Vyxeos”) provided superior 

overall survival combined with a similar safety profile as conventional chemotherapy in 

elderly patients with secondary AML or AML with myelodysplasia related changes73 and 

has now been FDA-approved. 

Although these attempts to improve conventional approaches advanced AML 

treatment and improved survival to some extent, they are far from the definitive solution 

to improve AML treatment. The addition of targeted agents directed against molecular 

aberrations in AML may provide superior results compared to chemotherapy alone, 

translating in higher efficacy and fewer toxicities.74 Selection of targets for treatment 

depend on druggability, prevalence and expected benefit of modulation of the target. 

Mutations in kinases may lead to aberrant activation of these proteins,75-78 pointing 

towards treatment with kinase inhibitors (KIs) directed against these proteins.79 From 

this perspective, aberrant (tyrosine) kinases appear to be good candidates for targeted 

therapy in hematological malignancies. This is remarkable as tyrosine kinases only consist 

of a very small part (~0.3%) of the kinome.80,81 However, these enzymes represent up 

Figure 5. Overview of frequently occuring (cyto)genetic aberrations in AML27
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to 30% of known oncoproteins in cancer.82 Also in AML, tyrosine kinase aberrations are 

common, illustrated by the high prevalence of FLT3-ITD.83-89 Additionally, aberrations in 

genes coding for proteins responsible for dephosphorylation – called phosphatases – are 

common in AML, but their role and targetability has not been investigated to the same 

extent. The human tyrosine phosphatome comprises of 107 genes, of which 19 are 

recurrently mutated in AML.90 We have identified a novel mutation in PTPN4 – P384L –  in 

pediatric AML, which was predicted to impair phosphatase activity.90 Some pre-clinical 

evidence points at phosphatases as potential therapeutic targets91-93 but this has not 

resulted in any clinically meaningful therapies to date. 

Unlike phosphatase modulators, kinase inhibitors have been successful in many fields 

of oncology. The discovery of BCR-ABL and the tremendous effect of inhibition of this 

kinase in chronic myeloid leukemia (CML)94 catalyzed the search of potent kinase inhibitors 

in AML. Screens for druggable kinases identified FLT3,83 KIT,95 VEGFR,96 PDGFRa,97 

MEK/MAPK,98 AXL,99 ABL100 and more recently, JAK,101 SYK102 and SRC103-members as 

potential targets in AML, many of which are investigated in clinical trials.74 Following 

these developments, multiple tyrosine kinase inhibitors have been developed that show 

promising (pre-)clinical activity against in vitro, ex vivo and in vivo AML models. A plethora 

has been tested in clinical trials and since 2017, several are FDA-approved.104,105 

The most extensively researched tyrosine kinase inhibitors target FLT3. These include 

first generation (sorafenib, lestaurtinib, sunitinib and midostaurin) and second generation 

inhibitors (quizartinib, gilteritinib, crenolanib and ponatinib). Targeted FLT3 inhibition 

provides benefits in FLT3-mutant,104-106 as well as in FLT3-WT AML patients.107,108 Based 

on proven survival advantages,104,105 midostaurin and gilteritinib are now FDA-approved. 

Although introduction of these FLT3-TKIs in AML treatment marked a breakthrough in 

the treatment of de novo AML after absence of positive clinical trials for decades, increase 

in overall survival is moderate at best, and thus room for improvement continues to exist. 

This could for example be achieved by better selection of patients that benefit from FLT3 

inhibition: not only by the presence of the mutation, but also on specific characteristics of 

FLT3-ITD, such as the fraction of AML cells harboring the ITD or phosphorylation of FLT3 

and its downstream kinases. In this thesis, we explore whether the mutational burden of 

FLT3, as well as phosphorylation profiles are predictive for response towards FLT3-TKIs. 

These data can be used to further improve patient selection for tyrosine kinase inhibitors 

directed against FLT3. 

Thesis aim and introduction to chapters
In this thesis, we provide data to improve prediction of treatment response and survival 

using genomic, transcriptomic and phosphoproteomic approaches. As such, we aim 

to eventually maximize the clinical benefit of currently used treatment options for 

the treatment of AML as well as to select patients that will benefit most from novel 

targeted interventions that are currently being investigated for use in AML.

At the level of targeted therapies, biomarkers distilled from clinical109-111 ex vivo and 

in vitro response data112 can be used at diagnosis to optimize treatment selection. Pre-

clinical research with primary AML samples can be challenging: AML blasts are difficult to 

culture since they stop dividing ex vivo. Especially investigating TKIs ex vivo is not straight 

forward, as the expected growth inhibition cannot be observed in non-dividing cells. 

Furthermore, differences in techniques used among laboratories may introduce variation 

in observed outcomes and hamper reproducibility. To address these issues, we review 

commonly used culture techniques for primary AML cells and their pitfalls in Chapter 2. 

Chemotherapeutic regimens will probably remain the cornerstone of anti-leukemic 

treatment, both in adult and pediatric AML. Gene expression based data have proven 

useful for survival and response-prediction.28,64,68,113-116 Lack of (complete) response 

towards chemotherapeutic could eventually lead to relapse and is thus associated with 

dismal prognosis. In Chapter 3 we combine gene expression profiling with ex vivo drug 

response data to identify expression profiles that can improve our understanding of 

chemotherapeutic drug response in pediatric AML.

Mutations in TP53 are predictive of poor prognosis in adult AML. Its rarity in pediatric 

AML complicates study of its effects in children. Far more common than mutations alone 

is dysfunction of the p53 pathway, consisting of altered expression of direct and indirect 

regulators of TP53, such as MDM2.117,118 In Chapter 4, we investigate the prevalence 

and clinical impact of TP53 mutations in pediatric AML. We combine this with  

gene-expression data to investigate how differential expression of p53 pathway genes 

affects survival.

The presence of FLT3-ITD has major prognostic implications and dictates use of 

FLT3-TKIs. Therefore, accurate determination of the genetic aberration is of paramount 

importance. Although current recommendations are based on DNA-based assays,22 

no thorough comparison was available between DNA and RNA/cDNA measurements. 

As epigenetic processes may result in differences between FLT3-ITD DNA and RNA, its 

detection and specific characteristics may be dependent on the measurement level, 

potentially resulting in differences in survival prediction. Thus, in Chapters 5 and 6, we 

investigate in detail whether FLT3-mutations in AML should be assessed at the DNA or 

RNA/cDNA level. Furthermore, in Chapter 5, we investigate how specific characteristics 

of the FLT3-ITD relate to ex vivo response towards FLT3-TKIs.

Protein function is – in addition to gene mutations – affected by expression and 

phosphorylation, which can impact outcome and treatment response. Approaches to 
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select patients for FLT3-TKI therapy are currently based on the presence of FLT3-ITD. 

Based on its aggressive phenotype and pre-clinical evidence,75,76,119-121 the general 

consensus stresses that FLT3-ITD leads to auto-phosphorylation. This guides the rationale 

to choose patients with mutant FLT3 AML for FLT3-inhibition. However, only FLT3-ITD 

patients with a high mutant-to-wild-type ratio (the allelic ratio) have adverse outcomes 

compared with FLT3-WT patients.22,122-125 Furthermore, 12-56% of FLT3-WT respond to 

FLT3-TKIs107,108,126-133 and some FLT3-ITD patients are resistant to FLT3-TKIs, suggesting 

that selection on FLT3-ITD presence alone is insufficient. As FLT3-TKIs target tyrosine 

kinases, we hypothesized that direct evaluation of the tyrosine kinome phosphorylation 

would yield useful information for response prediction towards these agents and FLT3-ITD 

AML biology.

As phosphorylation is a dynamic process that can be heavily affected by pre-clinical 

variables, standardized experimental procedures are crucial for the correct interpretation 

of phosphorylation-based data.  Therefore, in Chapter 7, we investigate the impact of 

delayed processing on phosphorylation profiles of primary AML samples. Next, in Chapter 
8, we use mass-spectrometry-based phosphoproteomics to characterize FLT3-ITD AML and 

to investigate associations of response towards FLT3-TKIs with tyrosine phosphorylation 

profiles.

The use of drugs that specifically target biological processes related to development of 

AML has gained popularity for the treatment of AML. Unknown to many is the magnitude 

and direction of clinical research that has been performed to develop the targeted agents 

that are currently available. In Chapter 9, we provide a comprehensive overview of how 

many and which targeted drugs have been investigated in patient studies, how effective 

they are and what we can learn from two decades of clinical research with these drugs. 
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Abstract
New treatment options of acute myeloid leukemia (AML) are rapidly emerging. Pre-

clinical models such as ex vivo cultures are extensively used towards the development 

of novel drugs and to study synergistic drug combinations, as well as to discover 

biomarkers for both drug response and anti-cancer drug resistance.  Although these 

approaches empower efficient investigation of multiple drugs in a multitude of primary 

AML samples, their translational value and reproducibility are hampered by the lack of 

standardized methodologies and by culture system-specific behavior of AML cells and 

chemotherapeutic drugs. Moreover, distinct research questions require specific methods 

which rely on specific technical knowledge and skills. To address these aspects, we 

herein review commonly used culture techniques in light of diverse research questions. In 

addition, culture-dependent effects on drug resistance towards commonly used drugs in 

the treatment of AML are summarized including several pitfalls that may arise because of 

culture technique artifacts. The primary aim of the current review is to provide practical 

guidelines for ex vivo primary AML culture experimental design.

Introduction
The current necessity for novel treatments in acute myeloid leukemia (AML) is 

unchangeably illustrated by the poor long term survival in AML1,2 which is primarily 

related to the lack of durable remissions. Since 2017, several novel targeted therapies 

have been FDA-approved for AML that may have the potential to ameliorate patient 

outcome.3 With the implementation of targeted treatments and novel insights in (sub)-

clonal architecture4-6 selecting patient with accurate biomarkers for costly7 therapies to 

maximize efficacy and minimize untoward toxicity has become more essential than ever. 

Moreover, investigating optimal combinations with established drugs8,9 and exploring 

additional novel treatment options remains important. Prospective randomized clinical 

studies remain the golden standard for evaluation of effectiveness in AML patients, 

but are not always feasible: Clinical research is hampered by high costs, long time-to-

result, few possibilities to explore multiple drugs and difficulties to efficiently couple 

clinical response to molecular processes. Therefore, ex vivo screening of AML samples 

for drug response persists as a powerful tool to develop novel treatments, investigate 

drug response mechanisms, fine-tune patient selection, repurpose established drugs  and 

identify novel synergistic drug combinations. A prerequisite for this usage is that ex vivo 

assays are performed adequately.

Drug resistance remains an important determinant of treatment failure.10,11 Primary 

resistance of leukemic cells is associated with failure to achieve complete remission, 

and resistant – minor – clones as well as leukemic cells that acquire a drug resistance 

phenotype during treatment, may provoke relapse at a later stage.12,13 With the emergence 

of novel targeted therapeutics, such as the tyrosine kinase inhibitors midostaurin and 

gilteritinib14,15 and the IDH1/2 inhibitors enasidenib and ivosidenib,16, 17 previously unknown 

resistance mechanisms towards targeted drugs become clinically relevant. In addition, 

studying chemotherapy resistance remains crucial as chemotherapy will probably remain 

the cornerstone of AML treatment for the coming years. 

Numerous mechanisms for both primary and acquired resistance have been identified, 

reviewed by Long et al.18 Central mechanisms include upregulation of nucleoside and 

multidrug efflux transporters,19-22 enhanced activity of drug metabolizing enzymes 

such as CYP3A4,23 altered gene expression levels such as HIF1A, BRE and SAMHD1,24,25 

(secondary) mutations in or outside the target,26-28 protective effects of the bone marrow 

niche,29-31 altered cellular metabolism,32 and modulation of signal transduction pathways 

such as the MAPK/ERK pathway.33,34 The latter being especially important in the context of 

acquired resistance towards drugs targeting specific kinases, such as FLT3.35 With the rapid 

introduction of novel targeted agents, as well as innovative immune therapies such as 

CAR-T cells and vaccines,36 our current understanding of drug resistance mechanisms is far 

from complete and many novel drug resistance mechanisms will unfold in the near future. 

Ex vivo assays have contributed to the identification of many agents and molecular 

markers that display promising pre-clinical (and early-phase clinical) value, both in 
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the context of treatment of primary AML as well as in the overcoming of primary or 

acquired drug resistance.37-40 However, only a few are ultimately implemented in the clinical 

setting due to unsatisfactory results in clinical trials.10,41-45 Besides difficulties in managing 

side effects of experimental drugs, the genetic and clonal complexity of AML and the role 

of the bone marrow (BM) environment in vivo contribute to failure to translate pre-

clinical findings to a clinically successful strategy. For example, primary AML cells rapidly 

(hours to days) differentiate and undergo apoptosis in  ex vivo  cultures without BM 

support in primary AML cells.46-50 In contrast, AML cell lines are easy to culture, and allow 

many different experiments to be performed. Although key gene expression signatures 

are comparable to primary AML cells,51 cell line biology is distinct from primary AML 

regarding several aspects: a) cell lines acquire multiple cytogenetic aberrations during 

prolonged periods of cell culturing,52 whereas in primary AML none or only a few are 

present; b) cell lines are genetically homogeneous53; c) cell lines are derived from selected 

AML patients: d) only a limited number exists; and e) cell lines are dependent on one 

driver mutation or a few hyperactive kinases.54 Therefore, efforts have been undertaken 

to develop culture assays for primary AML samples, that reflect the BM environment and 

thus would yield representative results for drug testing.29 These methods include culture 

medium supplements, stromal and endothelial co-cultures, as well as 3D cultures. Even 

with these methods, pre-clinical ex vivo research remains distinct from in vivo and clinical 

circumstances; variability among experiments and distinct research groups is substantial. 

With the emergence of these assays, it was noted that drug response was influenced by 

the culture method used. These novel methods therefore facilitate, but also complicate 

the choice of the appropriate culture techniques. Several methods require specific skills 

and know-how that may not be easily inferred from method sections in original research 

articles. Moreover, criteria for primary sample selection remain obscure and pre-analytical 

variables complicate reproducibility and hamper translational implementation.

In this review, we summarize commonly used culture techniques in light of the desired 

experiment and readout methods. Furthermore, we review research describing culture-

dependent effects on drug response towards several commonly used anti-cancer drugs 

and newly approved AML therapies. Thus, we aim to provide guidelines for ex vivo 

primary AML culture research design in order to facilitate the selection of appropriate 

culturing techniques, also pinpointing several pitfalls that may arise because of culturing 

technique artifacts.

Sample selection and pre-analytical variables
In contrast to cell lines, primary AML samples are genetically and functionally 

heterogeneous,6,55,56 which may result in unpredictable results, difficulties to relate 

the observed responses to a single molecular aberration – that may occur only in a subset 

of the AML cells - as well as poor reproducibility.57 Minimizing sample variability and 

pre-analytical variation introduced by sample processing is therefore of paramount 

importance. Several aspects should be considered, as shown in Figure 1. 

Isolate and 
purify 

Culture 
cells Examine 

Drug(s) of interest 

RReeaaddoouutt  mmeetthhoodd  

Readout-specific 
intervention 

EExxppeerriimmeennttaall  ddeessiiggnn  
- Sample selection: PB/BM, fresh or viably frozen 
- Isolation: Ficoll Pague 
- Purification: None, MACS, FACS 

PPiittffaallllss  
- Selection bias for agressive AML cells or 
molecular subtype 
- Insufficient enrichment, lymphocyte pollution 
- Non-standardized methods 

EExxppeerriimmeennttaall  ddeessiiggnn  
- Material and medium choice 
- Suspension culture, co-culture, colony 
forming assays or three-dimensional 
culture 

PPiittffaallllss  
- Interaction of culture medium additions 
with drug function and/or availability 
- Complex cell handling due to co-culture 

EExxppeerriimmeennttaall  ddeessiiggnn  
- Morphology, cell count 
- Colorimetric assay 
- Multi-parameter flow 
cytometry (MFC) 

PPiittffaallllss  
- Impaired replicability in 
complex cell cultures 
- Interaction with stromal 
cells in metabolic 
readout assays 

...or... 

SSaammppllee  sseelleeccttiioonn  CCuullttuurree  tteecchhnniiqquueess  

Fresh vs. cryopreserved AML samples. Most experiments use cryopreserved AML 

samples, due to unpredictable availability and limited knowledge of biological and clinical 

features of fresh AML patient samples. Although few effects of cell freezing using 10% 

DMSO on phenotype have been reported,58-61 time to processing and cryopreservation 

may result in variable alterations at the gene expression level62 as well as at the (phospho)

proteomic level.63 Treatment with targeted drugs in particular, including tyrosine kinase 

inhibitors (TKIs), may induce differential responses in cryopreserved specimens compared 

to fresh AML samples.60 Thus, it is advisable to uniformly select either frozen or fresh 

samples in a given study. When cryopreserved samples are used, freezing and thawing 

methods should be standardized and cryopreservation should be performed within similar 

time frames.

Other factors to consider are cell viability after thawing (preferably performed using 

warm medium containing 20% fetal calf/bovine serum64,65): many apoptotic cells in cell 

suspension may provide particular signaling that affects in vitro biology.66 Low viability 

(e.g. < 50%) samples after thawing may therefore be either excluded or viable cells should 

be selected by magnetic beads or flow cytometry by sorting Annexin V and propidium-

iodide negative cells.67-69 

Bone marrow vs. peripheral blood. Both BM and peripheral blood (PB)-derived blasts 

are used for ex vivo drug response assays. In our experience, if enriched properly for 

example by magnetic beads, no important differences in experiment outcomes are 

apparent, although some authors report different phenotypes of PB or BM blasts.70 In 

colony forming unit (CFU) assays, Sutherland et al., reported an identical number of 

Figure 1. Culture flow and common pitfalls. 
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colonies formed from PB or BM derived blasts.61 When blasts from PB can be collected, 

this reflects aggressive disease, for example associated with FLT3 mutations.71 This may 

form a determinant for ex vivo cell behavior and response to specific anti-cancer drugs 

and should be considered as a source of selection bias. 

Immune-phenotypic and molecular sample characteristics. Sample availability, 

especially in cryopreserved collections, is skewed towards patients with high blast counts. 

It is advisable to set criteria for the minimum percentage of blasts within a sample, as 

a substantial fraction of lymphocytes may modulate or dilute ex vivo response to drugs.72 

If blasts percentages are <70%, one may consider to enrich for blasts using magnetic 

beads enrichment techniques, for example CD3 depletion or CD34 selection.72,73 Ex vivo 

manipulations may induce molecular changes,74-76 so preferably either all samples should 

be enriched or only samples should be  selected that have >70% blasts at baseline. 

To investigate differential response in relation to molecular subtype, selecting samples 

based on molecular characteristics may be necessary. Mutations (e.g. FLT3-ITD) and gene 

expression levels (e.g. EVI1) are associated with drug response, growth and survival 

advantages.77-79 This may be reflected in the ability to maintain these cells in culture, 

although the capacity for long-term ex vivo proliferation did not seem to depend on 

genetic or morphologic characteristics in one study.80 Furthermore, samples that can 

self-maintain, respond differently towards chemotherapeutics ex vivo when compared 

to samples that are dependent on stimulation for survival and proliferation.81 These 

observations are in line with the fact that high-risk AML samples engraft more efficiently 

in mice than their low-risk counterparts.82 For experiments that assess several biological 

processes, such as apoptosis, cell cycle and cell growth (inhibition) multi-parameter flow-

cytometry (MFC) is an often preferred readout.83,84 Additional value has been the use 

of immune-phenotypic markers to select and track specific cell populations throughout 

the experiment.

Cell culture reagents
The choice of culture supplies and reagents (i.e. plates, media and supplements) is of 

importance as it affects the behavior, viability and drug response of primary AML cells. 

Culture plates. In general, round-bottom multi-well plates favor cell-cell contact since 

the cells will sediment as a cell pellet. These plates provide superior results in drug-testing 

experiments in 96-well plates with primary AML cells over flat-bottom plates.85 However, 

assessing morphology during culture in round-bottom plates is complicated and requires 

disturbance of the cell pellet. Furthermore, culturing a large number of cells (i.e. > 50,000 

cells/well) in 96-well round-bottom plates may lead to large cell clumps with varying 

microenvironment between the cells with respect to drug penetration and hypoxia.86 

AML cells in co-cultures with adherent cells, are maintained in flat-bottom plates. These 

AML cells can be either grown on top of the adherent cells (contact culture) or divided 

by specific filters (trans-well culture), which facilitate renewal of the culture medium 

while minimizing disturbance of stromal cells. Moreover, trans-well methods circumvent 

the need to separate the cells for specific read out of the cells of interest.

Culture medium and supplements. Selection of culture medium and the necessary 

additives depends on the duration of the experiment and the use of co-culture 

techniques, which was previously reviewed.87 Most common culture media are listed in 

Table 1. The majority of culture methods supplement the growth medium with fetal 

bovine, fetal calf serum (FBS, FCS 5-25%) and/or horse serum,88,89 although serum-free 

culture is possible.90, 91 Supplementing serum-free culture medium with well-characterized 

components in standardized amounts contributes to experimental reproducibility, as 

each batch of serum has varying compositions.92 As this is not always feasible, batch 

quality should be evaluated before use. Moreover, one should consider the effect of 

different serum concentrations on the bio-availability and potency of added compounds 

due to binding to serum albumin93 and altered metabolism of cells in culture.94 For cell 

cycle experiments, a temporary reduction of the serum concentration may be needed 

to synchronize cell cycle phase. However, this can induce metabolic perturbations and 

impair viability, leading to unpredictable results.95  

Antibiotics, typically a combination of an aminoglycoside and penicillin, are helpful 

to prevent bacterial contamination, which is especially important using precious primary 

AML samples in long-term cultures. Although no deleterious effects of these antibiotics on 

primary AML ex vivo cultures are known, genome-wide expression changes occur in other 

cell types using penicillin-streptomycin.96 Other classes of antibiotics (e.g. tetracycline-

based) are discouraged as they alter ex vivo drug response.97 

Based on the physiological functions of the BM and secretion of cytokines, several 

growth factors and cytokines are important for ex vivo cultures.81,88,98 These include 

granulocyte(-macrophage) stimulating factor (G[M]-CSF), interleukin 3 and 6 (IL-3, IL-6), 

FMS-Like tyrosine kinase 3 ligand (FLT3-L), fibroblast growth factor 1 (FGF1), stem cell 

factor (SCF), erythropoietin (EPO) and thrombopoietin (TPO), depending on the method 

and culture population (reviewed in Dhami et al.87). Several groups investigated optimal 

cytokine combinations.61,91 In one study, the combination of IL3, SCF and FLT3-L, was 

optimal for maintenance of clonogenic capacity in CFU assays after weeks of growth 

under stroma-free suspension culture conditions.61 Although cytokines or specific 

growth medium bases facilitate the spontaneous proliferation of primary AML blasts, 

the occurrence of proliferation is highly patient-dependent80,90 and primary AML samples 

can only be cultured for a limited amount of time.99-101 This imposes a selection bias 

towards aggressive, high-risk AML samples that show more autonomous proliferation ex 

vivo.80,102 Moreover, cytokine-induced differentiation can be unwanted. StemRegenin-1 

(SR1), an Aryl Hydrocarbon Receptor antagonist103 and UM171, a pyrimidoindole 

derivate,91, 104 were developed in the context of ex vivo expansion of cord blood cells for 

stem cell transplantation. These small molecules have proven useful for leukemic stem cell 

cultures as well. Both agents are used in ex vivo primary AML cultures to support CD34+ 
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22DD  

Experiment complexity 
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cell expansion and blocking of differentiation without impairing normal function and 

inherent drug resistance of these cells. Another approach to culture stem cells without 

inducing differentiation in cytokine-free medium is by blocking Glycogen Synthase Kinase 

3 (GSK-3),105 but interfering with signaling pathways may have undesired effects on 

outcome parameters. 

Ex vivo culture methods and applications
Several reviews have described ex vivo methods to culture primary AML samples  

(Figure 2).87,106,107 We will discuss the most commonly used and most feasible approaches 

in the context of experiment purpose and design (Table 2). 

Suspension, stroma-free culture methods
Characteristics:  Suspension cultures are performed without supporting stromal cells using 

media and cytokine combinations as needed. Many researchers argue that AML cultures 

without the use of stromal support do not reflect the BM environment sufficiently and 

thus will yield results that lack translational value. Nevertheless, mechanisms underlying 

ex vivo drug response may be useful for mechanistic studies revealing leads for optimizing 

response and biomarker selection.37,108,109 Therefore, when appropriately used, suspension 

cultures are of value for drug testing experiments in primary AML samples. 
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Figure 2. Ex vivo culture methods.
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Applications: Meaningful outcomes may rely more heavily on sample characteristics 

than on the techniques employed. Therefore, for drugs with known mechanisms 

of action and clinical activity, one may choose to perform experiments investigating 

response biomarkers,18 drug synergism or mechanistic studies investigating pathways 

using suspension culture methods.28 Stroma-free suspension cultures may be particularly 

useful when investigating drugs that induce apoptosis and do not depend on cellular 

proliferation. If the drugs require proliferation of AML cells to induce any effect, stroma-free 

methods are less suitable as only a selection of AML samples will proliferate spontaneously. 

Inhibitors targeting signaling pathways or epigenetic functions may need longer incubation 

periods,110,111 which may require techniques that facilitate long-term maintenance of AML 

cells. Large-scale drug screens using suspension cultures are feasible, however one should 

be aware that many drugs will ultimately prove less effective in a BM environment.112 

Experimental methods and outcome parameters depend on drug characteristics and 

research question. To quantify cell death, one may choose to simply count cells using 

trypan blue exclusion as a read out of cell viability. Another option is the use of relatively 

simple and efficient colorimetric assays that measure mitochondrial activity (e.g. using 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide [MTT], (sodium 3´-[1- 

(phenylaminocarbonyl)- 3,4- tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid 

hydrate [XTT] or MTS85,113,114), cellular ATP content (e.g., Cell Titer Glo, Cell Titer Blue115,116) 

protein content (Sulforhodamine B [SRB] assay117) as well as ornithine decarboxylase 

activity, the rate-limiting enzyme in polyamine biosynthesis.118 

Drugs that have antioxidant properties interfere with these cell viability measurements 

and require modifications to the protocol.119 Standardized procedures should be followed 

to prevent erroneous interpretation. For example, primary AML blast input should be 

above 80% and at readout, a substantial number of blast cells should be present in control 

wells (i.e. > 70%), to prevent blurring of the AML cell results due to effect on other cells 

in the sample. Another crucial quality control includes ensuring control cells are viable so 

they can be used as representative controls. In colorimetric assays, cell viability is often 

reflected by their metabolic activity (e.g. MTT-assay) and the measured optical density 

value of control cells, should have a pre-defined numerical cut-off. These inclusion criteria 

should be described in detail in experimental papers to assess the quality of the results. 

Tracking differentiation as a novel measure of drug efficacy (such as all-trans 

retinoic acid [ATRA]120) is not possible using colorimetric assays, since concomitant cell 

growth inhibition is not detected in ex vivo samples. More comprehensive methods 

such as MFC can be used not only to count a large number of cells, but also to assess 

apoptosis, differentiation, proliferation and cell cycle progression.121 This is especially 

necessary when antibody-based therapies are investigated, so that for example off-

target effects due to nonspecific binding can be observed. MFC as a readout method 

will yield more comprehensive information than metabolic activity alone, although this 

method is more costly and time-consuming. Baseline expression of biomarkers like Ta
b
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CD34 or CD117 should be quantified to be able to identify and track the population of 

interest throughout the experiment. When AML cell cultures retain similar cell numbers, 

suggesting a proliferation arrest, they may have a high proliferation rate compensated for 

by a high apoptosis rate. Therefore, additional markers can be included to quantify cell 

proliferation, for example, carboxyfluoresceïne succinimidyl ester (CFSE), CellTraceViolet 

(CTV), and eFluor 670 proliferation dye (EPD), which can be tracked using MFC.122,123

Some research studies focus on the effect of drugs on stem cells, immature leukemic 

or normal progenitor cells, to investigate toxicity on normal BM cells. For these purposes, 

the CFU assay is particularly useful for assessing clonogenic capacity and/or self-renewal of 

immature cells. In this CFU assay, cells are plated in semi-liquid methylcellulose containing 

several cytokines (Table 2), depending on the cell population of interest. Dividing cells form 

colonies as they stay in close proximity to the original cell124 and are therefore quantifiable. 

To select for stem cells, CFUs are re-plated multiple times. Immune phenotyping of 

(individual) colonies formed in a CFU assay is possible after bringing the colonies in 

suspension and analyzing them subsequently with MFC.125 Although the CFU assay is 

a powerful tool for functional analyses of immature AML cells, comparability of results 

is hampered by inconsistent inter-laboratory practices and poor assay validation within 

laboratories.124,126 CFU assays are less suitable to investigate treatment response of AML 

blasts in general as they are not informative for the bulk AML population. 

To extrapolate ex vivo response results directly to meaningful information for clinical 

decision making, experimental conditions should reflect BM specific conditions closely 

and stroma-free methods may therefore be less appropriate. When data from ex vivo 

cultures are to be used in clinical decision making, uniform and validated measures such 

as a quantitative score for differential drug sensitivity127 should be implemented. Stroma-

free methods have been used with limited success to guide patient-specific treatment.128 

In the study of Swords et al., fresh BM cells from AML patients were screened for response 

towards 215 FDA-approved drugs and based on ex vivo response, clinicians selected 

the proper treatment. Three out of four evaluated patients showed at least a certain 

level of treatment response.128 In such cases, rapid clinical decisions are necessary and 

experimental procedures should swiftly yield results. Co-culture experiments require 

lengthier preparation times and may be arduous to perform in such situations. Thus, 

although the methods described by Swords et al., may be justified when no known 

effective treatment options are available, implementation in routine care would need 

major adjustments and extensive validation to prove sufficient translational value. 

Stromal-cell co-culture systems
Characteristics. Co-culture methods include the use of supporting stromal or endothelial 

cells and are sometimes referred to “2.5D”. Leukemia cells are cultured on top of these 

adherent cells, separated by trans-well systems or directly on the cells. Co-cultures 

simulate the BM situation, since these stromal cells are normally present in the BM but 

are lacking in original stroma-free suspension cultures. The first co-culture system was 

established in 1977 by Dexter et al.,129 using BM stromal cells obtained from murine 

femurs. Murine hematopoietic stem cells cultured on top of this stromal layer could 

be maintained for weeks, especially when supplemented with cytokines. Others have 

improved this model mainly by making the culture system more user friendly through 

the use of immortalized mouse BM mesenchymal stromal cell lines, such as MS-588 or 

FBMD-1.89,130 This enabled long-term maintenance of confluent stromal cell layers in 

vitro, as both cell lines displayed contact-inhibition and did not require irradiation. Before 

the start of a new experiment this growth arrest of the stromal cells should be confirmed. 

Since expansion, contact inhibition and adhesion of these cells become impaired once 

confluent during cell culture, confluence should be monitored closely not to exceed 

80%.131 Correct estimates of confluence and expansion rate can be arduous when 

practice with this cell line is limited. High-passage stromal cells may become exhausted or 

may have undergone cellular damage and show suboptimal growth, adhesion or stromal 

support. Thus, strict passage restrictions should be set to not induce variability due to 

stromal cell line exhaustion.132 Other (endothelial) cell lines can be considered for co-

culture experiments (e.g. OP9, HS-5, HS-27 and HUVEC) but will in many cases require 

irradiation to induce growth arrest (characteristics in Table 3).133 This introduces more 

steps and more variability in the protocol. Moreover, compared to HUVEC, MS-5 has 

proven to support highest leukemic cell viability.98 The choice of stromal cell layer also 

selects for a certain panel of secreted cytokines (Table 3). A particular feature of the MS-5 

and FBMD-1 co-culture methods is the formation of cobble-stone areas.88,89 Leukemic 

stem and progenitor cells localize underneath the stromal cell layer, forming islands of 

cells that can be re-plated for several weeks while maintaining their ability to renew and 

differentiate into myeloid progenitor cells. The identification and manipulation of these 

cells requires specific knowledge and technical experience. The role of these particular 

cell populations in drug-testing has not been established. Other groups investigated 

co-culture systems using human stromal49,133 and endothelial cell-based methods and 

Table 3. Commonly used stromal cells for co-culture.

Source Origin Cytokines secreted
Culture 
medium Refs

HS-5 Human Mesenchymal G-CSF, GM-CSF, IL-1a, IL-1b, IL-6, IL-8, VEGF DMEM 191

HS-27 Human Mesenchymal CXCL12, IGFBP3, IGFBP7 DMEM 191

HUVEC Human Endothelial G-CSF, M-CSF, GM-CSF, SCF, IL-3, IL-6, IL-8, 
MCP-1, MCP-3, IGF

EGM-2 192

MS-5 Murine Mesenchymal CXCL12, ANGPT1, MCP-1, HGF alpha-MEM 193

OP9 Murine Mesenchymal SCF, CXCL12, ANGPT1 alpha-MEM 194

FBMD1 Murine Mesenchymal Not determined alpha-MEM 130
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addressed the effects of hypoxia on cell culture.98 Azadniv et al,. compared the supportive 

capacity of mesenchymal stromal cells (MSCs) from healthy donors versus AML patients, 

and demonstrated that AML patient-derived MSCs superiorly supported survival of 

leukemia progenitor cells. In these AML-MSCs, they observed low SOX9 expression, 

which correlated with an enhanced potential to form adipocytes.49 Importantly, drug 

response in cultures without stromal support differed from  stromal-cell based cultures 

in multiple studies,133,134 with evidence that stromal-based cultures reflect in vivo drug 

response more closely. Drug response of primary AML cells cultured in hypoxic (3% O2) 

conditions on MS-5, supplemented with IL-3, TPO and G-CSF was comparable with in vivo 

drug response in mice, although these experiments were performed on only three pre-

selected AML samples with a capacity for ‘exclusive leukemic engraftment’.98 While these 

experiments need reproduction using larger sample sizes, they indicate that co-culture 

may be an optimal trade-off of relatively simple methods and reasonable reflection of in 

vivo circumstances. 

Applications of co-culture systems. Co-culture systems are especially beneficial to use 

as validation assays to enhance translational value of observed results in other assays, 

especially when drugs depend on proliferating cells or require long incubation periods. 

Long-term culture of LSCs is better feasible using co-cultures than suspension methods, 

as spontaneous differentiation rapidly occurs without stromal cell support. One should 

consider that read-out methods that are common in suspension culture experiments 

may not be suitable for co-culture experiments. For example, functional readout using 

metabolic activity assays is blurred by the metabolism of stromal cells. Furthermore, 

variation in technical replicates increases, as the number of AML cell sticking to or laying 

under the stromal layer varies. Trans-well approaches or stromal-cell conditioned medium 

can be used as alternatives. This will facilitate cell handling, but it is yet unclear if and 

how it influences results by the loss of direct cell-cell contact.133, 135-137 Furthermore, it 

should be tested whether the drugs that are used in the assays affect the viability and 

function of the stromal cells themselves.138,139

Three-dimensional (3D) Culture systems
Characteristics. Three-dimensional (3D) methods address the lack of spatial and trabecular 

structure in layered assays. 3D cultures use approaches that provide a dock for cells 

to form 3D structures, or rely on the ability of cells to gather spontaneously in multi-

dimension (spheroid) formations.140,141 Examples of the latter are the use of hanging drop 

microplates, plates with special coatings to prevent attachment or methods that use 

magnetic levitation of cells.107, 142 Approaches that are investigated in the context of AML 

culture apply for example scaffolds consisting of varying biomimetic substances,106,107 but 

overall, studies are scarce. 

The use of ex vivo scaffolds for AML culture was for example investigated by Blanco 

et al.143 Based on the hypothesis that the lack of 3D cell-cell interactions and contact with 

extracellular matrix (ECM) hamper spontaneous proliferation and lead to dependence on 

exogenous cytokines, the authors investigated the optimal scaffold material. Without 

a 2D-control condition, they demonstrated that scaffolds consisting of polyurethane 

or polylactic-co-glycolic acid (PLGA) provide optimal seeding efficiency and leukemic 

growth over other porous scaffold materials.143 Addition of ECM proteins (collagen and/

or fibronectin) further increased cell growth. No primary AML cells were used to further 

support their hypothesis. Other 3D methods include the use of biologically analogous 

polymers and synthetic hydrogels,144-147 to which growth factors and nutrients can be 

supplemented, depending on the nature of the experiment. These 3D models can even 

be combined with vascular endothelial cells148 and dynamic perfusion systems,149,150 that 

should simulate physiologic blood flow conditions in the BM niche. Bray and colleagues148 

propose using hydrogels combined with vascular- and endothelial cells for primary AML 

drug testing, but only two uncharacterized primary AML samples were included in 

the experimental conditions. Superior, cytokine-independent cell growth compared to 2D 

models cannot be deduced from these data. 

Applications. The use of 3D methods is technically challenging and labor-intensive 

when used in high-throughput, multi-well and multi-plate experiments. In addition, 

interim (automatic) microscopic evaluation and retrieving cells after drug treatment are 

relatively complicated.151,152 Therefore, 3D techniques may not be the first choice for 

efficient drug-testing and may be more suitable for validation experiments of selected 

compounds. The use of scaffolds may be especially beneficial in in vivo models, in which 

they have proven to ease tumor injection, optimize engraftment percentages and facilitate 

interim tumor-growth assessment.82 

Impact of chosen methods for assessment of response 
towards anti-cancer drugs
The purpose of many primary AML culture- and drug testing experiments is to either 

discover drugs that could be used in the treatment of AML, overcome primary or 

secondary resistance or optimize patient selection based on biomarkers. It is therefore of 

utmost importance to consider the translational value of the ex vivo culture conditions. 

To achieve short-term primary AML cultures with proliferating cells or long-term cultures 

without the loss of immature phenotype, culture medium supplements and stromal cells 

are indispensable. These methods induce method-specific changes in response that may 

hamper or enhance the translation to in vivo conditions. Cultures using stromal cells or 

in 3D systems modulates response to anti-cancer drugs, through cell adhesion mediated 

mechanisms or via secreted cytokines and/or vesicles.153-155 These effects are sample- and 

drug-specific. With many open questions remaining, we herein review known effects of 

culture medium, supplements, stromal co-culture and 3D culture methods on the response 

towards commonly used agents in AML.
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Response to chemotherapeutics. For the time being, chemotherapy will 

remain the cornerstone of AML treatment and investigating response and drug 

resistance mechanisms remain unchangeably important. Many reviews discussed 

the impact of the BM micro-environment interaction with AML cells on chemoresistance  

(Figure 3).19,29,156-161 In general, cell-adhesion mediated drug resistance mechanisms in 

AML such as Vascular Cell Adhesion protein 1 (VCAM-1), Very Late Antigen 4 (VLA-4) 

and E-selectin interactions will apply to co-culture assays with mesenchymal stromal cells 

and endothelial cells,162,163 leading to impaired drug response. Overall, drug response 

under varying ex vivo AML culture conditions was reported to be either increased or 

decreased sensitivity towards chemotherapy, depending on the agent and culture method 

used. Multiple small studies cultured both AML cell lines and primary APL and AML 

cells on HS-5, M2-BMSC and M2-10B4 or patient-derived stromal cells and observed 

reduced sensitivity towards cytarabine and daunorubicin compared with stroma-free 

cultures.133,164-166 The hampered response towards cytarabine was explained by decreased 

activity of Equilibrative Nucleoside Transporter 1 (ENT1), induced upon contact with 

BM stromal cell supernatant (Figure 3A), which thus represents soluble-factor mediated 

drug-resistance. A similar study found that MS-5 induced resistance in 50% of samples 

towards cytarabine, which was mediated by C-X-C chemokine receptor type 4 (CXCR4) via 

C-X-C Motif Chemokine Ligand 12 (CXCL12/SDF-1a).167 Karjaenen et al.134 investigated 

the response towards 304 anti-cancer agents in 18 primary AML samples cultured in 

the presence or absence of HS-5. They observed increased sensitivity towards docetaxel 

(not used in AML) and decreased sensitivity to daunorubicin, idarubicin, doxorubicin, 

etoposide and mitoxantrone in the presence of HS-5 stromal cells. Response towards other 

chemotherapeutic agents, e.g. cytarabine or cladribine, was not significantly changed in 

the presence of HS-5. Multiple studies reported upregulation of C-myc when myeloblasts 

were co-cultured with human mesenchymal cells, conferring resistance towards 

mitoxantrone, a topoisomerase II inhibitor.168,169 In 3D models including mesenchymal 

and/or endothelial cells, chemotherapy response is further impaired compared to 2.5D 

cultures with stromal cells.148,170 Within 3D models, not only biological but also physical 

characteristics of the model may contribute to chemo resistance: Shin and Mooney 

showed that the degree of stiffness of the ECM influences drug response in AML cell 

lines.171  Based on the above findings, specific inhibitors targeting the micro-environment 

have been developed to target the micro-environment and contribute to the overcoming 

of drug resistance and eradication of leukemic cells, such as plexirafor (CXCR4 inhibitor) 

and GM1271 (E-selectin inhibitor).155  

Response to targeted agents. Tyrosine kinases are extensively investigated and used 

as central druggable targets in the treatment of AML.172 Midostaurin is the first FLT3-TKI 

that has been approved for the treatment of de novo FLT3-mutated AML in combination 

with intensive chemotherapy, based on an improved overall survival rate in these patients. 

During pre-clinical development, it was observed that both in vivo and ex vivo cultures 

using stromal cells conferred resistance towards FLT3-TKIs. Since then, multiple studies 

have investigated which factors in culture medium and the BM environment could be 

protective towards leukemic cells and also explored their mechanism of action. For 

example, FLT3-ligand (FL) is a standard addition to culture medium and modulates 

the response towards FLT3-TKIs,173 as was also shown for GM-CSF and IL-3.174 Therefore, 

ex vivo cultures investigating response to FLT3-TKIs may be hampered by the addition of 

these cytokines. In 2008, Weisberg et al., described the protective effect of BM stroma 

to treatment with BCR-ABL targeted tyrosine kinase inhibitors.175 In 2011 Kojima et 

al., reported that ex vivo culture of FLT3-ITD-positive AML cell lines on primary human 

mesenchymal stromal cells protected these cells from FLT3-TKI (and doxorubicin)- induced 

cell death. They (partially) explained this effect via p53 activation through CXCL12 (Figure 

3B), as inhibition of HDM2 abrogated the protective effect.176 Others demonstrated 

the protective effect of ERK towards multiple FLT3-inhibitors (i.e. midostaurin), and 

proved that ERK is upregulated when AML cells are co-cultured with stromal cells.35,177 

G-CSF secreted by HS-5 may have a protective effect, although this was investigated in 

the context of c-KIT and BCR-ABL inhibition.178 One study using MS-5, OP9 and HS-27 

stromal cells point to STAT5 and AXL as mediators for FLT3-TKI resistance and shows 

that the protective effect is most pronounced in co-cultures using MS-5 stromal cells.31 

HS-5 was not included in this study, but has been reported to have stronger protective 

effects than HS-27 in drug response.179,180 A study published in 2019 investigated 

the protective effect of HS-5 on apoptosis induced by TKIs and demonstrated a role for 

Figure 3. Mechanisms of ex vivo drug response modulation by feeder cells towards drugs 
used for the treatment of acute myeloid leukemia. (A) response towards chemotherapeutics 
is for example modulated by stroma-mediated downregulation of ENT and upregulation of 
CXCR4. (B) response towards TKIs is for example modulated via G-CSF and FGF2 secreted by MSC  
and stromal cells.
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increased FGFR1/FGF2 signaling.31 As FGF2 is secreted in extracellular vesicles, resistance 

may not depend on direct leukemia-stroma contact and may thus persist using trans-

well techniques. Karjalainen et al., showed that differential response towards many TKIs, 

when cultured in presence or absence of stromal cells, was dependent on the presence 

of FLT3-ITD or CCDC88C-PDGFRB rearrangements.134 Although this observation requires 

reproducibility, response towards none of the 304 tested drugs in samples without these 

molecular aberrations was statistically different with or without HS-5 stromal cells. This 

may complicate sample selection for drug testing and comparing FLT3-WT and FLT3-ITD 

samples in co-culture experiments. 

Apart from differences induced by culture methods, researchers may find striking 

differences between concentrations needed to inhibit proliferation of AML cell lines 

and those in primary AML samples. For example, the concentration of gilteritinib that is 

needed to inhibit proliferation of MV4-11 by 50% is as low as 5 nM,181 whereas effective 

concentrations in primary AML samples may be 20-100 fold higher. It should be noted 

that gilteritinib is an inhibitor of AXL receptor tyrosine kinase and is used in the treatment 

of adult patients with relapsed or refractory AML harboring a FLT3 mutation.15,182 This 

may be explained by the mechanism of action of this TKI, which is a proliferation inhibitor, 

where decreased or lack of proliferation of primary AML cells may mask the gilteritinib 

effect. In addition, the heterogeneity between primary AML cells in a BM samples may 

complicate the results and even within one cell the proliferation may not be dependent 

on one unique driver gene. 

A few studies reported the effect of culture conditions on BCL2/BCLx inhibitors ex 

vivo. The presence of HS-5 drastically hampered response to venetoclax in 17 primary 

AML samples compared to culture-medium only, and in several patients, the addition 

G-CSF and GM-CSF to RPMI-1640 medium also hampered response to this agent. 

Response to another BCL2 inhibitor, navitoclax, was less affected. Further investigation 

by this group identified cell-specific characteristics that modulate response to venetoclax 

through MEK and JAK,183 which may be activated through culture on stromal cells.184 

Another study pointed towards an association of ex vivo resistance towards BCL2/BCLX 

inhibitor (ABT737) with stroma-mediated upregulation of AKT.185 Of note, in 6 of the 14 

tested primary samples, sensitivity was enhanced upon culture on MS-5, indicating strong 

sample-specific effects. 

To date, no study reported the effects of stromal cell culture on the response towards 

IDH or Hedgehog pathway (Hh) inhibitors. Isocitrate dehydrogenase (IDH) mutant AML 

cells seem to modulate stromal cells in culture by release of R-2HG, to promote AML 

progression,186 illustrating the complex interplay and sample-specific effects occurring 

under several ex vivo culture conditions. HS-5 secretes ligands that bind to the Hh 

receptor,187 which induces resistance towards Ara-C. Hh inhibitors (such as the small 

molecule glasdegib) abrogate this resistance, indicating an interaction between AML 

cells, stromal cells and inhibitors of the Hh pathway.

Concluding remarks
In summary, ex vivo primary AML cultures provide useful data for drug development, 

biomarker discovery, identification of drug response and resistance mechanisms, and 

combination treatments. Currently, with several approved targeted therapies for AML 

and a plethora of targeted therapies in development, methods to efficiently investigate 

drug response in primary AML samples are more important than ever. Moreover, all new 

drugs may eventually induce resistance with mechanisms currently uncovered by standard 

chemotherapy. Several aspects should be considered when planning drug sensitivity/

resistance experiments, depending on the research question, drug properties, readout 

methods and desired translational value. Although many useful methods have been 

developed, including suspension cultures, stromal co-cultures and 3D cultures, successful 

and reproducible data collection is largely dependent on the investigator’s experience 

and on the quality of sample itself. Having accurate results that adequately answer 

the research question are also dependent on the culture method selected. Laboratories 

performing ex vivo primary AML cultures should invest efforts in adopting and fine-tuning 

several methods and carefully choose the appropriate method for each experiment. 

Peer-review of experimental papers should be critical on appropriate culture technique 

description in the materials and methods section, and the presence of culture method 

specific effects. We anticipate that further development and standardization of these 

assays will contribute to improved selection of successful novel treatment options for 

AML patients. 
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Abstract
Novel treatment strategies are of paramount importance to improve clinical outcomes 

in pediatric AML. Since chemotherapy is likely to remain the cornerstone of curative 

treatment of AML, insights in the molecular mechanisms that determine its cytotoxic 

effects could aid further treatment optimization. To assess which genes and pathways 

are implicated in tumor drug resistance, we correlated ex vivo drug response data to 

genome-wide gene expression profiles of 73 primary pediatric AML samples obtained 

at initial diagnosis. Ex vivo response of primary AML blasts towards cytarabine (Ara 

C), daunorubicin (DNR), etoposide (VP16), and cladribine (2-CdA) was associated with 

the expression of 101, 345, 599 and 206 genes, respectively (p < 0.001, FDR 0.004 – 

0.416). Microarray based expression of multiple genes was technically validated using 

qRT-PCR for a selection of genes. Moreover, expression levels of BRE, HIF1A, and CLEC7A 

were confirmed to be significantly (p < 0.05) associated with ex vivo drug response in 

an independent set of 48 primary pediatric AML patients. We present unique data that 

addresses transcriptomic analyses of the mechanisms underlying ex vivo drug response 

of primary tumor samples. Our data suggest that distinct gene expression profiles 

are associated with ex vivo drug response, and may confer a priori drug resistance in 

leukemic cells. The described associations represent a fundament for the development of 

interventions to overcome drug resistance in AML, and maximize the benefits of current 

chemotherapy for sensitive patients.

Introduction
The vast majority of pediatric acute myeloid leukemia (AML) patients achieve complete 

remission with current intensive chemotherapy protocols.1 Despite optimal upfront 

therapy, 30%–40% of patients relapse,2 and this substantial fraction of patients has not 

decreased with the introduction of newer treatment protocols.3 Although 60%–70% of 

these patients achieve second complete remission,4 salvage therapy often results in short- 

and long-term side effects. Therefore, reducing the requirement for salvage therapy 

is desirable. Several approaches to prevent relapse may be effective. One could focus 

on suppression of resistant clones harboring targetable mutations that may have been 

selected during induction chemotherapy,5 e.g., using FLT3 or IDH1/2 inhibitors,6, 7 which 

requires additional monitoring of clonal heterogeneity at diagnosis and in complete 

remission. An alternative approach to prevent relapse is the eradication of all leukemic 

cells with initial (combination) therapy. 

The backbone of chemotherapeutic regimens in AML contains the deoxynucleoside 

analogue cytosine arabinoside (Ara C), combined with an anthracycline such as 

daunorubicin (DNR), and often with the topoisomerase inhibitor etoposide (VP16).8 In 

adult AML patients, ex vivo resistance towards Ara C is associated with an increased risk of 

relapse and poor outcomes, mediated by blast-specific or stroma-specific phenotypes.9, 10  

However, controversy exists with regard to the translational capacity of primary AML 

samples for ex vivo drug sensitivity testing.11-15 Ex vivo culture data are hampered by 

variation in cell viability and limited cell proliferation. We have developed strict protocols 

and quality control to ensure reliable results for ex vivo drug testing of primary leukemia 

samples. Using highly standardized assays, data on ex vivo drug response have been 

successfully linked to resistance mechanisms that were shown to be relevant in  

further studies.16, 17

Some previous studies reported that patient samples with a high ex vivo drug resistance 

towards Ara C were not only resistant towards other deoxynucleotide analogues (e.g., 

fludarabine or gemcitabine),18 but also towards other chemotherapeutics with different 

modes of action (such as VP16 or DNR).19, 20 An intrinsic property of leukemic cells that 

is thought to play an important role in resistance to Ara C, is the ability to transport 

the drug across the plasma membrane in both directions.21 The influx of Ara C may 

be influenced by the expression of nucleoside transporter proteins that limit drug 

accumulation at a standard dose of Ara C, e.g., via the equilibrate nucleoside transporter 

protein (hENT1/SLC29A1).22, 23 Additional mechanisms of Ara C resistance concern altered 

oxidative phosphorylation status,24 NT5C2 mutations and alteration of DCK and SAMHD1 

expression levels.25-27 On the other hand, the effectiveness of other drugs may also be 

hampered by drug efflux, which is strongly influenced by the activity of multidrug efflux 

transporters, including ABCC and ABCG2, members of the ABC family.28, 29 Other general 

drug resistance mechanisms include alterations in cellular metabolism, signal transduction 

pathways, proliferative capacity or qualitative and/or quantitative alterations in  

the drug target.30-32 



Ex Vivo Drug Response Genes in Pediatric Acute Myeloid LeukemiaChapter 3

62 63

In addition to these mechanistic studies focusing on a single target, a few studies 

describe genome wide gene expression profiles that were associated with drug resistance 

in pediatric AML patients. Lamba et al.,33 combined genome wide-gene expression data, 

ex vivo Ara C response data and clinical response parameters from 88 AML patients. 

Markers were identified that were predictive for beneficial (240 probe sets) or a detrimental 

(97 probe sets) Ara C related clinical response. McNeer et al. correlated clinical data 

with whole genome DNA and RNA sequencing in a set of 28 patients, and showed that 

certain recurrent molecular aberrations (e.g., NUP98 rearrangements) are predictive for 

induction therapy failure, but did not observe distinct expression patterns in primary 

resistant pediatric AML patients.34

The above data indicate that drug response of AML patients is (partly) due to intrinsic 

properties of leukemic cells and may be modulated via the expression of specific proteins. 

Detailed knowledge of the cellular mechanisms that determine overall drug response 

towards commonly used chemotherapeutics in AML is lacking, and remains crucial for 

the development of new treatment strategies. Here, we hypothesized that AML cells 

possess a priori usage of specific signaling pathways—which can be detected by gene 

expression profiles—that contribute to drug response. To explore this hypothesis, we 

studied the relationship between gene expression and ex vivo response to four chemo-

therapeutic drugs in a discovery cohort of 73 pediatric AML patients. We observed genes 

related to previously reported pathways and novel genes to be related to ex vivo drug 

resistance. Five uncovered genes associated with response to multiple drugs were selected, 

and differential expression was validated in an independent cohort of 48 pediatric AML 

patients. Our gene-expression-based data show that the heterogeneous drug response 

genes relate to key pathways, which may underlie the molecular basis of cellular drug 

resistance in pediatric AML. With this data, we aim to contribute to the understanding 

of response mechanisms and the development of novel approaches to circumvent drug 

resistance for the individual patient.

Results
Patients and Ex Vivo Drug Response of Primary AML Blasts
A schematic overview of experiments and analyses is given in Figure A1. In the discovery 

cohort, 63.4% of patients were male, with overrepresentation of MLL-rearranged AML 

patients (27.5%, Table A1). We tested primary blast cells of de novo pediatric AML patients 

for ex vivo response towards the chemotherapeutic agents Ara C (n = 121), DNR (n = 

119), cladribine (2-CdA) (n = 103) and VP16 (n = 70), which are used for the treatment 

of AML routinely, or in trial setting.35-37 All drugs showed a dose-dependent cytotoxicity 

in the tested drug concentration ranges (representative dose-response curves are shown 

in Figure 1), with exception of one sample in the discovery cohort, and three samples 

in the validation cohort, which did not reach the LC50 with the used drug concentration 

ranges for one or more drugs (Supplementary Table S1). The LC50 values for all cytotoxic 

drugs from the discovery and validation cohorts are shown in Figure 2A,B and Table A2. 

Of note, a selection of patients in the validation cohort showed relatively high LC50 values 

for 2-CdA, which were not present in the discovery cohort. Ex vivo drug response varied 

among karyotype groups, with the most apparent differences observed towards 2-CdA 

(Kruskal-Wallis p = 0.063, Figure A2). Overall, no statistically significant differences were 

observed between karyotypes. We then investigated whether aberrations in recurrently 

mutated genes were associated with the observed drug response profiles. Although 

small subgroups hampered these analyses, ex vivo drug response was not significantly 

associated with recurrent gene mutations (unpaired t-test p ≥ 0.1, Supplementary Figure 

S1 and Table A2). Of note, samples with CEPBA mutations displayed a slightly enhanced 

drug response towards all drugs compared to wild type samples (p = 0.13, Supplementary 

Figure S1). To test whether samples displayed ex vivo cross-resistance, we calculated 

the Spearman’s rank correlation using the LC50 values of the four drugs (Figure 2C). In 

the discovery cohort, a cross-resistance of patients’ blasts was observed between VP16 
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Figure 1. Representative dose-response curves for ex vivo drug response of primary acute 
myeloid leukemia (AML) samples towards (A) cytarabine (Ara C), (B) daunorubicin (DNR), (C) 
cladribine (2-CdA), and (D) etoposide (VP16). Responsive and resistant samples have LC50 values 
below the 30th and 70th percentile, respectively. Error bars represent standard error of the mean. 
The number of samples visualized is displayed per response-group. Data from each patient sample 
was assessed using technical duplicates.
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Figure 2. Distribution of ex vivo drug response data (LC50) for chemotherapeutic drugs and 
cross-resistance. Ex vivo drug response of primary AML cells to: Ara C, DNR, 2-CdA and VP16. Data 
are depicted as LC50 values, the drug concentration (µM) at which 50% of the cells in the assay die. 
Each dot represents the LC50 value of an individual sample. (A) Ex vivo drug response in discovery and 
(B) independent validation cohort. Cross-resistance between the tested drugs in (C) the discovery 
cohort and (D) validation cohort. Numbers represent the Spearman’s correlation coefficient of LC50 
values between shown drugs. p-value is calculated likewise and depicted according to the indicated 
color scheme.

and the other drugs: Ara C (r = 0.38, p = 0.02) and in particular DNR and 2-CdA (r = 0.61 

and r = 0.54, p < 0.001 and p = 0.001, respectively) (Figure 2C). Moreover, similar drug 

responses were observed within patients for the two nucleoside analogues, Ara C and 

2-CdA (r = 0.44, p < 0.001). In contrast to others, who reported ex vivo cross-resistance 

towards Ara C and DNR using similar methods, we observed no correlations between 

LC50 of these drugs.18 Although differences in the mechanism of action of the drugs may 

explain this, the possibility cannot be excluded that the lack of this cross-resistance is 

due to the relatively small sample size. Independent validation of these findings in 48 

patients confirmed a cross-resistance between 2-CdA, VP16 and DNR, but not with Ara C  

(Figure 2D).

Correlation of Gene Expression with Ex Vivo Drug Response
To assess associations between gene expression levels and ex vivo drug response, 

we correlated microarray data with ex vivo LC50 values. For Ara C, DNR, 2-CdA, and 

VP16, we identified 128, 461, 279, and 731 probes, respectively, that were associated  

(p < 0.001) with ex vivo drug response, representing 101, 345, 206, and 599 unique 

coding genes. Figure 3 shows heatmaps of the intensity levels of all associated probes with 

a p-value < 0.001, with patients ordered according to ex vivo drug response (LC50) and 

annotated with gene mutations. Gene mutations did not demonstrate specific patterns 

associated with the observed gene expression profiles, although several samples with 

CEBPA and WT1 clustered based on similar gene expression profiles were associated with 

DNR and VP16 response (Figure 3B,D). Distinct gene expression was especially apparent 

in patients with extremely low or high LC50 values. A complete overview is provided in 

Supplementary Table S2. Table A3 shows the top ten positively and negatively correlating 

genes for each drug. Although drug response data for VP16 were only available for 

a selection of samples, the strongest correlations between the ex vivo drug response and 

gene expression were observed for VP16, with the Spearman’s correlation coefficients 

ranging from r = −0.75 to 0.67 and FDRs between 0.004 and 0.073.

Considering the similar responses of primary AML blasts from individual patients 

towards the tested drugs, we hypothesized that certain gene expression profiles may 

correlate with an overall ex vivo drug response profile, including several drugs that have 

a distinct structure and mechanism of action. Therefore, we assessed the overlap between 

genes that correlated with ex vivo response data of the individual drugs (Supplementary 

Table S3 and Figure 4). A total of 119 protein-encoding genes were shared by two or more 

of the drugs analyzed. Overlap of drug response-associated genes was most frequent for 

VP16 and DNR.

We then assessed whether the gene expression profiles and associated pathways could 

also represent any known mechanisms underlying response. Therefore, we performed 

Gene Ontology analysis (GO, to identify associated molecular and biological processes), 

Pathway analysis (to identify in which pathways these genes may be enriched), and 

upstream regulon analyses (iRegulon, to identify which transcription factors and/or motifs 

are predicted to be responsible for the observed gene expression patterns). For these 

analyses, we used the genes that correlated with ex vivo response to the four drugs (listed 

in Supplementary Table S2, summarized results in Tables A3–A4 and Supplementary 

Figure S2, full results in Supplementary Tables S4–S5). 

The most comprehensive and strongest associations between gene expression and ex 

vivo response were observed in VP16 (731 probes). The gene expression was associated 

with GO categories and canonical pathways that are involved in metabolic processes, 

chromosome organization, cell cycle DNA replication, base excision repair, DNA repair, 

and mitotic cell cycle (Figure 5). The genes implicated in these cellular processes were 
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Figure 3. Heatmaps of ex vivo drug response associated gene expression patterns of 
pediatric AML blasts. Expression of probes was correlated to ex vivo drug response LC50 values 
using the Spearman’s Rank method. Probes were selected based on a p-value < 0.001. Probes 
(rows) were clustered using mean linkage, and samples were ordered according to ex vivo drug LC50 
towards (A) Ara C, (B) DNR, (C) 2-CdA, and (D) VP16 LC50. Bar plots represent LC50 (μM) per patient. 
Black blocks underneath heatmaps indicate presence of recurrent mutations in samples.
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strongly enriched, and are shown in the gene networks in Figure 5 and in Supplementary 

Figure S2E, and include, for example, TOP2A, GTSE1, STAG1, BRCA1, and E2F8. Most 

genes displayed lower expression in the patient samples that were relatively resistant to 

VP16. Upstream regulon analyses revealed E2F7, TFDP3, and E2F8 as the most important 

transcription factors, with 229, 280, and 215 gene targets, respectively. Genes of 

the E2F family play a crucial role in cell cycle regulation and apoptosis upon treatment 

with chemotherapeutic drugs,38 with E2F7 and E2F8 being negative regulators.39 TFDP3 

is a member of the DP transcription factor family which heterodimerizes with E2F to 

promote transcription of E2F target genes. TFDP3 overexpression confers chemo resistance 

in minimal residual disease in childhood T-cell acute lymphoblastic leukemia.40 

Ex vivo Ara C response was associated with 128 probes, related to e.g., H3-K4 specific 

histone methyl transferase activity, according to the associations with elevated expression 

levels of KMT2B, KMT2D, and RBBP5. Gene ontology analysis demonstrated that these 
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Figure 4. Schematic depiction of the number of genes that (inversely) correlate significantly 
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in Supplementary Table S3.
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genes were mainly involved in epigenetic gene regulation. Gene regulatory analysis 

predicted that the observed gene expression profiles were associated with upstream 

regulation by ZNF513 (20 target genes) and ELF5 (16 target genes). ELF5 is a transcription 

factor regulating key genes e.g., FOXA1, EGFR, and MYC, and has been described as 

potential regulator of anti-estrogen resistance in luminal breast cancer41 and imatinib 

resistance in chronic myeloid leukemia.42

GO and pathway analysis on genes that were correlated with ex vivo DNR response 

(n = 461) showed enrichment in canonical pathways that mediate RNA processing, DNA 

replication, and growth hormone signaling. MEF2A was predicted to regulate the observed 

gene expression patterns with 62 target genes. It has been reported that a member of 

the MEF2 family, MEF2C, is associated with chemo resistance upon phosphorylation of 

the serine 222 residue in AML patients.43 

Among the GO categories and pathways that were associated with the gene 

expression patterns that correlated with ex vivo 2-CdA response (279 probes) were 

pathways and cellular functions involved in the modification, transcription, and binding 

of DNA and RNA. Other pathways were related to transcriptional deregulation in cancer 

and immune response. Upstream, STAT3 was predicted to regulate expression levels of 

56 of the associated genes. STAT3 was also observed to be positively correlated with drug 

resistance towards DNR and 2-CdA in this data and has been described extensively as 

a regulator of pathways related to tumorigenesis, tumor growth, and drug resistance.44

Technical and Independent Validation of the Association between 
Expression Levels of Selected Genes and Ex Vivo Drug Response
Next, we aimed to evaluate the validity of the microarray data analyses. Based on strong 

association with ex vivo towards multiple drugs resistance in the discovery cohort, we 

selected CLEC7A,45 HIF1A,46, 47 and RUNX148 for technical validation in the discovery 

cohort. Moreover, considering their known role as predictor of survival in AML, and 

the observed association with ex vivo response in the discovery cohort, we additionally 

evaluated STAT344 and BRE49 using qPCR for technical validation in 58 of the 73 patients 

from the discovery cohort. The correlation coefficients between microarray and qPCR data 

were statistically significant, with the best concordance observed for CLEC7A, HIF1A, and 

BRE (Figure 6A,B,E; Spearman’s r ranging from 0.65 to 0.88, p ranging from 9.5 × 10−8 to 

< 2.2 × 10−16). In the discovery cohort, the expression levels of HIF1A and CLEC7A, based 

Figure 5. Summary of Gene Ontology Analysis and Pathway analysis on genes that are 
associated with ex vivo VP16 response, ranked according to adjusted p-values. (A) Biological 
processes and (B) molecular functions linked to genes associated with response towards VP16. 
Pathway terms from (C) KEGG and (D) REACTOME with significantly enriched genes that are 
associated with VP16 response. An interaction network visualization on the right depicts the gene–
gene interactions for selected processes, pathways, or functions, indicated with dotted lines. Blue 
indicates a negative correlation and orange–red indicates a positive correlation with drug resistance.
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on qPCR data, correlated significantly with drug response to VP16 and DNR, respectively, 

with the strongest correlation between the DNR response and CLEC7A expression  

(r = 0.52, FDR < 0.001, Figure 6F). Expression levels of BRE were, as expected, inversely 

correlated to drug response to 2-CdA and VP16. It is important to emphasize that qPCR 

has a lower limit of detection, leading to an underestimation of the correlation for genes 

with many samples at these low ranges of expression. RUNX1 and STAT3 levels did not 

correlate with the LC50 values of any drug, which is possibly explained by the poorer 

concordance between qPCR and microarray data (r = 0.44–0.47, p = 6.4−4–1.8−4). 

To test validity of the data in an independent dataset, we performed qPCR for 

the abovementioned panel of five genes in the 48 pediatric AML samples of the validation 

cohort. The LC50 distribution in these samples towards Ara C, DNR, 2-CdA, and VP16 

is shown in Figure 2B. As distinct gene expression profiles were especially notable in 

samples with very high or low LC50, we compared sensitive and resistant samples based 

on a cut-off at the 30th and 70th percentile. This cut-off was a trade-off between 

selecting truly different response subgroups (e.g., the 25th and 75th percentiles) and 

Figure 6. Technical validation of gene expression levels of selected genes. Scatter plots of 
gene expression levels measured by microarray and qPCR for: (A) CLEC7A, (B) HIF1A, (C) STAT3, 
(D) RUNX1, and (E) BRE. Correlation coefficients and p-values are calculated using the Spearman’s 
rank correlation. (F) The Spearman’s rank correlation coefficients and FDRs between LC50 of Ara C, 
DNR, 2-CdA, and VP16 and expression levels of the abovementioned genes, measured by qPCR in 
the discovery cohort.
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the appropriate number of patients per group for statistical analyses. Overall, expression 

differences between resistant and sensitive samples were subtle (Figure 7). RUNX1 and 

STAT3 were not differentially expressed among drug-response groups (Figure 7D and 

data not shown). Samples with high VP16 LC50 values had higher CLEC7A and HIF1A 

expression, compared to samples with LC50 values below the 30th percentile (Wilcoxon 

Rank Sum test, p = 0.03 and p = 0.02, respectively, Figure 7E,F). HIF1A expression was 

significantly higher, and BRE expression was significantly lower in DNR-resistant samples 

(Figure 7B,C, p = 0.004 and p = 0.01, respectively), in line with previous reports where 

high BRE expression was observed to predict favorable outcome in MLL-rearranged  

AML patients.49, 50 

Although we primarily aimed to investigate ex vivo drug response, we addressed 

whether ex vivo response was associated with adverse clinical outcomes. In this relatively 

small pediatric AML-population, we did not observe such associations. Additionally, 

cross-resistance in the discovery cohort (defined by LC50 above the median for two or 

more drugs) was not predictive for adverse clinical outcomes. We investigated whether 

expression levels of genes associated with ex vivo drug response would have prognostic 

potential, using the AML dataset by Li et al.51 and data from TCGA.52 In the first dataset, 

CLEC7A expression was associated with a poorer overall survival compared to low 

Figure 7. Independent validation of expression levels measured by qPCR of selected genes 
in samples of 48 pediatric AML patients. Expression levels of BRE in sensitive (light blue), 
intermediate (white), and resistant (red) patient samples, based on 30th and 70th percentile towards 
(A) Ara C and (B) DNR. (C) Expression levels of HIF1A, according to response to DNR. (D) Expression 
levels of RUNX1, according to response to 2-CdA. (E) Expression levels of CLEC7A and (F) HIF1A, 
according to the response to VP16. p-values were calculated using Wilcoxon Rank Sum test.
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CLEC7A expression (p = 0.0013, optimal cut-off at the 11th percentile). Additionally, 

low BRE expression (p = 0.021–< 0.001, depending on selected probe) and high HIF1A 

expression predicted poor overall survival in this dataset (p = 0.0053, optimal cut-off at 

the 37th percentile). In the TCGA dataset, only high and intermediate HIF1A expression 

were predictive for shorter disease-free survival, compared to low expression, below 

the 30th percentile (p = 0.0071). Although this analysis lacks the combined effect of 

these gene expressions and multivariable validation, these data suggest the added 

value of the observed gene expression profiles associated with ex vivo drug response in 

the discovery set.

Discussion
In summary, we provide a transcriptomic dataset of primary pediatric AML samples 

in relation to ex vivo drug response towards Ara C, DNR, VP16 and 2-CdA. We show 

meaningfulness of the data by providing examples of known biology underlying ex vivo 

drug response towards chemotherapeutical drugs, as well as by providing internal and 

external validation data for selected genes (available through Supplementary Data). 

Among the relatively low number of genes associated with Ara C response, we 

observed the enrichment of genes related to epigenetic regulation (e.g., KMT2B and 

KMT2D (also known as MLL2 and MLL44)). In pediatric AML, MLL genes are notorious 

because of the frequent rearrangements that comprise a cytogenetic subgroup of 

often poor prognosis patients.53 Wild type MLL genes play a crucial role in eukaryotic 

transcription factor 2 (E2F)-mediated DNA damage response and apoptosis. E2F1 

associates with the MLL family of histone methyl transferases, and with host cell factor 

1 (HCF1), to induce apoptosis upon DNA damage.54 It has become increasingly clear 

that E2F1, through complex functions via the p73/DNp73-miR205 axis, is both involved 

in regulating drug resistance and cancer progression as a genotoxic-treatment induced 

apoptosis,38, 55, 56 with context-dependent effects.57, 58 We observed E2F7 and E2F8 as 

negatively correlated to drug resistance (Supplementary Table S2) and, as predicted 

upstream regulators of the observed gene expression profiles (Supplementary Table S5). 

This suggests that expression profiles may be the result of shared transcription factors 

and/or motifs related to E2F. Indeed, shared motifs regulating E2F family members were 

predicted to control the expression of genes correlated with both Ara C and DNR, as 

well as DNR and VP16 (Supplementary Table S5). The functional interpretation of these 

observations remains difficult, as conflicting results have been published on the role of 

over- and underexpression of these transcription factors in relation to cancer.59-64 Although 

finding transcription factors related to cell cycle and apoptosis may seem logical, as most 

cytostatic agents target fast cycling cells, these observations both confirm the quality of 

the data and stress the function of this upstream regulator. 

The most frequent overlap of genes that correlated with drug resistance was observed 

for DNR and VP16. Interestingly, these genes are implicated in the mechanism of action of 

these drugs; for example, the gene expression levels of DNA polymerases POLE3-4 were 

inversely correlated to DNR resistance. In concordance with previous reports,65 expression 

of the TOP2A gene—the direct target of VP16—was inversely correlated with ex vivo VP16 

resistance (r = −0.57). Expression levels of members of the solute carrier family proteins 

(SLC) were associated with ex vivo resistance towards all antitumor drugs (Supplementary 

Table S2). SLC proteins comprise a large family of transporters, some of which are directly 

or indirectly associated with drug resistance. In this respect, SLC2A3 (GLUT3) expression 

was positively correlated with drug resistance towards DNR, VP16, and 2-CdA (r = 0.44, r 

= 0.55 and r = 0.48, respectively, Supplementary Table S2). SLC2A3 expression levels were 

found to be increased in virtually all types of cancer cell lines, including leukemia. In these 

cell lines, it was also shown that the use of glucose transport inhibitors that interact with 

SLC2A3 and related molecules can sensitize cancer cells to drugs including DNR under 

hypoxic conditions.66

In an independent validation cohort, we observed that HIF1A, BRE, and CLEC7A 

levels were related to drug response. The roles for HIF1A and BRE have been previously 

described in drug resistance and clinical outcomes in myeloid malignancies.49, 51 Although 

the CLEC genes, especially CLEC12A or CLL-1, have been previously linked to drug 

resistance, and proposed as treatment targets in AML,67 CLEC7A was not yet associated 

with a drug resistance phenotype. Specifically, CLEC7A plays a role in innate immune 

response, and is thus predominantly expressed in the bone marrow, lymphoid tissue, and 

blood. High CLEC7A expression has been identified as an adverse prognostic factor in 

renal cell carcinoma.45 

For the appropriate translation of our findings to the clinic, a major limitation 

of our study is the response measurements of single drugs, while in the clinic, 

combinations of chemotherapeutic drugs are common practice to overcome resistance in 

the heterogeneous AML cell populations. This may partly explain the lack of association 

with clinical outcomes. Moreover, differential expression in single genes may not be able 

to elicit a clear phenotype. In summary, we showed gene sets and signaling pathways 

relevant for ex vivo drug response. These results should be explored in more detail to 

allow further clinical translation. 

Materials and Methods
Patient Samples
The current study group of 121 pediatric AML patients was divided in a discovery cohort  

(n = 73), for which microarray-based gene expression data was available,68 and a validation 

cohort (n = 48). The study was approved by the Institutional Review Board according to 

national law and regulations and informed consent was obtained for all patients. Patients 

were diagnosed with AML between 1984 and 2017. Clinical patient characteristics are 

summarized in Table A1 and an overview of tests performed is given in Table A5. Viably 

frozen bone marrow or peripheral blood samples were provided by the Dutch Childhood 

Oncology Group (DCOG) and the ‘Berlin-Frankfurt-Münster’ AML Study Group (BFM-AML 
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SG). RNA or cDNA samples for qPCR were provided by the DCOG or the Princess Maxima 

Center for Pediatric Oncology in Utrecht (PMC).

Leukemic cells were isolated by Ficoll gradient centrifugation (1.077 g/mL Amersham 

Biosciences, Freiburg, Germany) and non-leukemic cells were eliminated as previously 

described.20 Detailed leukemic cell isolation procedures are available in the Supplementary 

Material. After processing, samples contained more than 80% leukemic cells, as 

determined by morphology, using cytospins stained with May-Grünwald-Giemsa (Merck, 

Darmstadt, Germany). A minimum of 5 × 106 leukemic cells were lysed in Trizol reagent 

(Invitrogen, Life Technologies, Breda, The Netherlands). Genomic DNA and RNA were 

isolated as described.49 Leukemic samples were routinely analyzed for cytogenetic 

aberrations by chromosome-banding analysis, and screened by participating childhood 

oncology groups for recurrent non-random genetic aberrations characteristic for AML, 

including MLL-rearrangements, inv(16), t(8;21), and t(15;17), using either RT-PCR and/or 

fluorescence in situ hybridization (FISH).

Ex Vivo Drug Response
Ex vivo cytotoxicity of the deoxynucleoside analogues 1-β-D-arabinfuranosylcytosine (Ara 

C, Cytosar; Pharmacia &Upjohn, Woerden, The Netherlands) and 2-chlorodeoxyadenosine 

(2-CdA, Leustatin, Ortho Biotech, USA), the anthracycline daunorubicin (DNR, Cerubidine, 

Rhône-Poulenc, France), and the topoisomerase II inhibitor etoposide phosphate (VP16, 

etoposide-TEVA; TEVA-Pharma, Netherlands) was determined after 96 h drug exposure 

using MTT69 on fresh, non-cryopreserved primary AML samples. Briefly, six concentrations 

of each drug were used in the following ranges: Ara C (0.04 – 41 μM); 2-CdA (0.001 - 

140 μM); DNR (0.004 – 4 μM), and VP16 (0.09 – 3.4 μM). Cells without any drug added 

were included as controls and wells containing culture medium only were used as blanks. 

The cells were cultured for 96 h at 37 °C in a humidified atmosphere containing 5% CO2, 

after which 10 µl of 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazoliumbromide (MTT; 

5 mg ml-1, Sigma Aldrich, Zwijndrecht, The Netherlands) was added. Formazan crystals 

(indicating metabolically viable cells) were dissolved using acidified isopropanol (0.04 N 

HCl-isopropyl alcohol) and the optical density (OD) was measured spectrophotometrically 

at 562 nm and 720 nm. Importantly, only high quality data were used with stringent 

criteria, since 25% of ex vivo samples cannot be used in ex vivo assays, due to limited 

viability or low blast percentage, and 20% of MTTs are not evaluable, due to low number 

of remaining blasts at day 4. Evaluable results were obtained when a minimum of 

70% leukemic blast cells was present at day 4 in control wells and when the control 

OD was > 0.05. Dose response curves were obtained, and drug responses were 

summarized using the LC50 value, the drug concentration achieving 50% lethality of 

the leukemic cells. Details methods for the ex vivo drug response assays are available in  

the Supplementary Material.

qPCR
DNA and RNA samples were available from routine processing of diagnostic samples. 

cDNA was synthesized from RNA samples as previously described.70 Probes for 

RUNX1 (Hs00231079_m1), HIF1A (Hs00153153_m1), BRE (Hs01046283_m1), STAT3 

(Hs00374280_m1), CLEC7A (Hs01902549_s1), and GAPDH (Hs02786624_g1) (Thermo 

Scientific, Waltham, MA, US) were used to quantify gene expression, according to 

the manufacturers’ instructions and as previously described.70 All gene expression data 

were calculated relative to GAPDH expression using the delta(CT) method.

Data Preprocessing and Statistical Analyses
Data were preprocessed as previously described68 The variance stabilization normalization 

procedure (VSN)71 was applied to remove background signals and to normalize raw data 

across arrays. Log2 transformed expression values were calculated from perfect match 

(PM) probes only, and summarized using median polishing. The original and processed 

data have been deposited in the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.

nlm.nih.gov/geo) under GEO Series accession number GSE17855. Expression values were 

correlated with the LC50 values of the MTT assays using the Spearman’s rank correlation. 

A nominal p-value of 0.001 was used to identify correlated genes. p-value correction 

was performed using FDR approach. Group means were compared according to 

the appropriate statistical methods considering distribution of the data, and are indicated 

per situation in the results section.

Software
RStudio (version 3.6.1) was used to run the abovementioned analyses (RStudio Inc, 

Boston, MA, US). Hierarchical clustering analysis with average linkage was performed 

and visualized using ComplexHeatmap.72 Correlation analyses were performed using 

base R functions and visualized using corrplot.73 Gene Ontology (GO) and Pathway 

analyses were performed using g:Profiler.74 Upstream regulator analyses were performed 

using String (https://string-db.org/) and the Cytoscape (version 3.7.2) plugin iRegulon  

(version 1.3).75-77

Conclusions
Here, we provide novel gene-expression based data, supporting the notion that multiple 

deregulated pathways can lead to distinct drug response phenotypes in myeloid 

neoplasia.78 Further studies are required to clarify whether or not modulation of 

the identified pathways may improve response to cornerstone chemotherapeutic drugs 

that continue to be our first line treatment of AML. Ultimately, we anticipate that this 

will support the development of novel clinical approaches, leading to deeper responses 

with elimination of the residual resistant cells, thereby preventing relapse and improving 

the prognosis of AML patients. 
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Supplementary Materials
The following are available online at https://www.mdpi.com/2072-6694/12/5/1247/s1:

Supplementary Methods.
Supplementary Figure S1. Complete comparisons of LC50 values within genetic subtypes. 

Supplementary Figure S2. Extended overview of Gene Ontology and Pathway analyses 

with genes associated with chemo resistance towards (A) Ara C, (B) DNR, (C) 2-CdA and 

(D) VP16. (E) Significantly enriched genes involved in biological processes associated with 

drug resistance towards VP16. 

Supplementary Table S1. Drug-response LC50 and qPCR data from the discovery and 

validation cohort. 

Supplementary Table S2. Complete overview of probes and genes associated with ex 

vivo drug resistance. Gene symbols and microarray probes with the Spearman’s Correlation 

Coefficient, p-value and FDR with respect to LC50 values towards all drugs are provided. 

Supplementary Table S3. Overlapping Genes and Probes associated with drug response 

towards all tested drugs. 

Supplementary Table S4. Complete Gene Ontology and Pathway Analysis. 

Supplementary Table S5. Upstream Regulatory (iRegulon) Analysis. 
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Appendix 

Figure A1. Schematic overview of analyses. Mononuclear cells were isolated from 73 primary 
pediatric AML samples at initial diagnosis. These mononuclear cells were either tested for Ex Vivo 
resistance towards Ara C, DNR, VP16 and 2-CdA or they were used for gene expression microarray. 
Technical validation was performed on an independent set of 48 primary AML samples.
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Figure A2. LC50 (µM) per karyotype group of patient samples from the discovery cohort 
towards (A) Ara C, (B) DNR, (C) 2-CdA and (D) VP16. P-values were calculated using Kruskal-
Wallis comparison for multiple groups.
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Table A1. Patient characteristics of patients from the discovery and validation cohort.

Characteristic Molecular Aberration
Discovery Set n = 73

median (range)
Validation Set n = 48

median (range)

Age 8.90 (0.0–15.8) 7.33 (0.0–16.9)
% leukemia blasts 87 (33–98) 78.00 (33–98)
Time to relapse (months) 9.8 (0.6–125.5) 20.1 (2.1–107.0)
Overall survival (months) 26.1 (2.6–148.5) 37.5 (0.1–195.8)

n (%) n (%)

Males, n (%) 45 (63.4) 30 (62.5)
Cytogenetics Normal 16 (38.1) 10 (21.7)

t(8;21) 7 (21.9) 2 (4.3)
MLL rearranged 19 (43.2) 10 (21.7)
Abnormal 16 8 (25.0) 1 (2.2)
-7/7q- 1 (4.2) 1 (2.2)
-5/5q- 0 (0.0) 0 (0.0)
Tris8 2 (8.0) 3 (6.5)
Complex 0 (0.0) 3 (6.5)
Other 14 (38.9) 14 (30.4)
No data 2 (8.3) 2 (4.3)

Gene mutations FLT3/ITD 15 (40.5) 7 (24.1)
NPM1 6 (22.2) 2 (6.9)
CEBPA 5 (20.0) 2 (6.9)
WT1 5 (20.8) 6 (20.7)
NRAS/KRAS 15 (44.1) 8 (27.6)
CKIT 9 (32.1) 3 (10.3)
PTPN11 0 (0.0) 1 (3.4)
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Table A2. Median LC50 (µM) of patient samples in the discovery cohort per molecular group. Visualization 
and full mutation group-comparison results can be found in Supplementary Figure S1. No statistical 
differences in LC50 values were observed between genetic (p > 0.1, unpaired t-test) or karyotype groups 
(p > 0.063, Kruskal-Wallis).

Category Molecular Aberration n Ara C DNR 2-CdA VP16

Total 38–73 1.48 0.33 0.07 4.55
Cytogenetics

Normal 16 1.09 0.30 0.08 4.51
t(8;21) 7 1.54 0.33 0.08 11.05
MLL rearranged 19 1.23 0.24 0.01 3.62
Abnormal 16 8 1.37 0.68 0.08 22.48
-7/7q- 1 2.09 0.47 0.13 5.12
Tris8 2 1.14 0.52 0.08 0.00
Other 14 1.37 0.26 0.06 4.25

Gene mutations
FLT3/ITD 15 1.07 0.34 0.08 4.51
NPM1 6 1.07 0.27 0.21 4.51
CEBPA 5 0.79 0.41 0.01 3.99
WT1 5 0.79 0.42 0.03 4.37
NRAS/KRAS 15 1.29 0.43 0.09 13.08
CKIT 9 1.54 0.36 0.08 15.85

Ta
b

le
 A

3.
 T

op
 1

0 
po

si
tiv

el
y 

an
d 

ne
ga

tiv
el

y 
co

rr
el

at
in

g 
ge

ne
s p

er
 d

ru
g.

 C
or

re
la

tio
n 

co
ef

fic
ie

nt
 a

nd
 p

-v
al

ue
s w

er
e 

ca
lc

ul
at

ed
 u

si
ng

 th
e 

Sp
ea

rm
an

’s
 ra

nk
 c

or
re

la
tio

n.

R
an

k
A

ra
 C

D
N

R
2-

C
d

A
V

P1
6

R
sp

ea
rm

an
p

G
en

e
R

sp
ea

rm
an

p
G

en
e

R
sp

ea
rm

an
p

G
en

e
R

sp
ea

rm
an

p
G

en
e

Po
si

ti
ve

 c
o

rr
el

at
io

n
1

0.
54

1.
51

 ×
 1

0-6
RD

H
13

0.
58

1.
42

 ×
 1

0-7
C

LE
C

7A
0.

54
1.

00
 ×

 1
0-5

TA
B2

0.
67

3.
70

 ×
 1

0-6
M

A
LA

T1
2

0.
50

1.
25

 ×
 1

0-5
LO

C
33

99
88

0.
53

2.
22

 ×
 1

0-6
TN

FS
F8

0.
54

1.
10

 ×
 1

0-5
C

Y
TI

P
0.

66
8.

08
 ×

 1
0-6

C
LE

C
7A

3
0.

50
1.

27
 ×

 1
0-5

PM
L

0.
52

5.
90

 ×
 1

0-6
PR

K
C

H
0.

53
1.

28
 ×

 1
0-5

BN
IP

3L
0.

65
1.

23
 ×

 1
0-5

C
1o

rf
11

5
4

0.
49

1.
91

 ×
 1

0-5
TM

EM
25

9
0.

51
7.

11
 ×

 1
0-6

TN
FS

F8
0.

52
2.

13
 ×

 1
0-5

PI
K

3I
P1

0.
63

2.
15

 ×
 1

0-5
SY

N
J2

5
0.

48
2.

59
 ×

 1
0-5

K
M

T2
D

0.
51

7.
30

 ×
 1

0-6
SH

2D
1A

0.
52

2.
14

 ×
 1

0-5
TC

F7
L2

0.
63

2.
29

 ×
 1

0-5
SP

A
TA

13
6

0.
47

3.
88

 ×
 1

0-5
D

C
A

F1
5

0.
51

8.
31

 ×
 1

0-6
H

A
V

C
R2

0.
52

2.
52

 ×
 1

0-5
LO

X
L1

0.
62

2.
94

 ×
 1

0-5
A

TP
1B

3
7

0.
47

4.
59

 ×
 1

0-5
A

TG
9A

0.
51

8.
33

 ×
 1

0-6
N

PD
C

1
0.

52
2.

70
 ×

 1
0-5

M
A

LA
T1

0.
61

5.
10

 ×
 1

0-5
N

FK
BI

D
8

0.
46

5.
59

 ×
 1

0-5
A

RF
G

A
P1

0.
50

1.
23

 ×
 1

0-5
TN

FA
IP

3
0.

51
4.

09
 ×

 1
0-5

G
LS

0.
61

5.
32

 ×
 1

0-5
ZB

TB
18

9
0.

46
7.

32
 ×

 1
0-5

K
M

T2
B

0.
49

2.
21

 ×
 1

0-5
TN

FS
F8

0.
51

4.
17

 ×
 1

0-5
FO

X
O

3
0.

60
6.

73
 ×

 1
0-5

PP
P1

R1
6B

10
0.

45
8.

24
 ×

 1
0-5

BA
Z2

A
0.

49
2.

28
 ×

 1
0-5

RN
F2

13
0.

50
4.

66
 ×

 1
0-5

O
SE

R1
0.

60
8.

08
 ×

 1
0-5

U
SP

53
N

eg
at

iv
e 

co
rr

el
at

io
n

10
−

0.
44

1.
38

 ×
 1

0-4
TM

EM
38

B
−

0.
53

3.
22

 ×
 1

0-6
C

BX
3

−
0.

49
8.

74
 ×

 1
0-5

G
O

LG
A

8C
P 

−
0.

65
1.

17
 ×

 1
0-5

FA
R1

9
−

0.
44

1.
18

 ×
 1

0-4
FA

M
16

2A
−

0.
53

2.
81

 ×
 1

0-6
U

N
C

13
B

−
0.

49
7.

51
 ×

 1
0-5

C
5o

rf
63

−
0.

65
9.

87
 ×

 1
0-6

N
O

P1
6

8
−

0.
44

1.
14

 ×
 1

0-4
PP

A
2

−
0.

53
2.

73
 ×

 1
0-6

C
6o

rf
99

−
0.

50
6.

10
 ×

 1
0-5

G
O

LG
A

8N
−

0.
65

9.
69

 ×
 1

0-6
RC

A
N

3
7

−
0.

45
8.

11
 ×

 1
0-5

ST
RN

−
0.

53
2.

64
 ×

 1
0-6

C
C

D
C

12
5

−
0.

50
5.

07
 ×

 1
0-5

H
O

X
A

9
−

0.
66

7.
36

 ×
 1

0-6
IK

BK
A

P
6

−
0.

46
7.

21
 ×

 1
0-5

N
X

PE
3

−
0.

53
2.

28
 ×

 1
0-6

FA
M

12
7A

−
0.

50
4.

89
 ×

 1
0-5

LO
C

10
19

27
85

1
−

0.
66

5.
61

 ×
 1

0-6
N

M
N

A
T3

5
−

0.
46

5.
60

 ×
 1

0-5
U

TS
2

−
0.

54
2.

06
 ×

 1
0-6

TM
EM

23
7

−
0.

51
4.

03
 ×

 1
0-5

C
C

D
C

16
8

−
0.

66
5.

56
 ×

 1
0-6

IM
P3

4
−

0.
48

2.
63

 ×
 1

0-5
G

PR
78

−
0.

54
1.

87
 ×

 1
0-6

K
C

TD
15

−
0.

51
3.

82
 ×

 1
0-5

ZB
TB

24
−

0.
67

3.
62

 ×
 1

0-6
EN

TP
D

1-
A

S1
3

−
0.

49
1.

93
 ×

 1
0-5

V
W

A
8

−
0.

54
1.

35
 ×

 1
0-6

PA
RL

−
0.

51
3.

11
 ×

 1
0-5

H
6P

D
−

0.
68

2.
36

 ×
 1

0-6
LO

C
10

05
06

73
0

2
−

0.
49

1.
74

 ×
 1

0-5
PT

C
H

D
1

−
0.

56
6.

70
 ×

 1
0-7

PO
N

2
−

0.
52

2.
60

 ×
 1

0-5
C

C
L2

3
−

0.
69

1.
61

 ×
 1

0-6
FE

N
1

1
−

0.
51

5.
19

 ×
 1

0-6
C

LC
C

1
−

0.
60

6.
76

 ×
 1

0-8
PO

N
2

−
0.

54
1.

12
 ×

 1
0-5

C
C

L2
3

−
0.

75
6.

74
 ×

 1
0-

8
H

N
RN

PA
B



Ex Vivo Drug Response Genes in Pediatric Acute Myeloid LeukemiaChapter 3

82 83

Ta
b

le
 A

4.
 S

um
m

ar
y 

of
 G

en
e 

O
nt

ol
og

y 
an

d 
Pa

th
w

ay
 a

na
ly

se
s.

 T
op

 3
 G

en
e 

O
nt

ol
og

y 
(G

O
), 

K
EG

G
 a

nd
 R

EA
C

TO
M

E 
te

rm
s 

ar
e 

di
sp

la
ye

d,
 b

as
ed

 o
n 

p
-v

al
ue

.

D
ru

g
To

p
 3

 G
O

 B
io

lo
g

ic
al

 P
ro

ce
ss

es
To

p
 3

 G
O

 M
o

le
cu

la
r 

Fu
n

ct
io

n
s

To
p

 3
 K

EG
G

 P
at

h
w

ay
s

To
p

 3
 R

EA
C

TO
M

E 
Pa

th
w

ay
s

A
ra

 C
N

on
e

hi
st

on
e 

m
et

hy
lt

ra
ns

fe
ra

se
 a

ct
iv

it
y 

(H
3-

K
4 

sp
ec

ifi
c)

N
on

e
RU

N
X

1 
re

gu
la

te
s 

ge
ne

s 
in

vo
lv

ed
 in

 
m

eg
ak

ar
yo

cy
te

 d
iff

er
en

ti
at

io
n 

an
d 

pl
at

el
et

 f
un

ct
io

n

D
N

R
sn

RN
A

 3
’-

en
d 

pr
oc

es
si

ng
el

ec
tr

on
 t

ra
ns

fe
r 

ac
ti

vi
ty

D
N

A
 r

ep
lic

at
io

n
G

ro
w

th
 h

or
m

on
e 

re
ce

pt
or

 s
ig

na
lin

g
sn

RN
A

 p
ro

ce
ss

in
g

A
lz

he
im

er
 d

is
ea

se
sn

RN
A

 m
et

ab
ol

ic
 p

ro
ce

ss
N

on
-a

lc
oh

ol
ic

 f
at

ty
 li

ve
r 

di
se

as
e 

(N
A

FL
D

)
+

 2
 G

O
 t

er
m

s
+

 2
 K

EG
G

 p
at

hw
ay

s

2-
C

d
A

re
gu

la
ti

on
 o

f 
tr

an
sc

ri
pt

io
n 

by
 

RN
A

 p
ol

ym
er

as
e 

II
D

N
A

-b
in

di
ng

 t
ra

ns
cr

ip
ti

on
 f

ac
to

r 
ac

ti
vi

ty
, 

RN
A

 p
ol

ym
er

as
e 

II-
sp

ec
ifi

c
Im

m
un

e 
Sy

st
em

sy
st

em
 d

ev
el

op
m

en
t

RN
A

 p
ol

ym
er

as
e 

II 
pr

ox
im

al
 p

ro
m

ot
er

 
se

qu
en

ce
-s

pe
ci

fic
 D

N
A

 b
in

di
ng

Tr
an

sc
ri

pt
io

na
l 

m
is

re
gu

la
ti

on
 in

 c
an

ce
r

tr
an

sc
ri

pt
io

n 
by

 R
N

A
 

po
ly

m
er

as
e 

II
ki

na
se

 b
in

di
ng

+
 5

 G
O

 t
er

m
s

V
P1

6
ce

llu
la

r 
m

et
ab

ol
ic

 p
ro

ce
ss

ca
ta

ly
ti

c 
ac

ti
vi

ty
, 

ac
ti

ng
 o

n 
D

N
A

D
N

A
 r

ep
lic

at
io

n
C

el
l C

yc
le

ce
llu

la
r 

ni
tr

og
en

 c
om

po
un

d 
m

et
ab

ol
ic

 p
ro

ce
ss

or
ga

ni
c 

cy
cl

ic
 c

om
po

un
d 

bi
nd

in
g

Ba
se

 e
xc

is
io

n 
re

pa
ir

D
N

A
 R

ep
ai

r

ce
ll 

cy
cl

e 
D

N
A

 r
ep

lic
at

io
n

he
te

ro
cy

cl
ic

 c
om

po
un

d 
bi

nd
in

g
Ri

bo
so

m
e 

bi
og

en
es

is
 in

 
eu

ka
ry

ot
es

C
el

l C
yc

le
, 

M
it

ot
ic

+
 5

6 
G

O
 t

er
m

s
+

 1
0 

G
O

 t
er

m
s

+
 1

 K
EG

G
 P

at
hw

ay
s

+
 4

2 
RE

A
C

TO
M

E 
Pa

th
w

ay
s

Table A5. Summary of experimental test performed in the discovery and validation cohort. MicroArray 
data were available for all patients in the discovery cohort. Ex vivo drug response MTT data were 
available for a selection of patients. qPCR data were available for all patients in the validation cohort.

Technique Drug
Discovery Cohort
n of Patients (%)

Validation Cohort
n of Patients (%)

MicroArray-based gene expression data 73 (100.0) - -
MTT Ara C 70 (95.9) 48 (100.0)

DNR 69 (94.5) 45 (93.8)
2-CdA 59 (80.8) 41 (85.4)
VP16 38 (52.1) 26 (54.2)

qPCR 58 (79.5) 48 (100.0)
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Summary
Limited data are available on the incidence and impact of TP53 alterations and TP53 

pathway deregulation in paediatric acute myeloid leukaemia. We analysed TP53 

alterations in bone marrow samples of 229 patients with de novo paediatric AML, and 

detected heterozygous missense exon mutations in two patients (1%) and 17p deletions 

of the TP53 gene in four patients (2%). These patients more frequently had complex 

karyotype (50% vs. 4%, p = 0.002) or adverse cytogenetic abnormalities including 

complex karyotype (67% vs. 17%, p = 0.013) compared with TP53 wild-type. Differential 

expression of TP53 pathway genes was associated with poor survival, indicating a role for 

TP53 regulators and effector genes.

Introduction
Acute myeloid leukaemia (AML) is a clonal neoplasm derived from myeloid progenitor 

cells with a variable outcome. AML is rare in children and compared with adult AML, 

certain genetic alterations are less frequently present and thus arduous to study. 

The tumour suppressor protein P53 (TP53) gene encodes for a protein involved in 

maintaining genomic stability under cellular stress conditions. Mutations in TP53 occur 

in 5-18% of adult AML cases, and confer a dismal outcome.1 TP53 pathway dysfunction 

occurs much more frequently (up to 40% of cases) than mutations in TP53.2 These 

TP53 pathway dysfunctions include overexpression of negative regulators of TP53, i.e. 

Murine Double Minute 2 and 4 (MDM2-4, respectively) and result in TP53 suppression 

and are leukaemogenic.3 Other TP53 pathway abnormalities observed in AML leading to 

altered or inactivated wild-type TP53 (WT-TP53) involve (i) deregulated post-translational 

modifications via WT-TP53 deacetylation [e.g. in AML with inv(16)(p13.1;q22)], (ii) up- and 

downstream signalling aberrations (e.g. via aberrantly activated PI3KCA/AKT1 pathways 

leading to MDM2 activation), (iii) ARF down-regulation, (iv) altered cellular localization of 

the protein and (v) miRNA deregulation (e.g. via suppression of WT-TP53 by miR-125b).4 

Despite the established knowledge of TP53 in adult haematological diseases, the incidence 

of this genetic alteration in paediatric AML seems lower than in adult AML5 and its clinical 

impact is less clear, as is the relevance of its negative regulators and downstream effector 

genes. Therefore, the aim of this study was (i) to clarify the prevalence and characteristics 

associated with TP53 mutations and alterations and (ii) to determine the role of altered 

expression TP53 pathway genes in paediatric AML.

Study design
Bone marrow samples of 229 paediatric patients aged 0 – 18.4 years, diagnosed with 

de novo AML between November 1985 and October 2006, were obtained from our 

biobank. On a large fraction of these samples (207/229), gene expression profiling had 

been previously performed using Affymetrix Human Genome U133 Plus 2.0 Array (GEO 

Accession Number GSE17855). Clinical follow up data were available for 216 patients. All 

patients, or their guardians, provided informed consent for storage of bone marrow and/

or blood samples in the biobank for future studies on diagnostic material. In all samples, 

exons 5-9 of TP53 were sequenced, covering all mutational hotspots for AML. Gene 

expression data were analysed using the R environment for statistical computing version 

3.6.1. Detailed materials and methods are available in the Supporting Information.  

Results and discussion
TP53 alterations are rare in paediatric acute myeloid leukaemia
Patient characteristics of the 229 included patients are displayed in Table SI. All patient 

samples were analysed for TP53 alterations. Two patients (1%) had a heterozygous 

missense exon mutation (C176Y and R282Q, Figure 1A) and four patients (2%) had 
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a 17p deletion upon karyotyping. Characteristics and clinical outcome of these patients 

are described in Table 1. Both mutations have been reported to cause gain-of-function, 

thereby promoting cancer progression via acquired pro-carcinogenic characteristics.6,7 One 

of these mutations was in a hotspot location in exon 8 (codon 282). Remarkably, this 

specific amino acid change (arginine to glutamine) has not previously been described in 

AML. The low incidence in children supports the established hypothesis that development 

of TP53 mutations is dependent on exposure to environmental carcinogens and aging. 

This is in line with previous findings of low frequencies of mutated TP53 in other paediatric 

cancers. Although we could not identify TP53 alterations as a relevant prognostic factor 

in this paediatric population, TP53altered AMLs more often had adverse cytogenetic 

abnormalities (67% vs. 17%, p = 0.013) and complex karyotype (defined in Table SII and 

supporting information)  (50% vs. 4%, p = 0.002) compared with TP53wild-type AMLs, similar 

to what has been described for adult AML.1 This analogy suggests that the biology and 

prognostic significance of TP53 alterations in paediatric AML is comparable  to adult AML.

Altered expression of the TP53-pathway gene RRM2B is 
associated with inferior overall survival
The significance of alterations in single genes should be interpreted in the context of 

its regulators and interacting pathway genes. TP53 is negatively regulated by MDM2 

and MDM43 and exhibits its effector functions via several proteins encoded by e.g. 

cyclins, BAX, PTEN, CDKN2A and other genes involved in cell cycle regulation, apoptosis 

and DNA damage repair. Alterations in these genes, i.e. differential expression and/or 

mutations can lead to loss of normal TP53 (pathway) function. To study the possible 

effects of TP53 pathway genes on TP53 function, we selected genes related to the TP53 

pathway using information available from KEGG PATHWAY, a database for pathway 

mapping, and analysed expression levels of these genes in relation to survival status using 

gene expression profiling data of 207 out of 229 patients. Using the Mantel-Cox test 

for proportional hazards, we tested the impact of expression levels for each of the 31 

selected TP53-related genes above the 80th percentile on overall survival (Table SIII). 

We then selected the genes that in univariate analysis had a p-value < 0.05 for testing 

Figure 1. (A) Hotspot locations of TP53 mutations. Mutations found in the described dataset are 
bold. (B) Probabilities of overall survival and (C) probabilities of event free survival based on RRM2B 
expression above the 80th percentile.

Table 1. Characteristics of patients with TP53 alterations

Patient
Molecular 
aberration Karyotype

Additional 
mutated 
genes

Age at 
diagnosis
(years) Clinical Course

1 Heterozygous 
deletion

46,XY,del(17)(p12p13) 
add(17)(p11)[2] / 46,XY,-
9,del(17)(p12p13) or 
add(17)(p11),+mar[12]

WT1, RAS 6.3 CR; relapse  
(11 months); 
death (14 months)

2 Heterozygous 
mutation 
Exon 5

C176Y

50,XY,+X,+6,+7,+19[13]/

46,XY[2]

RAS 5.8 CR; relapse  
(11 months); 
death (15 months)

3 Heterozygous 
mutation 
Exon 8 

R282Q

46,XY, ins(10;11)
(p11;q23q12)

RAS 10.6 CR; alive, censored 
at 66 months

4 Heterozygous 
deletion

46,XY,del(17)(p13.1)[10] - 14.2 Refractory 
disease, censored 
at 30 months

5 Heterozygous 
deletion

42-44,XX,-
2,add(5p),add(6q),+8,-16,  
-17,-19,+mar1,+mar2[cp10]/ 
46,XX [14]

- 2.1 CR, relapse  
(4 months); death 
(11 months)

6 Heterozygous 
deletion

49,XY,+16,del(17)
(p11),+19,+21,+21,-22 
[5]/46,XY [22]

WT1 2.1 CR; alive, 
censored at   
84 months

CR, complete remission.
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in multivariable analysis. These genes included MDM2, CDKN2A, GTSE1, ZMAT3 and 

RRM2B. For all these genes, except for ZMAT3, high expression was associated with 

inferior overall survival (Figure 1B,C and Figure S1). Functional annotation of these genes 

revealed that MDM2 is a direct negative regulator of TP53;  CDKN2A encodes for p16 

and p14arf, both tumour suppressor proteins regulating cell cycle8; GTSE1 is a protein 

regulating apoptotic signalling and cell migration and is associated with chemotherapy 

resistance9; ZMAT3 encodes for a protein containing three zinc finger domains and has 

been shown to inhibit tumour cell growth when overexpressed10; RRM2B, or TP53R2, 

encodes for an enzyme named ribonucleotide reductase regulatory TP53 inducible subunit 

M2B, responsible for generating nucleotide precursors required for DNA replication 

and is essential for normal DNA repair.11  Although correction of p-values for multiple 

testing resulted in loss of statistical significance of all genes except GTSE1, we evaluated 

all five genes for clinical significance. Multivariate analysis was thus performed taking 

other known risk factors besides the observed gene expression levels into account (i.e. 

cytogenetic risk group classification, year of therapy protocol, co-occurring FLT3-ITD, 

RAS, CEBPA mutations, WBC > 100x109/l). We applied manual forward selection based 

on p-value and hazard ratio, taking into account the total number of events occurring in 

this population. In the final multivariable model, including cytogenetic risk group and RAS 

mutation status, only RRM2B expression remained a statistically significant factor with 

a p-value of 0.037 and a Hazard Ration for overall survival (OS) of 1.79 (95% CI 1.04 – 

3.02, Table SIV). Strikingly, in this cohort, patients with a RAS mutation had a superior 

overall survival compared with wild-type, contrary to what has been published before.12  

RRM2Bhigh patients had a lower probability of achieving complete remission (CR)  

(72% vs 87%, p = 0.043) and had relatively low overall (OS) and event free survival 

(EFS) rates (Figure 1B,C, 3-year pOS 0.44 vs 0.80, p = 0.017 and 3-year pEFS 0.24 vs 

0.77, p = 0.004, respectively). Interestingly, patients with high RRM2B expression more 

often had a complex karyotype compared with other patients (13% vs 3%, p = 0.025), 

and overall more often an adverse cytogenetic risk profile (32% vs 16%, p = 0.035).  

Other clinical characteristics of patients with high RRM2B expression are shown in Table 

SV. There was no statistically significant association between RRM2B expression and 

treatment protocol, year of treatment, sex, white blood cell counts or age. Of interest, 

3 of the 5 patients with a TP53 alteration for which we had gene-expression profiling 

data available, also had high RRM2B expression. In adult AML, it has been reported that 

SNPs in RRM2B were associated with lower disease free survival (DFS).13 Contrary to 

our results, induced expression of RRM2B by decitabine was associated with a higher 

probability of CR compared with patients not exhibiting any increased gene and protein 

expression after administration of hypomethylating agents14 This might be explained 

by the possibility that epigenetic induction reflects a different mechanism leading to 

altered expression, different from the high expression in our RRM2Bhigh group. In cervical 

cancer, it was shown that RRM2B has an important regulating function in the PI3K-AKT 

signalling pathway and, overexpression of RRM2B as an independent factor for predicting  

OS and DFS.15 

In conclusion, we showed that TP53 aberrations are rare in paediatric AML. We could 

not show that TP53 mutation is an independent poor prognostic factor, but using gene 

expression profiling we could show that both expression of negative regulators as target 

genes of TP53 are potentially relevant markers for risk stratification. Future studies should 

validate our results in larger populations treated according to contemporary protocols and 

focus on unravelling the biological mechanisms and impact of TP53 pathway expression 

patterns and related potential therapeutic strategies.

Supporting Information
Additional supporting information may be found online at https://onlinelibrary.wiley.com/

doi/abs/10.1111/bjh.16229 in the Supporting Information section at the end of the article.

Supplemental Table SI. Baseline characteristics of wild-type and altered TP53 patients

Supplemental Table SII. Cytogenetic subgroups 
Supplemental Table SIII. TP53-pathway genes evaluated in overall survival analysis.  
Supplemental Table SIV. Multivariable Cox Proportional Hazard Analyses

Supplemental Table SV. Patient characteristics according to expression of the TP53 pathway 

gene RRM2B
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Supplemental Figure S1. Overall survival of patients according to expression above the 80th 

percentile of selected TP53 pathway genes based on univariate p-values < 0.05. (A): CDKN2A.  

(B): MDM2 (C): ZMAT3. (D): GTSE1.
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Abstract
Controversy exists whether internal tandem duplication of FMS-like tyrosine kinase 3 

(FLT3-internal tandem duplication [ITD]) allelic ratio (AR) and/or length of the ITD should 

be taken into account for risk stratification of pediatric acute myeloid leukemia (AML) and 

whether it should be measured on RNA or DNA. Moreover, the FLT3-ITD status may be of 

relevance for selecting patients eligible for FLT3 inhibitors. 

Here, we included 172 pediatric AML patients of whom 36 (21%) harbored 

FLT3-ITD as determined on both RNA and DNA. Although there was a good correlation 

between both parameters ARspearman = 0.62 (95% confidence interval, 0.22–0.87);  

ITDlenghtspearman = 0.98 (95% confidence interval, 0.90–1.00), only AR ≥ 0.5 and length ≥ 

48 base pairs (bps) based on RNA measurements were significantly associated to overall 

survival (AR: Plogrank = 0.008; ITDlength: Plogrank = 0.011). In large FLT3-ITDs (> 156 bps on 

DNA) a remarkable 90-bp difference exists between DNA and RNA, including intron 14 

which is spliced out in RNA. Ex vivo exposure (n = 30) to FLT3-inhibitors, in particular 

to the FLT3-specific inhibitor gilteritinib, showed that colony-forming capacity was 

significantly more reduced in  FLT3-ITD-AR ≥ 0.5 compared with FLT3-ITD-AR-low and 

FLT3-wild-type patient samples (P < 0.001). 

RNA based FLT3-ITD measurements are recommended for risk stratification and 

the relevance of AR regarding eligibility for FLT3-targeted therapy warrants further study.

Key Points
• FLT3-ITD-AR measurement based on RNA – but not on DNA – is predictive for 

survival with a cut-off point of 0.50.

• FLT3-ITD-AR is associated with ex vivo response to FLT3 inhibition with gilteritinib.

Introduction
Internal tandem duplication of FMS-like tyrosine kinase type 3 (FLT3-internal tandem 

duplication [ITD]) is a recurrent aberration, used for risk stratification in acute myeloid 

leukemia (AML).1-3 The length of the duplication is variable4 and may be associated with 

the extent of constitutive FLT3 signaling leading to increased cell proliferation.5  

Using fragment length analysis, a relatively high allelic ratio (AR) has been associated 

with a poor outcome.6-9 No consensus has been reached as to whether AR and/or 

the length of the FLT3-ITD have prognostic impact on outcome in pediatric AML, nor 

whether FLT3-ITD-AR analyses should be performed using DNA or RNA. 

The current study (1) compares FLT3-ITD measurements based on RNA and DNA, (2) 

establishes the role of both FLT3-ITD-AR and FLT3-ITD length for further risk classification 

and (3) determines whether ex vivo sensitivity to selected FLT3-inhibitors depends on 

 FLT3-ITD-AR and FLT3-ITD length.

Study design
Diagnostic bone marrow samples  were obtained from 172 AML patients included in 

the Dutch-Belgian Pediatric AML Protocol for Children with Newly Diagnosed Acute 

Myeloid Leukemia based on the NOPHO-AML 2004 study (DB-AML01)10 (n = 108) or 

NOPHO-DBH-AML 12 (n = 64) trial.      FLT3-ITD-AR was measured on both DNA6,11 and RNA12 

and correlated with both clinical outcome and sensitivity to FLT3 inhibitors (gilteritinib 

and midostaurin).

Results and discussion
FLT3-ITD measurements on DNA and RNA
Thirty-six (21%) patients were positive for the FLT3-ITD mutation at RNA level. One 

patient was only positive at DNA level, possibly because of low expression of the FLT3-ITD 

gene. In 1 patient, an FLT3-ITD was detected at RNA level but repeatedly not at DNA 

level (supplemental Table 1, available on the Blood Web site), possibly because the very 

low AR (0.01) represents a minor subclone.13 FLT3-ITD-AR of DNA correlated  with RNA  

(ARspearman = 0.62 (95% confidence interval [CI], 0.22–0.87; Figure 1A). Likewise,  FLT3-ITD 

length on DNA was highly correlated with RNA (ITDlengthspearman = 0.98 (95% CI, 0.90–

1.00, Figure 1B). There was no significant correlation between FLT3-ITD-AR and length 

(Rspearman = 0.34, P = 0.063). 

In 4 samples, FLT3-ITD length at DNA level was approximately 90 base pairs (bp) 

longer than at RNA level (supplemental Table 1). DNA and RNA sequencing of 3 of these 

patients revealed a 90-bp intron between exon 14 and 15 on DNA, which was spliced 

out and not included in RNA measurements (Figure 1C).  Overall, AR was comparable 

using either DNA or RNA suggesting no large differences between DNA content and 

subsequent gene expression, which is in line with recently published data.9 
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Significance of FLT3-ITD-AR and FLT3-ITD length for risk classification
Survival analysis was performed only on data of patients from the DB-AML01 protocol 

due to sufficient follow-up time (supplemental Tables 2 and 3). Within the group of 

FLT3-ITD patients, gender, age, blast percentage, FAB-classification, complex karyotype 

rates and number of NPM1 and FLT3-TKD-mutations (supplemental Table 3) were similar 

among FLT3-ITD-AR low and FLT3-ITD-AR high patient groups (data not shown). 

FLT3-ITD patients had a significantly lower event-free survival (EFS) than FLT3-ITD-

wild-type (WT) patients (Plogrank < 0.001, supplemental Figure 1A). The difference in overall 

survival (OS) between FLT3-ITD and FLT3-WT AML patients was borderline significant 

(Plogrank = 0.066, supplemental Figure 1A). 

Using received operating characteristic analysis, the optimal cut-off point for 

prediction of death (at the end of the follow-up time and after 1 year) was FLT3-ITD-AR 

of 0.5. In patients with FLT3-ITD-AR ≥ 0.5 as measured on RNA, OS was significantly 

shorter, compared with FLT3-ITD-AR < 0.5 (Plogrank = 0.008, Figure 2A) and compared 

with FLT3-WT patients (Plogrank < 0.001). Patients with FLT3-ITD-AR <0.5 and FLT3-WT 

patients had similar OS (Plogrank = 1). EFS and relapse free survival (RFS) in patients with  

FLT3-ITD-AR ≥ 0.5 compared with FLT3-ITD-AR < 0.5 were not significantly different 

(Figure 2B; supplemental Figure 1C). Patients with both high and low FLT3-ITD-AR (on 

RNA) had significantly worse EFS compared with FLT3 -WT (Plogrank = 0.016 and Plogrank = 

0.008, respectively, Figure 2B).  Based on DNA measurements, no cut-off level could show 

a significant association with survival (Figures 2C-D). 

Except for 3 patients, all FLT3-ITD+ patients recieved allogeneic stem cell transplantation 

and also without these patients the survival analysis remained similar, suggesting that 

FLT3-ITD-WT and FLT3-ITD-low AR patients are better salvageable and high AR patients 

would benefit from therapy able to reduce the burden of FLT3-ITD+ cells.

FLT3-ITD length has been related to the extent of auto-phosphorylation, which 

negatively affects OS because of a growth advantage,14 whereas others report no significant 

relation between FLT3-ITD length and outcome.9,15,16 Based on our data, FLT3-ITD length 

of ≥ 48 bp was associated with shorter OS compared with FLT3-ITD patients having an 

FLT3-ITD length of < 48 bp (Plogrank = 0.029, Figure 2E). EFS and RFS were both statistically 

different between patients with relatively long and short FLT3-ITDs (Figure 2; supplemental  

Figure 1D). The number of patients harboring FLT3-ITD did not allow multivariable 

analysis. However, using Cox regression we could show that the -2log likelihood of FLT3-

ITD-AR is slightly better than length itself and adding the latter parameter to the model 

did not significantly improve the model (PLR = 0.078). Hence, AR is the most significant 

prognostic parameter, but interestingly FLT3-ITD length has relevance as well in this study 

and should be investigated in more detail.

Ten patients had a single NPM1 mutation, whereas six patients had mutations in 

both NPM1 and FLT3-ITD. The effect of NPM1 mutations on the prognostic significance 
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Figure 1. Comparison of RNA- and DNA-based measurements of FLT3-ITD. (A) FLT3-ITD-AR 
and (B) FLT3-ITD length based on RNA and DNA measurements. (C) Visualization of 90-bp intron 
splicing occurring in 4 samples with relatively large ITD.

of FLT3-ITD-AR ≥ 0.5 could not be determined, as there was only one patient with both 

a FLT3-ITD-AR ≥ 0.5 and mutated NPM1 (supplemental Table 2). 

Effect of FLT3-ITD-AR on response to tyrosine kinase inhibitors
FLT3-ITD is a prognostically relevant molecular aberration.8,11,17,18 Tyrosine kinase inhibitors 

are currently investigated in clinical trials, with varying results,19-22 but literature is 

inconclusive about the effect of AR on FLT3-inhibitor sensitivity.23,24 Exposure of primary 

AML samples to 0.05 µM gilteritinib resulted in significantly decreased clonogenic capacity 

of FLT3-ITD-AR ≥ 0.5 samples compared with FLT3-WT and FLT3-ITD-AR < 0.5 samples 

(Figure 1G). This effect was present to a lesser extent in specimens treated with midostaurin, 

possibly explained by aspecific binding of multiple kinases with suboptimal inhibition of 

FLT3 by midostaurin, while gilteritinib specifically and potently targets FLT3 (Figure 1H).  
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At higher dosages, the non-significant differences can be explained by more off-target 

effects and the cell numbers becoming too low. Moreover, 5 patients with relatively low 

AR (0.29–0.48) were  analyzed according to FLT3-ITD   length, and long FLT3-ITD responded 

significantly better to gilteritinib, suggesting that FLT3-ITD length is also relevant for 

response to FLT3 inhibition in patients with low FLT3-ITD-AR, while in patients with high 

FLT3-ITD-AR, the FLT3-ITD length had less effect on response (Figure S2).

Our data indicate that FLT3-ITD-AR is associated with survival in pediatric AML, which 

is essential for risk assessment. Although DNA and RNA measurements show good 

concordance,  the FLT3-ITD-AR on RNA is recommended because superior prognostic 

value and accurate messenger RNA length measurement. In addition, FLT3-ITD-AR 

might be a potential marker for selecting patients for treatment with TKIs but should be 

investigated more thouroughly. Moreover, our findings suggest a relevance of FLT3-ITD 

length for both outcome and response to FLT3-inhibitors, which warrants further research.
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Figure 2. Impact of FLT3-ITD-AR and length on survival of pediatric AML patients treated in 
the DB-AML01 protocol and clonogenic capacity in vitro upon treatment with gilteritinib and 
midostaurin. (A) OS and (B) EFS according to FLT3-ITD allelic ratio based on RNA measurements. (C) 
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within FLT3-ITD+ patients. Clonogenic capacity of primary bone marrow samples upon treatment 
with (G) gilteritinib and (H) midostaurin. Data were normalized to the mean of the clonogenic 
capacity of untreated samples. At the concentration of 1 µM gilteritinib, only normal bone marrow 
was used.
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Supporting information
The following information may be found online at https://doi.org/10.1182/blood-2017-

12-819508 in the Supplemental Data section at the end of the article.

Supplemental methods.
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Supplemental Figure S2. Colony forming capacity according to FLT3-ITD length, with 
a cut-off point of 48 bp. Data were normalized to the mean of the clonogenic capacity of 
untreated samples. 

Supplemental Figure S3. Representative figure of evaluation of presence of FLT3-ITD in 

colonies cultured in CFU assays.

Supplemental Table 1. Characteristics of FLT3-ITD mutations measured at the RNA and  

DNA level.

Supplemental Table 2. All AML patients characterized for FLT3-ITD status in relation to 

clinical and biological features.

Supplemental Table 3. DB-AML01 patients characterized for FLT3-ITD status in relation 

to clinical and biological features.

Supplemental Figure S1. Impact of FLT3-ITD(-AR) on survival of pediatric AML patients 
treated in the DB-AML01 protocol. (A) EFS and (B) OS according to FLT3-ITD status. RFS according 
to RNA-based (C) FLT3-ITD-AR and (D) FLT3-ITD length. Reported P-value compares groups within 
FLT3-ITD positive patients.
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Internal tandem duplications of FMS-like tyrosine kinase 3 (FLT3-ITD) are the most 

common genetic aberrations in adult acute myeloid leukemia (AML).1 The presence of 

FLT3-ITD dictates the use of FLT3-tyrosine kinase inhibitors (FLT3-TKIs) as supplement 

or alternative to standard treatment.2,3 Furthermore, the FLT3-ITD allelic ratio (AR) – 

the mutant/wild-type FLT3 ratio as determined by capillary fragment length analysis – is 

associated with survival and included in the 2017 ELN risk stratification.4 FLT3-ITD-length 

remains external of current risk stratification protocols, although it likely is of prognostic 

value.5-8 Accordingly, it is essential to accurately determine the presence of the FLT3-ITD, 

the AR and potentially the length of the ITD. In pediatric AML, discrepancies between 

genomic DNA and RNA/cDNA measurements impact outcome prediction.9,10 For adult 

AML, a thorough comparison between DNA and RNA/cDNA FLT3-ITD measurements in 

relation to prognostication has not been done. Therefore, we herein compare FLT3-ITD-

AR and length measurements using genomic DNA or RNA/cDNA and their predictive 

value in 259 adult FLT3-ITD AML patients.  

Diagnostic bone marrow samples were obtained from FLT3-ITD AML patients 

enrolled within the Dutch–Belgian Cooperative Trial Group for Hematology–Oncology 

(HOVON) / Swiss Group for Clinical Cancer Research (SAKK) HOVON 10211 (n = 133) 

and HOVON 13212 (n = 126) trials. The HOVON 102 trial evaluated the therapeutic value 

of clofarabine, and the HOVON 132 trial evaluated the value of lenalidomide added to 

intensive chemotherapy. For comparison, clinical data from these trials for 1293 FLT3-

wild-type (WT) AML patients were included in the analyses. FLT3-ITD status on DNA2 and 

RNA/cDNA12 (further referred to as cDNA) was determined as described (Supplemental 

Methods). Supplemental Tables 1-2 provide clinical and (cyto)genetic characteristics of 

the AML cases. The FLT3-ITD-AR is defined as the area under the curve (AUC) of all FLT3-

ITD-peaks divided by the AUC of the FLT3-wild-type peak,2 and the cut-off for high and 

low FLT3-ITD-AR is 0.50.4 For FLT3-ITD-length, the peak with the largest AUC was used. 

To compare measurements among two different laboratories, DNA and cDNA FLT3-ITD 

measurements of twelve patients were performed in both the ErasmusMC and Amsterdam 

UMC. FLT3-ITD-AR and length were compared using Spearman’s rank correlation and 

survival analyses using Kaplan-Meier estimates. For multivariable analysis, we used a Cox 

regression model with forward selection procedure. 

FLT3-ITD-AR and FLT3-ITD-length measurements (n = 12) between two laboratories 

were comparable (FLT3-ITD-AR Rspearman = 0.74 and 0.92 for DNA and cDNA, respectively; 

FLT3-ITD-length Rspearman = 1; Supplemental Figures 1A-F and Supplemental Table 3). 

Subsequently, FLT3-ITD was detected in 248/259 patients on both the DNA (median 

FLT3-ITD-AR = 0.58, range 0.01 – 17.7) and cDNA level (median FLT3-ITD-AR = 0.65, 

range 0.01 – 14283). FLT3-ITD was detected at the cDNA level only in eleven (4.2%) 

patients (Supplemental Table 4). These samples frequently carried a minor FLT3-ITD 

clone (6/11 FLT3-ITD-AR < 0.05, Supplemental Table 4). The remainder included 

distinct FLT3-ITDs with total FLT3-ITD-ARs ≥ 0.05, without any cases exceeding the 0.50 
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threshold for classification as adverse risk.  None of the samples were solely detectable at  

the DNA level.

FLT3-ITD-AR strongly correlated between DNA and cDNA measurements (Rspearman = 

0.86, p < 0.001, 95% confidence interval [CI] 0.80 – 0.90). DNA–cDNA discrepancies 

mainly included higher cDNA-FLT3-ITD-ARs (Figure 1A).

The discrepancies in detection and AR between cDNA and DNA measurements may 

be explained by higher mRNA expression of the FLT3-ITD allele, which could enhance 

detection at the cDNA level in 11 out of 259 cases (4.2%) and classified eighteen patients 

more often as FLT3-ITD-AR ≥ 0.50 (12.8%, Figure 1B). Regarding the AR threshold of 

0.05 for midostaurin eligibility as reported in the RATIFY trial,2 using cDNA for FLT3-

ITD-AR measurements increases the number of FLT3-TKI-eligible patients with fourteen 

(6.1%) as compared with DNA measurements (Supplemental Table 4). 

FLT3-ITD-lengths on DNA and cDNA were identical (Rspearman = 0.99, p < 0.001, 

95% CI 0.96 – 0.99, Figure 1C). We observed several FLT3-ITD-lengths with an excess 

of 90 base pairs (bps) at the DNA level, due to intron splicing.9 One sample displayed 

an FLT3-ITD transcript of 327 bps – 3 bps shorter than wild-type13 – explained by 

a previously unreported combination of an insertion of 4 bps and a 1 bp deletion 

(c.1770_1773delinsA, Supplemental Figure 2). FLT3-ITD-length and AR were not correlated  

(Supplemental Figure 3).

Next, we determined potential differences in prognostic significance of DNA and 

cDNA measurements. In the HO102 AML cohort, both high DNA- and cDNA-based 

FLT3-ITD-AR were predictive for poor overall survival (OS) compared with FLT3-WT – 

also in multivariable analyses using FLT3-ITD-AR, risk factors included in the 2017 ELN 

classification and age (Figure 2A-B, Supplemental Figure 4). In the HO132 AML cohort, 

high FLT3-ITD-AR as single variable was not significantly associated with poor OS compared 

with FLT3-WT patients (Figure 2C-D).12 However, corrected for prognostically relevant 

(cyto)genetic factors, high FLT3-ITD-AR as determined on both the DNA and cDNA level 

was also predictive for poor OS compared with FLT3-WT (Supplemental Figure 5). OS in 

the HO132 AML cohort was in general better than in the HO102 AML cohort, explained 

by the prognostic marker guided use of allogeneic transplantations in  high FLT3-ITD-AR 

patients and in patients with measurable residual disease in first complete remission, 

whereas risk stratification in the HO102 AML cohort was not based on FLT3-ITD-AR.12 

We next investigated the prognostic value of FLT3-ITD-length as determined on DNA 

and cDNA. In our data, FLT3-ITD-length≥48 bps9 was a predictor for poor OS in the HO102 

AML cohort – both in univariable and multivariable analyses – but not in the HO132 AML 

cohort (HO102 AML cohort DNA: Hazard ratio [HR] = 2.10 [95% CI 1.41 – 3.13], p < 0.001; 

Figure 2E-F and Supplemental Figure 6). FLT3-ITD status stratified according to both FLT3-

ITD-AR and FLT3-ITD-length remained an independent prognostic factor in multivariable 

analyses, both at the DNA and cDNA level (HO102 AML cohort: Supplemental Figure 7). 

In the HO132 AML cohort, only a combined FLT3-ITD-AR ≥ 0.5 and FLT3-ITD-length ≥ 48 
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bps as measured on cDNA was predictive for worse OS (Supplemental Figure 8) compared 

with patients without FLT3-ITD. Patients with FLT3-ITD-ARs < 0.50 had OS probabilities 

analogous to patients without FLT3-ITD, independent of FLT3-ITD-length. Consistent over 

both AML cohorts, patients with a high FLT3-ITD-AR and an FLT3-ITD-length ≥ 48 bps 

displayed a higher HR for death compared with patients with a high FLT3-ITD-AR and 

FLT3-ITD-length < 48 bps (HO102 AML cohort DNA: HR = 3.32 [95% CI 2.13 – 5.16] vs 

1.72 [95% CI 0.99 – 3.00]; Supplemental Figure 7A and HO132 AML cohort cDNA: HR 

= 2.04 [95% CI 1.28 – 3.26] vs 1.53 [95% CI 0.95 – 2.47]; Supplemental Figure 8B), 

although these differences lack statistical significance (HO102 AML cohort: p = 0.056 

and HO132 AML cohort: p = 0.16). Collectively, these observations illustrate the potential 

additional prognostic value of FLT3-ITD-length.

In conclusion, our study shows that in general FLT3-ITD DNA and cDNA measurements 

are concordant, with minor differences regarding detection and AR. However, we 

observed several differences between DNA and cDNA measurements of FLT3-ITD. 

First, cDNA measurements are more sensitive in selected AML cases, exemplified 

by the identification of FLT3-ITD cases that were missed on the DNA level. Second, 

cDNA FLT3-ITD-AR measurements are regularly higher than DNA measurements. This 

primarily impacts treatment selection. The number of AML patients that are discordant 

with respect to the clinically relevant 0.50 AR threshold was too low to perform any 

meaningful analyses. Third, cDNA and DNA measurements of FLT3-ITD-AR have similar 

prognostic value, although its magnitude appears study dependent. These data support 

the current standard of genomic DNA-based FLT3-ITD-AR measurement in adult AML 

patients.2 Finally, FLT3-ITD-length has currently not been incorporated in stratification 

protocols, although we again demonstrated its additional prognostic value, which 

warrants prospective validation. 

Although FLT3-ITD is a well-characterized molecular aberration, the above data indicate 

that its clinical significance may be affected by the genetic material used for FLT3-ITD 

detection, the clinical regimen and prognostic marker guided treatment selection. With 

the emergence and introduction of FLT3-TKIs in standard of care,14,15 its prognostic value 

and role in selection of patients that benefit from targeted treatment remains to be 

prospectively evaluated.5,9 
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Figure 2. Overall survival according to DNA or cDNA FLT3-ITD-AR and –length. Overall survival 
(OS) analysis, stratified on FLT3-ITD-AR, based on patients treated within the HO102 AML cohort: 
(A) DNA and (B) cDNA measurements. OS from the HO132 AML cohort based on: (C) DNA and 
(D) cDNA. FLT3-ITD ND, FLT3-ITD not detected. OS according to DNA-based FLT3-ITD-length with 
a cutoff of 48 base pairs in the (E) HO102 AML cohort and (F) HO132 AML cohort.
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Supporting information
The following information may be found online in the Supplemental Data section at 

the end of the article.

Supplemental Methods.
Supplemental Figure 1. Comparison of FLT3-ITD-AR measurements between two 

university medical centers (Erasmus MC, Amsterdam UMC location VUmc) of twelve 

patients. The outlier sample in panel B was caused by low peaks detected in the fragment 

analysis, making quantification less reliable.

Supplemental Figure 2. Sanger sequencing of a FLT3-ITD case harboring a 3-bp 

deletion. The 3-bp deletion is caused by a combined insertion of 4-bp and a 1-bp deletion 

(c.1770_1773delinsA).

Supplemental Figure 3. Scatter plot of DNA FLT3-ITD-length and FLT3-ITD-AR based on 

(A) DNA and (B) cDNA measurements. 

Supplemental Figure 4. Multivariable analyses of FLT3-ITD-AR and other relevant 

variables in the H102 AML cohort (DNA and cDNA).  

Supplemental Figure 5. Multivariable analyses of FLT3-ITD-AR and other relevant 

variables in the HO132 AML cohort (DNA and cDNA).  

Supplemental Figure 6. Multivariable analyses of FLT3-ITD-length and other relevant 

variables in the HO102 (A-B) and HO132 (C-D) AML cohort (DNA and cDNA).  

Supplemental Figure 7. Multivariable analysis in the H102 AML cohort of FLT3-ITD-AR 

combined with FLT3-ITD-Length and other relevant variables (DNA and cDNA).

Supplemental Figure 8. Multivariable analysis in the HO132 AML cohort of FLT3-ITD-AR 

combined with FLT3-ITD-Length and other relevant variables (DNA and cDNA).

Supplemental Table 1. Clinical and (cyto)genetic characteristics of the AML cases 

according to FLT3-ITD status on the cDNA level in the HO102 AML cohort. MK, monosomal 

karyotype. BM, bone marrow.

Supplemental Table 2. Clinical and (cyto)genetic characteristics of the AML cases 

according to FLT3-ITD status on the cDNA level in the HO132 AML cohort. MK, monosomal 

karyotype. BM, bone marrow.

Supplemental Table 3. Comparison of FLT3-ITD AR and length measurements between 

laboratories. VUMC, Amsterdam University Medical Center location VUMC; EMC, ErasmusMC

Supplemental Table 4. FLT3-ITD-mutation data (AR and length in base pairs) from 

FLT3-ITD positive patients, based on DNA and cDNA measurements, sorted according to 

DNA-based FLT3-ITD-AR
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Abstract
Mass-spectrometry (MS) based phosphoproteomics is increasingly used to explore 

aberrant cellular signaling and kinase driver activity, aiming to improve kinase inhibitor 

(KI) treatment selection in malignancies. Phosphorylation is a dynamic, highly regulated 

post-translational modification that may be affected by variation in pre-analytical sample 

handling, hampering the translational value of phosphoproteomics-based analyses. 

Here, we investigate the effect of delay in mononuclear cell isolation on acute myeloid 

leukemia (AML) phosphorylation profiles. We performed MS on immuno-precipitated 

phosphotyrosine (pY)-containing peptides isolated from AML samples after seven 

pre-defined delays before sample processing (direct processing, thirty minutes, one 

hour, two hours, three hours, four hours and 24 hours delay). Up to four hours, pY 

phosphoproteomics profiles show limited variation. However, in samples processed with 

a delay of 24 hours, we observed significant change in these phosphorylation profiles, 

with differential phosphorylation of 22 pY phosphopeptides (p < 0.01). This includes 

increased phosphorylation of pY phosphopeptides of JNK and p38 kinases indicative of 

stress response activation. Based on these results, we conclude that processing of AML 

samples should be standardized at all times and should occur within four hours after 

sample collection.  

Significance
Our study provides a practical time-frame in which fresh peripheral blood samples from 

acute myeloid patients should be processed for phosphoproteomics, in order to warrant 

correct interpretation of in vivo biology. We show that up to four hours of delayed 

processing after sample collection, pY phosphoproteomic profiles remain stable. Extended 

delays are associated with perturbation of phosphorylation profiles. After a delay of 

24 hours, JNK activation loop phosphorylation is markedly increased and may serve as 

a biomarker for delayed processing. 

These findings are relevant for biomedical acute myeloid leukemia research, as 

phosphoproteomic techniques are of particular interest to investigate aberrant kinase 

signaling in relation to disease emergence and kinase inhibitor response. With these data, 

we aim to contribute to reproducible research with meaningful outcomes. 

Introduction
Tyrosine kinase (TK) deregulation is a driving force behind a broad range of malignancies. 

Identification of activating kinase aberrations has encouraged the use of kinase inhibitors 

(KI) in the treatment of several types of cancer, including acute myeloid leukemia (AML). 

Midostaurin and gilteritinib are examples of KIs that have been approved for treatment of 

AML patients with FMS-like receptor tyrosine kinase 3 gene internal tandem duplication 

(FLT3-ITD) based on survival advantages observed in clinical trials.1–3 However, the increase 

in survival is modest at best and selection of patients based on the presence or absence 

of mutations seems suboptimal as not all FLT3 mutant patients respond to therapy. In 

addition, some FLT3 wild-type patients might benefit from FLT3 KI treatment,2,4–6 possibly 

due to mutation-independent FLT3 activation, or inhibition of kinases other than FLT3 by 

these KIs. Phosphoproteomics may provide an alternative and complementary measure 

of aberrant cellular signaling and kinase driver activity through identification of (hyper-)

activated kinases and pathways7 which could provide additional information to optimize 

AML patient selection for KI treatment.

For optimal translational value, phosphoproteomics on fresh or frozen AML patient 

samples needs to provide an accurate impression of the in vivo patient situation. 

Phosphorylation is a dynamic process, and cellular phosphorylation profiles are sensitive 

to changes in response to the intra- and intercellular environment. Therefore, controlled 

preparation of samples is critical to prevent variability and artifacts due to sample handling.8 

In solid tumors, several studies have investigated the challenges regarding global 

profiling of tissue sample phosphorylation state,9–13 pinpointing the difficulty of controlling 

warm ischemia during sample resection and the importance of limiting cold ischemia 

after resection. Changes in phosphorylation due to cold ischemia occur already within 

five minutes after resection.12,13 Cryopreservation directly after resection is therefore 

necessary to limit changes in phosphorylation state.9–14 

Collection of liquid tumor samples, such as AML, poses its own challenges as it requires 

isolation of the cells of interest from either peripheral blood (PB) or bone marrow (BM). 

Although acute ischemia may be limited due to the relatively stable blood environment 

in which the cells remain, global phosphorylation patterns may be influenced at several 

stages during sample processing, for example by delays before the start of the isolation 

protocol, variations during sample processing and by differences in sample storage. 

It is particularly challenging to control for variation introduced during collection of 

biobank samples through routine clinical practice. As isolation of the mononuclear cell (MNC) 

fraction is essential for AML sample collection, its effect on sample phosphorylation is difficult 

to predict and can only be limited by strict sample handling during isolation. The choice 

of sample storage method after sample processing also affects sample phosphorylation. 

Aasebø et al. have shown that freezing of AML cells before lysis results in an increase in 

phosphorylation of specific phosphosites indicative of stress-induced apoptosis.15 Another 

source of variation is delay before cell isolation from a blood sample, which can range from 
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30 min. to over 12 hours in routine clinical practice. It is therefore especially important to 

understand how delays in sample handling influence AML phosphorylation profiles and to 

find markers that may indicate ischemia-induced changes.

Currently, no data are available on the effect of time between collection of BM or 

PB cells and the start of the MNC enrichment protocol on the sample phosphorylation 

profile. Therefore, we used label-free (pY) phosphoproteomics to investigate whether and 

how delays in AML sample processing influence phosphorylation profiles. As the exact 

time between collection and processing is often unknown, we performed controlled 

experiments aiming to assess the impact of delayed AML processing on the global and 

pY phosphoproteomes.  Focusing specifically on the pY phosphoproteome, considering 

the role of several tyrosine kinases as drivers of AML, we identified markers for pY phospho-

profile stability. Based on our results, we conclude that phosphorylation profiles are globally 

preserved up to four hours of delay in processing, yet we observed differences after a 24 

hour delay that are linked to stress signaling and differential phospho-JNK levels. 

Materials & Methods
AML patient material
BM from one patient, used for the preliminary experiment was collected from a patient 

included in the Dutch–Belgian Cooperative Trial Group for Hematology–Oncology (HOVON) 

/ Swiss Group for Clinical Cancer Research (SAKK) HOVON103 trial (Netherlands Trial 

Register number NL2370) at time of diagnosis. Four PB clinical samples were collected from 

three AML patients included in the HOVON102 trial (Netherlands Trial Register number 

NL2070) at the time of diagnosis (n = 3) and relapse (n = 1). Samples were collected 

following written consent and characterized following standard clinical procedure 

(Supplemental Table S1, Supplemental Table S2, available on the Journal of Proteomics 

Web site). All study protocols were performed in accordance with the Declaration 

of Helsinki and approved by the central medical ethical committee (HOVON102:  

METC-2009–293; HOVON103: METC-2010-127). 

General sample preparation
Whole PB or BM was collected from patients in heparin tubes. Patient material was 

pooled and MNC load determine before isolation. To enrich for MNCs, whole PB or 

BM was loaded into 50 ml tubes containing Ficoll-Paque Plus (GE Healthcare, Chicago, 

US) for density centrifugation, which separates MNCs from other blood cells 16. After 

centrifugation and recovery of the MNC fraction, the remaining erythrocytes were lysed 

using lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA). Cell viability was 

checked using trypan blue staining. An additional sample was kept separate for molecular 

and cytogenetic analysis following standard clinical protocols.

For snap-frozen samples, material was snap-frozen as PBS washed cell pellets using 

liquid nitrogen (LN 2) and stored at -80°C. DMSO-frozen samples were washed using PBS 

and resuspended in half a volume RPMI 1640 medium with L-glutamine (Life Technologies, 

Paisley, UK) supplemented with 20% FCS, before the same volume of RPMI-1640 

supplemented with 20% FCS and 20% DMSO (#D8418, Sigma-Aldrich, Zwijndrecht, 

Netherlands) was added.

Patient samples were lysed in urea lysis buffer for phosphoproteomics (8 M urea, 1 mM 

orthovanadate, 2.5 mM pyrophosphate, 1 mM β-glycerophosphate, MilliQ) followed by 1 

min. of vortexing and subsequent sonication. Snap-frozen samples were thawed directly 

in lysis buffer, while cryopreserved samples were thawed, washed twice using cold RPMI-

20%FCS to remove the DMSO, followed by two washes with ice-cold PBS and subsequent 

lysis before undergoing further enrichment protocols. Lysis of samples was followed 

vortexing and sonication. Sonicated lysates were cleared of cellular debris by spinning at 

5,400 x g for 15 min. at 13°C. Protein content was determined using the DCTM Protein 

Assay (BioRad Hercules, USA). Sample quality was examined by Coomassie-blue staining.

Sample preparation for preliminary experiment
BM from an AML patient (68% blasts) was divided into two batches from which MNCs 

were isolated either directly after acquisition or after being left on the bench at room 

temperature (RT, 20 °C) overnight (Figure 1A). Both conditions were further split and 

either snap-frozen as cell pellets using liquid LN2 or frozen in DMSO. Samples with 

different combinations of pre-analytical conditions were prepared in duplicate during 

titanium dioxide (TiO2)-based phosphopeptide enrichment and subsequent measurement.

Patient sample preparation with pre-defined time delay
Four clinical samples (3 de novo, 1 relapse) were collected from three AML patient with high 

MNC counts (38-300 mln/ml, 74-93% blast cells) (Supplemental Table 1, Supplemental 

Table 2). Time from clinic to laboratory bench was kept as short as possible (30-55 

minutes). Clinical material was pooled and split into seven samples, which were either 

processed directly after the sample reached the laboratory or after leaving the material to 

rest on the bench at RT for 0.5, 1, 2, 3, 4 or 24 hours (delayed processing) (Figure 2A). 

MNCs were isolated from the individual time points, washed and either snap frozen in LN2 

(n = 3 time-course series) or DMSO (n = 1 time-course series). 

Phosphopeptide enrichment
Samples in both workflows were reduced, alkylated and trypsin digested as  

previously reported.17,18 

Global phosphopeptide enrichment was performed from 500 µg peptides using  

2.5 mg titaniumdioxide (TiO2) beads from GL sciences (10 micron) equilibrated with  

300 mM acid lactic solution. Desalted peptides were diluted 1:1 with lactic acid solution 

(0.3 g/ml lactic acid, 0.07% TFA, 53% ACN) and were loaded in the tips. Tips were 

washed with 200 µl lactic acid solution, and secondly with 200 µl 0.1% TFA/80% ACN. 
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Phosphopeptides were eluted in two steps with 50 µl 0.5% piperidine and 50 µl 5% 

piperidine and quenched in 100 µl 20% H3PO4. Phosphopeptides were desalted using 

SDB-XC STAGE-tips as described above. 

Enrichment of pY peptides from 5 mg protein input was performed using the anti-

phosphotyrosine antibody P-Tyr-1000 coupled to agarose beads (PTMScan, Cell Signaling 

Technology, Danvers, USA). Briefly, lyophilized phosphopeptides were dissolved in 

IAP buffer (20 mM Tris-HCl pH 7.2, 10 mM sodium phosphate and 50 mM NaCl) and 

incubated with 2 µl P-Tyr-1000 beads per mg protein at 4 ºC for 2 hours. After washing in 

cold IAP buffer and MQ, peptides were eluted from the beads in two steps in 0.15% TFA. 

Phosphopeptides were desalted using 200-µl STAGE tip fitted with a 16G-needle punch 

of SDB-XC SPE material at the narrow end, which was previously washed with 20 µl 0.1% 

TFA/80% ACN and equilibrated with 20 µl 0.1% TFA. Phosphopeptides were loaded and 

centrifuged for 3 min at 1000G. SDB-XC beds were then washed with 20 µl of 0.1% 

TFA, and desalted phosphopeptides were eluted with 20 µl of 0.1% TFA/80% ACN. 

Phosphopeptides were dried in a vacuum centrifuge and dissolved in 20 µl 0.5% TFA/4% 

ACN prior to injection and stored at 4 ˚C until LC-MS/MS measurement on the same day. 

Phosphopeptide and –site identification and quantification
Phosphopeptide and -site identification and quantification were performed as described 

before for global TiO2-based phosphoproteomics17 and pTyr-based phosphoproteomics.19 

The preliminary experiment and Series 1 were measured on the QExactive mass spectrometer, 

the other three series were measured on a QExactive-HF mass spectrometer (Thermo Fisher, 

Bremen, Germany). Measurement results for Series 1 and results for the other three series 

were merged and searched in one experiment (Supplemental Table S3). 

LC-MS/MS Peptides were separated by an Ultimate 3000 nanoLC-MS/MS system 

(Dionex LC-Packings, Amsterdam, The Netherlands) equipped with a 20 cm × 75 μm ID 

fused silica column custom packed with 3 μm 120 Å ReproSil Pur C18 aqua (Dr Maisch 

GMBH, Ammerbuch-Entringen, Germany). After injection, peptides were trapped at 6 μl/

min on a 10 mm × 100 μm ID trap column packed with 5 μm 120 Å ReproSil Pur C18 

aqua at 2% buffer B (buffer A: 0.5% acetic acid (Fischer Scientific), buffer B: 80% ACN, 

0.5% acetic acid) and separated at 300 nl/min in a 10–40% buffer B gradient in 90 min 

(120 min inject-to-inject). 

Eluting peptides were ionized at a potential of +2 kVa into a Q Exactive mass 

spectrometer (Thermo Fisher, Bremen, Germany). Intact masses were measured at 

resolution 70.000 (at m/z 200) in the orbitrap using an AGC target value of 3E6 charges. 

The top 10 peptide signals (charge-states 2+ and higher) were submitted to MS/MS in 

the HCD (higher-energy collision) cell (4.0 amu isolation width, 25% normalized collision 

energy). MS/MS spectra were acquired at resolution 17.500 (at m/z 200) in the orbitrap 

using an AGC target value of 2E5 charges and an underfill ratio of 0.1%. Dynamic 

exclusion was applied with a repeat count of 1 and an exclusion time of 30 s. 
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Figure 1. Influence of sample handling on the global phosphoproteome. (A) Experimental 
outline of the TiO2 experiment. (B) Hierarchical clustering of duplicate samples of the same 
patient, handled in four different ways. Clustering shows that a overnight delay in processing of 
the sample has more impact on the global phosphoproteome than storage method. (C) R2 values of 
the linear regression analysis between separate samples. Correlation was especially high between 
samples processed directly after acquisition. For individual correlation plots, see Supplemental 
Figure 1. Sample details: A = direct/snap frozen, B = direct/DMSO frozen, C = t24h/snap frozen, 
D = t24h/DMSO frozen. (D) Box plot of Pearson correlation coefficients between samples within 
each comparison. Overall, correlation coefficients were lower between samples in the comparison 
between direct and overnight prepared samples. (E) Number of significantly differentially up- and 
downregulated phosphopeptides between samples processed directly versus overnight, and snap 
frozen versus DMSO. 
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Q Exactive HF data was acquired (Thermo Fisher, Bremen, Germany) at resolution 

120.000 in the orbitrap using an AGC target value of 3E6 charges. The top 15 peptide 

signals (charge-states 2+ and higher) were submitted to MS/MS in the HCD (higher-

energy collision) cell (1.4 amu isolation width, 25% normalized collision energy). MS/MS 

spectra were acquired at resolution 15.000 in the orbitrap using an AGC target value of 

1E6 charges and an underfill ratio of 0.1%. Dynamic exclusion was applied with a repeat 

count of 1 and an exclusion time of 30 s.

MS/MS spectra were searched against the Uniprot human reference proteome FASTA 

file (2015_09 42122 entries) using MaxQuant 1.5.2.8. Enzyme specificity was set to trypsin 

and up to two missed cleavages were allowed. Cysteine carboxamidomethylation (Cys, 

+57.021464 Da) was treated as fixed modification and serine, threonine and tyrosine 

phosphorylation (+79.966330 Da), methionine oxidation (Met,+15.994915 Da) and 

N-terminal acetylation (N-terminal, +42.010565 Da) as variable modifications. Peptide 

precursor ions were searched with a maximum mass deviation of 4.5 ppm and fragment 

ions with a maximum mass deviation of 20 ppm. Peptide, protein and site identifications 

were filtered at an FDR of 1% using the decoy database strategy. The minimal peptide 

length was 7 amino-acids and the minimum Andromeda score for modified peptides was 

40 and the corresponding minimum delta score was 17 (default MaxQuant settings). 

Peptide identifications were propagated across samples using the match between runs 

option checked. Lysate searches were performed with the label-free quantification option 

selected. Label-free phosphopeptide quantification Phosphopeptides were quantified by 

counting MS/MS spectra (spectral counts) or by their extracted ion intensities (‘Intensity’ 

in MaxQuant). For each sample the phosphopeptide intensities were normalized 

(‘normalised intensity’) on summed total intensity of the corresponding lysate.

Data analysis
Correlation analysis and visualization of samples in the preliminary experiment was 

done using Python (version 3.8.3) using the pandas (version 1.0.5) and seaborn  

(version 0.10.1) packages.

Data filtering, imputation and annotation was performed as described before.19 

Phosphopeptide intensity data was median normalized followed by LOG10 transformation. 

Missing values were replaced with 0. Two-group comparisons (two-sided t-test, Perseus 

software package,20 version 1.6.14.0) were performed for both preliminary and time 

series experiments. Multi-group comparison using ANOVA between time points was done 

using R (version 3.6.3) with dedicated in-house code available on https://tvpham.github.

io/ion. Hierarchical clustering was visualized using the R package ComplexHeatmap 

(version 2.2.0). The relation between overlapping significant (p < 0.01) phosphopeptides 

from the time series experiment were visualized using STRING database version 11.021,22 

and Cytoscape (version 3.7).23 

INKA analysis
Integrative Inferred Kinase Activity (INKA) analysis was done using the public INKA tool, 

https:/inkascore.org, as described,7 combining two kinase-centric metrics: a “kinome” 

metric and an “activation loop” metric, and two substrate-centric metrics: a motif-

based metric based on NetworKIN (NWK),24 and an evidence-based metric based on 

the PhosphoSitePlus database (PSP).25 These metrics were integrated into a single INKA 

score for kinases implicated in both arms of the analysis. Label-free spectral counts were 

used as a proxy for abundancy.

Western Blot
Per sample, 20 µg of protein was loaded onto a self-cast 12,5% gel. 2,2,2-Trichloroethanol 

was added at equal volume to Ammonium Persulfate (APS) for determining protein 

load.26 Proteins were transferred onto an Immobilon P PVDF membrane (Merck Millipore, 

Billerica, USA). Blocking buffer consisted of 5% BSA in TBS-Tween0.1%. 

pTyr western blot: Blots were incubated overnight with the P-Tyr-1000 antibody mix 

(#8954, Cell Signaling Technology), diluted 1:2000 in blocking buffer.

pJNK western blot: Duplicate blots were incubated t with either JNK or p-JNK antibodies 

(#9252 and #4668, Cell Signaling Technology) at a ratio of 1:1000 in blocking buffer. (p-)

JNK band intensities were determined and normalized based on overall blot protein load 

using ImageJ27 combined with the GelQuant.NET software (biochemlabsolutions.com).

Results
Delayed sample processing induces changes in the global AML 
phosphoproteome
As an initial assessment of the influence of delay of sample processing and sample storage 

method on the AML phosphoproteome, we evaluated global phosphoproteomic changes 

in response to differences in time to processing (direct vs. overnight) and storage method 

(snap-frozen vs. DMSO frozen) in one AML patient sample in a global phosphoproteomics 

experiment (Figure 1A). Sample viability after MNC enrichment was consistently > 90% 

irrespective of time point.

In total, 8183 phosphopeptides mapping to 422 proteins were identified, with 8561 

unique phosphosites of which 6780 were considered Class I phosphosites (localization 

probability > 0.75; Y 0.81%, T 8.9%, S 90.3%). Unsupervised hierarchical clustering of 

all phosphopeptide intensities indicated global phosphoproteomic similarity of technical 

duplicates (Figure 1B), underscoring the reproducibility of our workflow. The clustering 

hierarchy demonstrated that time to processing affects the phosphoproteomic profile more 

than storage method. This was further supported by the correlation of phosphopeptide 

intensities between samples, which showed a stronger correlation between sample with 

different storage methods and similar time to processing (R2
 = 0.72-0.89, mean = 0.836, 

std = 0.025) than those with different times to processing and similar storage methods 
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(R2
 = 0.64-0.80, mean = 0.749, std  =  0.022) (Figure 1C-D, Supplemental Figure S1).  

Comparison of phosphopeptide intensities between directly processed samples versus 

overnight samples identified 1883 significantly changed phosphopeptides (t-test,  

p < 0.05, 22.0% of identified phosphopeptides), whereas the comparison between 

storage methods revealed 501 significantly changed phosphopeptides (p < 0.05, 5.9% of 

phosphopeptides) (Figure 1E). Taken together, this shows that delays in sample processing 

may impact the phosphoproteome more severely than choice of storage method. 

Patient-specific phosphotyrosine profiles are preserved after 
varying delays before processing
As we observed a considerable impact of delay in sample processing on the global 

phosphoproteome in the preliminary experiment, and time before processing is more 

difficult to control than the choice of storage method, we sought to assess the effect 

of delays before processing on the pY phosphoproteome in more detail. Because 

aberrant tyrosine phosphorylation is of particular interest for investigating targeted 

treatment of AML with KIs28 and considering the low abundance of pY sites in the global 

phosphoproteome, we performed a dedicated pY phosphoproteomics experiment. 

To this end, we processed four patient samples according to protocol with a delay 

in processing of between 0 and 24 hrs (Figure 2A). Total time from the patients’ blood 

withdrawal to storage ranged from 120-147 minutes at t = 0 hrs to 1557-1595 minutes at 

t = 24 hrs across all samples (Figure 2B). Median time from patient to lab was 44.3 minutes 

(range 30 – 55 minutes), while the median difference in sample preparation time within 

a time series was 10.5 minutes (range 0 – 13 minutes) (Supplemental Table S4). All samples 

were measured successfully, except for Series 3 time point t0, which was lost during pY 

enrichment. Anti-pY western blot analysis of the samples showed consistent band patterns 

and intensity across time points with markedly lower phosphorylation, specifically at higher 

kilodalton (kD) ranges, for the 24 h time point (Supplemental Figure S2).

pY phosphoproteomic analysis of the four samples series revealed a total of 2527 

phosphopeptides containing 2015 phosphosites (84% pY, 1625 Class I) mapping to 1079 

proteins. The general number of identified phosphopeptides differed per base sample, 

with 847 (Series 1), 831 (Series 2), 943 (Series 3), and 1327 (Series 4) phosphopeptides 

measured on average per sample series (Supplemental Table S5). The apparent visual 

differences observed on western blot between the t24h samples and the other time 

points were not reflected in the number of phosphopeptides identified in these samples. 

Hierarchical clustering of all normalized phosphopeptide intensities showed separation 

based on sample series and not on duration of delay before sample processing (Figure 3). 

In accordance with previous phosphoproteomic studies, we observed clear sample-

specific phosphorylation profiles.29,30 Together, these data indicate that overall, 

patient-specific phosphorylation profiles are largely preserved, irrespective of delays in  

sample processing.
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Figure 2. Experimental outline. (A) Collection and preparation of AML patient samples. PB was 
collected from patients and transferred to the lab as quickly as possible. Whole blood was pooled 
and separated into 7 experimental fractions which were left on the bench for the indicated time 
periods before the mononuclear fraction was purified and frozen for each time point separately. (B) 
Total sample preparation time per sample. Sample preparation times were constant and varied little 
within a time point. Supplemental Table S4 provides details regarding exact time of delay between 
collection and processing.

The AML pY phosphoproteome changes significantly between 
four and 24 hours of delayed processing
Knowledge of the impact of delay in sample processing on the phosphoproteome is 

critical when selecting (biobanked) AML samples that were not specifically collected for 

use in a phosphoproteomic experiment. To determine the point in time at which the AML 
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Figure 4. Statistical analysis of phosphopeptide changes over time. (A) Hierarchical clustering 
of significant changes (p < 0.01) in phosphopeptide intensity over time as calculated A. in a multi-
group comparison, and (B) in a t-test comparing the groups containing early (t0, 30min, 1h) and 
late (24h) time points. Phosphopeptide labels show the associated protein name and any class I 
phosphosites located to the phosphopeptide. Individual phosphopeptide information can be found 
in Supplemental Table S5. (C) Network of proteins for which significantly changed phosphopeptides 
(p < 0.01) were found in both analyses. Pie divisions of the circles represent the number of 
phosphorylated peptides found which showed significant changes. Colors show the fold change 
in phosphopeptide intensity between the 24 h time point samples and all other time points. Bold 
circles indicate phosphopeptides exclusive to either group.

pY phosphoproteome becomes affected, demonstrated by clear phosphoproteomic 

changes between the different time points, we performed a multi-group comparison. 

The median normalized phosphopeptide intensities of 161 pY phosphopeptides were 

significantly changed (p < 0.05) across time points (Supplemental Table S6A). Clustering 

of the 68 pY phosphopeptides with a p < 0.01 showed that the most apparent changes 

in phosphopeptide intensity occurred between the 4 h and 24 h time point, with all 

24 h time points clustering separately from the other samples (Figure 4A). Earlier time 

points clustered in no particular order, and samples of three out of four samples series 

were intermingled in the clustering hierarchy, indicating that sample phosphorylation is 

relatively stable up to four hours of delay in processing.

To further investigate these results, we grouped samples into Early (t0, t30min, t1h), 

Intermediate (t2h, t3h, t4h) and Late (t24h) time points and assessed the differences. 

Comparison of the Early and Late groups showed 72 significantly changed pY 

phosphopeptides (pt-test < 0.05) (Supplemental Table S6B). Hierarchical clustering using 

the 39 phosphopeptides with a p < 0.01 again split the 24 h time point samples from 

earlier time point samples (Figure 4B). 
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Analysis of the overlapping phosphopeptides from the multi-group and Early-Late 

comparison (n = 21, p < 0.01) pinpointed candidate pY phosphopeptide biomarkers of 

delayed AML sample processing. This selection of pY phosphopeptides included several 

belonging to the mitogen-activated protein kinases MAPK9, MAPK10 and MAPK13, which 

are involved in cellular and oxidative stress. Network visualization of the proteins to which 

these phosphopeptides map resulted in a highly interconnected network, consisting of 

nuclear and metabolic proteins, next to several proteins involved in signal transduction, 

such as the above mentioned MAPKs, LYN, IRS2, and NUDT3 (Figure 4C). 

Kinase activity as determined by INKA supports JNK kinase 
activation at the 24 hour time point
Kinases are activated by phosphorylation and subsequently phosphorylate substrate 

proteins. Thus, information on both kinase and substrate phosphorylation provides an 

indicator of kinase activity. Therefore, we explored kinase activity in our dataset using 

Integrative Inferred Kinase Activity (INKA) analysis that integrates kinase and substrate 

data into a kinase activity score.7 INKA analysis indicated kinase activity of 27 kinases 

in at least four time points in two sample series (Supplemental Figure S3). In line with 

the previous analysis, mean INKA scores for LYN decreased at the 24 h time point, while 

MAPK10 and MAPK13 showed increased kinase activity specifically at the 24 h time point 

(Figure 5A). Activity of the receptor-kinases FLT3 and KIT – inferred in AML biology and 

targets for KI treatment28 – decreased over time. 

Comparison of the t0 and t24h INKA ranking plots confirmed that MAPK10 activity 

relative to other implicated kinases increased, while KIT and FLT3 activity decreased, as 

shown in the example for Series 3 (Figure 5B). Further investigation of network connectivity 

in this sample indicated MAP2K7 and MAP2K4, and MAPK10 autophosphorylation 

as activators of the MAPK10 kinase (Figure 5C). Overall, these findings match with 

the increased phosphorylation found for the c-Jun NH2-terminal kinases (JNK) kinases 

MAPK9 and MAPK10 and confirm increased activation of JNK kinases at after a 24 hour 

delay before sample preparation.

Delayed processing is associated with perturbation of the proteome
In addition to analysis of the pY phosphoproteome, we investigated whether delayed 

processing induces perturbation of the proteome. Similar to the phosphoproteome, 

hierarchical clustering of normalized peptide counts of all proteins showed clustering 

by sample series rather than time-point (Supplemental Figure S4A).  Within these series, 

the t24h sample was consistently distinct from the other time points, exemplified by its 

clustering hierarchy within a sample series. 

Multigroup comparison on the proteome level demonstrated 122 differentially 

expressed (p < 0.01) proteins between all time points, and 51 differentially expressed 

proteins between the Early and Late groups (p < 0.01) (Supplemental Table S7). 
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Hierarchical clustering of the 47 overlapping proteins from these analyses indicates 

that also on the proteome level, delayed processing leads to perturbation of expression 

profiles at the 24 h time point (Supplemental Figure S4B). Network visualization of these 

proteins indicated changes in protein abundance in two distinct modules (Supplemental 

Figure S4C). One cluster, primarily containing proteins downregulated at the 24 h time 

point, consisted of several ribosomal proteins and thereby indicates downregulation of 

translational processes after 24 hours delayed processing. The other cluster contained 

upregulated proteins associated with hemoglobins (HBA1 and HBB), iron transport (LTF, 

CP) and complement response (C3), possibly indicating a response to a decrease in 

oxygen availability.

Western blot analysis confirms increased phosphorylation of 
phosphoJNK at the 24 hour time point
The experiments shown above indicate that the most dramatic changes in AML sample 

phosphorylation occur between the four and 24 hour time point. In accordance with 

this, pY phosphopeptides belonging to the JNK kinases MAPK8 (JNK1), MAPK9 (JNK2) 

and MAPK10 (JNK3) displayed significantly higher phosphorylation in t24h samples 

(Figure 4). These phosphopeptides corresponded to the activation loop of the JNK 

kinases, and the increased phosphorylation of the pTyr and pThr sites located on these  

phosphopeptides indicated increased activity of these kinases31 and thus increased 

(oxidative) stress in these samples. 

To confirm that differential JNK phosphorylation specifically occurs between the four 

hour and 24 hour time points, we performed western blot analysis of phosphorylation 

of the JNK activation loop sites in lysates of the time series samples. Band intensity 

was normalized to blot protein load and z-scores were calculated to the maximum 

intensity value for the series. Although Series 2 showed higher base levels of JNK protein 

phosphorylation compared to the other sample series, p-JNK levels were consistently 

low up until the four hour time point with a marked increase in phosphorylation levels 

at the 24 h time point (Figure 6, Supplemental Figure S5). These results confirm that 

JNK protein phosphorylation is markedly increased after a sample processing delay of 24 

hours, supporting our findings that cellular stress, and the associated changes in sample 

phosphorylation, mainly occurs between the four and 24 hour time point. 

Discussion
In this study, we showed that delays in sample processing of fresh AML specimens induce 

specific changes in the pY phosphoproteome of patient samples. These changes become 

apparent between four and 24 hours of delay before processing and are related to 

alterations in JNK signaling indicative of cellular (oxidative) stress. Although immediate 

processing of AML samples should be pursued, we showed that sample-specific pY 

phosphoproteomic profiles remain stable for up to four hours. Similar results were found 
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Figure 6. Western blot validation of JNK phosphorylation as a measure of stress response 
to time-on-bench. Normalized values for western blot band intensity and lysate-normalized 
phosphopeptide intensity for p-JNK and JNK show comparable phosphorylation patterns. Values 
for western blot and phosphopeptide intensity for p-JNK were normalized to the highest value. 
Underlying western blot data is shown in Suppl. Figure 5. 

for the proteome. This provides a practical time-frame in which AML samples can be 

processed for storage and subsequent (phospho)proteomics without loss of patient- and 

tumor-specific phosphorylation profiles. 

In solid tumors, hypoxia-related induction of stress pathways occurs as early as 5 

minutes after resection.12,13 In accordance with our findings, differential phosphorylation 

of p38 and JNK kinases, associated with stress-response and ischemia, have been shown 

to increase over time in these studies. However, in contrast to resected tissue of solid 

tumors, AML MNCs in whole blood samples remain in an environment relatively similar to 

that in the body until the sample is processed. Here, the blood plasma temporarily provides 

a relatively stable ex vivo micro-environment which may protect the cells temporarily 

from oxidative stress. Extended delays may, however, lead to changes in for example 

oxygen and carbon dioxide levels, and pH, providing an explanation for the observed 

oxidative stress response after the four hour time poin.32–34 Other factors contributing to 

this response may be loss of anti-oxidative factors such as ascorbic acid, which decreases 

significantly after six hours of storage.35 Interestingly, MNC viability remains stable. 

The availability of AML samples depends on clinical presentation and biobank 

availability. Clearly, accurate documentation on processing and freezing procedures 

is of paramount importance to ensure sample quality and result comparability. When 

processing details are unknown and a sample is of particular interest, JNK activation 
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loop phosphorylation may serve as a biomarker for delayed processing and may inform 

the decision to whether or not include a sample for phosphoproteomics. On such 

occasions, AML biology should be considered during sample evaluation as some AML 

samples may show JNK phosphorylation at baseline,36 as we observed from Series 2 in 

our experiment. Several other proteins in our dataset showed increased phosphorylation 

at the 24 h time point, and NUDT3 especially should be considered as a potential second 

candidate marker of sample quality.

With regards to sample storage, we observed that freezing live cells using DMSO and 

retrieving them for lysis impacts only a small fraction of the global phosphoproteome 

(5,9%). In line with this, others have demonstrated that freezing cell pellets in LN2 before 

lysis does not induce major global (phospho)proteomic changes compared to direct lysis 

of cells.37 Although time-induced changes at 24 hours of delayed processing impacts 

sample phosphorylation at a larger scale, these data underline the importance of using 

standardized protocols for sample storage. 

In the current study we compared samples with strictly controlled delays in time 

between sample collection and processing, and MNC isolation protocols. Some 

variation may have been introduced by the inclusion of a DMSO frozen sample series in 

the comparison. However, our global phosphoproteomics experiment shows that delay 

in processing has a much larger impact on the phosphoproteome. Specifically, we found 

consistent perturbations in the pY phosphoproteome of all sample series at the 24 h 

time point and corresponding changes in kinase activity scores as determined by INKA 

– independent of storage method – and we confirmed differential JNK phosphorylation 

on western blot. Interestingly, the observed effects extend to the AML proteome that 

was also markedly affected at 24 h, restricting delays in sample processing for both 

proteomics and phosphoproteomics studies to a window of 4 hours.

In this study, we did not investigate effects of storage variation on the phosphoproteome, 

such as choice of collection container or storage temperature. Regarding the latter, 

though cold storage may slow down dynamic changes in the phosphorylation profiles, 

storage of whole blood at 4 °C may lead to platelet aggregation38–40 and is therefore 

discouraged in a ficoll based work-flow. Additionally, it could be of interest to explore 

specifically when major phosphoproteomic perturbations occur between four and 24 h 

of delay. This may extend the time frame in which it is still acceptable for samples to be 

used for phosphoproteomic analyses. 

We conclude that correct interpretation of in vivo biology using phosphoproteomic 

techniques requires sample processing within four hours after collection of PB. At all 

times, sample processing and storage should be performed similarly and performed 

within comparable time-frames. (Biobanked) AML specimens used for (phospho)

proteomics should be selected based on these criteria to warrant reproducible research 

with meaningful outcomes and JNK phosphorylation status may serve as a biomarker for 

delayed sample processing. 

Supporting information
Supplementary data to this article can be found online at  

https://doi.org/10.1016/j.jprot.2021.104134. 

Supplementary methods.
Supplemental Figure S1. Linear regression analyses between global phosphoproteomics 

samples, comparing Freezing method and delay in processing. 

Supplemental Figure S2. Western blot analysis of global phosphotyrosine levels for all 

time points in each series. 

Supplemental Figure S3. Full overview of kinase INKA scores per sample over time. 

Supplemental Figure S4. Analysis of the time series proteome. 

Supplemental Figure S5. Western blot analysis of JNK and pJNK expression across  

time points. 

Supplemental Table S1. Sample details.

Supplemental Table S2. Overview sample mutational status.

Supplemental Table S3. Combined phosphoproteomics results pTyr experiment.

Supplemental Table S4. Time series sample details.

Supplemental Table S5. Summary of sample phosphoproteomic analysis results.

Supplemental Table S6. Summary of significant phosphopeptides.

Supplemental Table S7. Summary of significant proteins.

Data availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD022019.
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Kinase hyperactivity is a common driver of acute myeloid leukemia (AML) and serves 

as a therapeutic target.1 The most frequent activating genetic aberrations in AML are 

internal tandem duplications (~23%) and tyrosine kinase domain mutations (~7%) 

of FMS-like tyrosine kinase 3 (FLT3-ITD and FLT3-TKD), and the presence of FLT3-ITD 

negatively affects survival.2 Combined with chemotherapy, FLT3-Tyrosine Kinase Inhibitor 

(FLT3-TKI) midostaurin improves overall survival in newly diagnosed FLT3-mutated 

AML, whereas single agent gilteritinib proved superior to chemotherapy in relapsed/

refractory FLT3-mutated AML.2 The presence of FLT3-ITD is predictive for response to 

FLT3-TKIs,3 yet 41-56% of FLT3-WT patients respond to FLT3-TKIs, indicating alternative 

possibilities of FLT3 pathway activation or TKI off-target effects leading to unexpected 

treatment response.4 Others have identified genomic and global phosphorylation markers 

associated with FLT3-TKI response in FLT3-WT AML.5,6 As the primary targets of currently 

approved FLT3-TKIs are tyrosine (Y) kinases, we hypothesized that direct evaluation of 

tyrosine kinome could reveal phosphorylation markers associated with FLT3-TKI response. 

Therefore, we performed both label-free pY-based and global phosphoproteomics7 in 35 

primary AML samples (18 FLT3-WT, 17 FLT3-ITD, details provided in Supplemental Digital 

Table 1) to identify differential phosphorylation underlying response to the FLT3-TKIs 

gilteritinib and midostaurin. 

We identified a total of 3.024 unique phosphosites (median 1.666 per sample, range 

1.091 – 2.118; Supplemental Digital Figure 1 and Supplemental Digital Table 2A) in 

the pY and 27.821 unique phosphosites in the global phosphoproteome dataset. Two 

samples were excluded due to the low number (382 and 550) of identified phosphosites. 

Details are provided in the Supplemental Digital Materials and Methods and Supplemental 

Digital Table 2B. We then assessed ex vivo response towards FLT3-TKIs by liquid culture 

and cell viability testing of AML blasts using flow cytometry (Supplemental Digital  

Figure 2). 19 out of 33 AMLs yielded interpretable dose-response curves and were 

included in further analyses. As expected, FLT3-ITD samples were more responsive 

towards gilteritinib and midostaurin, compared with FLT3-WT samples (Figure 1A-B).3 

We observed the most pronounced response of FLT3-ITD samples towards gilteritinib, 

exemplifying the known more potent and specific inhibition of FLT3 by gilteritinib 

compared with midostaurin, which has a broad inhibition profile (EC50 12.9 vs 635.03 

nM, https://proteomicsdb.org, Figure 1C). 
Responses towards gilteritinib and midostaurin could not be fully explained by 

the presence of FLT3-ITD, with responses observed in FLT3-WT samples and relative 

resistance – exemplified by relatively high LC50 values – in FLT3-ITD samples (Figure 1D 

and E). To explore associations between response and phosphorylation, we compared 

phosphoproteomic profiles independent of FLT3-ITD status. We defined responsive 

and resistant samples based on the variation in LC50 values between patients: median 

LC50 for gilteritinib and the lowest and highest 25th percentile for midostaurin. For 

the pY phosphoproteome, FLT3-ITD-independent response towards gilteritinib was 



Phosphoproteomic characterization of response mechanisms toward FLT3-inhibitors in AMLChapter 8

148 149

associated with differential phosphorylation of 28 phosphosites (P < 0.05, Figure 1F 

and Supplemental Digital Table 3A). Phosphosites with higher phosphorylation in 

gilteritinib-resistant samples included MAPK1-Y185, MAPK1-T187 (ERK2) and MAPK3-

Y202 and MAPK3-T204 (ERK1), in concordance with other data on FLT3-TKI resistance, 

but not of FLT3 itself.5,8-11 Post-Translational Modification Signature Enrichment Analysis 

(PTM-SEA, https://github.com/broadinstitute/ssGSEA2.0) indicated enrichment of EGFR1 

(P < 0.05) and KIT (P < 0.2) pathway-associated phosphosites in resistant samples 

(Supplemental Digital Figure 3A). Differential phosphorylation related to midostaurin 

response (Figure 1G and Supplemental Digital Table 3B) was more diverse with 46 

significant phosphosites, including high phosphorylation of STAT6-Y531 in midostaurin 

responsive samples. Gene ontology analyses (g:Profiler, https://biit.cs.ut.ee/gprofiler/

gost) revealed general processes related to kinase binding and transmembrane signaling. 

Ras-Raf-MEK-ERK-related phosphosites were absent among the identified differentially 

phosphorylated sites, although overexpression of RGL4 – a regulator of this cascade – 

has been related to midostaurin response.5 Comparison of global phosphoproteomic 

profiles between gilteritinib responsive and resistant samples did not yield any clear 

response-specific phosphorylation profiles (Supplemental Digital Figure 4A). However, 

PTM-SEA revealed enrichment of phosphosites associated with KIT pathway activation  

(P < 0.05) and GSK3B activity (P < 0.1) in gilteritinib-resistant AML samples (Supplemental 

Digital Figure 3B), which are independent from FLT3-ITD mutation status (Supplemental 

Digital Figure 3C and D).

Integrative Inferred Kinase Activity (INKA12) analysis of the pY phosphoproteome 

identified high activity of MAPK1, MAPK3 and GSK3A-B in gilteritinib-resistant samples, 

and confirmed that there was no differential activity of FLT3. (Figure 1H). Similarly, INKA 

analysis of the global phosphoproteome indicated higher activity of MAPK1 in gilteritinib-

resistant samples (Figure 1I and Supplemental Digital Figure 5A-E), suggesting that 

activation of FLT3-independent pathways may abrogate FLT3-inhibition and alternative 

pathways for survival may be targetable. Validation of pERK1/2 levels using ELISA 

suggests that high ERK phosphorylation is indeed associated with impaired response 

towards gilteritinib (Figure 1J). No significantly different INKA scores were identified in 

the midostaurin responsive vs. resistant comparison.
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Figure 1. Response towards FLT3-TKIs and differential phosphorylation profiles and kinase 
activity scores associated with FLT3-TKI response. Ex vivo response of FLT3-WT and FLT3-ITD 
AML blasts towards (A) gilteritinib and (B) midostaurin. P-values are calculated using least squares 
fit regression comparing FLT3-WT and FLT3-ITD samples. As workflow control, response of MV4:11, 
a homozygous FLT3-ITD AML cell line, is shown. (C) Protein target space of gilteritinib and midostaurin. 
The top 12 targets are shown, ranked on EC50, which is the drug concentration at which half of 
the target is competed. Data are retrieved from https://proteomicsDB.org. Individual LC50 values as 
determined in liquid culture towards (D) gilteritinib and (E) midostaurin. P-value is determined using 

Wilcoxon rank-sum test. Additional samples for which no phosphoproteomics data was available 
are shown to illustrate the diversity in FLT3-TKI response. Phosphotyrosine phosphorylation profiles 
of significant (P < 0.05) differentially phosphorylated phosphosites between responsive and resistant 
primary AML samples towards (F) gilteritinib and (G) midostaurin. For heatmaps, Euclidean distance 
with complete linkage for rows and columns was applied. (H) INKA scores based on the pY analyses 
between gilteritinib responsive and resistant samples, based on median LC50. (I) INKA score of MAPK1 
based on the global phosphorylation analyses. P-values are calculated by Wilcoxon rank-sum tests. 
(J) ELISA validation of pERK intensity as determined by pY phosphoproteomics, annotated with 
gilteritinib response. Correlation coefficient and p-value were calculated using Pearson correlation.
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To investigate which differential phosphorylated phosphosites between responsive- and 

resistant samples were truly independent of FLT3-ITD status, we assessed phosphorylation 

differences between FLT3-WT and FLT3-ITD untreated de novo AML samples. As AML 

sample heterogeneity could hamper mutation-based analyses, we selected samples 

enriched with FLT3-ITD-positive blasts, on the basis of an allelic ratio of ≥ 0.5. In the pY 

data, 61 phosphosites were differentially (P < 0.05) phosphorylated between FLT3-WT and 

FLT3-ITD AML. Phosphorylation of STAT5A-Y90 and LYN-Y265 was significantly higher 

in FLT3-ITD AML compared with FLT3-WT AML (Figure 2A-D and Supplemental Digital  

Table 3C). STAT5A is a known downstream component of FLT3-ITD signaling.13 While LYN 

may be activated by both FLT3-WT and FLT3-ITD, higher stoichiometry of phosphorylation 

of FLT3-ITD may lead to higher binding of LYN.1,14 Surprisingly, phosphorylation of 

FLT3 itself seemed independent of the presence of in-sample FLT3-ITD (Figure 2E and 
Supplemental Digital Figure 6), indicating that not overall activity, but differential 

downstream activation distinguishes FLT3-WT from FLT3-ITD samples. Six phosphosites 

overlapped between differentially phosphorylated phosphosites of the mutation- and 

gilteritinib-response comparison (Figure 2F). Mutation-independent, response-specific 

differential phosphorylation (n=22) included higher phosphorylation of MAPK1-T185, 

VIM-T63, STAT1-Y701 and Src-family kinases YES1, FYN and SRC in gilteritinib resistant 

samples. Phosphorylation of PTPN18-Y319 was low in resistant samples (Figure 2G). 

Global phosphorylation patterns were not clearly distinct between FLT3-WT and FLT3-ITD 

(Supplemental Digital Figure 4B and C), although PTM-SEA identified known activation 

of mTOR and Pi3K-AKT signaling in FLT3-ITD samples (Supplemental Digital Figure 3D).15 

To further characterize FLT3-WT and FLT3-ITD AML on the protein expression level, 

we performed proteomics on 17 AML samples (9 FLT3-WT, 8 FLT3-ITD) with sufficient 

material for additional analyses. On the proteomic level, 4.092 unique proteins were 

identified, and 199 proteins were differentially (p<0.05) expressed between FLT3-WT 
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Figure 2. Phosphoproteomic characterization of FLT3-WT and FLT3-ITD AML and parallel 
treatment with FLT3- and MEK/ERK inhibitors of primary AML samples. (A) Volcanoplot of 
differentially (P < 0.05) phosphorylated proteins between FLT3-WT and FLT3-ITD AML samples 
and log2 fold changes. Specific phosphorylation according to FLT3-ITD status in AML samples of 
(B) STAT5-Y90 (C) LYN-Y265;244 (D) SPTLC1-Y82 and (E) FLT3-Y842. P-values are calculated by 
Wilcoxon rank-sum tests. (F) Overlapping and unique differentially phosphorylated phosphosites 
from the pY phosphoproteomics comparisons of responsive and resistant samples towards 
gilteritinib and midostaurin, and FLT3-WT versus FLT3-ITD-AR > 0.5. (G) Normalized phosphosite 
intensities determined using pY-based phosphoproteomics of selected unique phosphosites 
between gilteritinib resistant and responsive AML samples. (H) Kinase target space of ulixertinib and 
trametinib. All targets are shown, ranked on EC50, which is the drug concentration at which half of 
the target is competed. Data from https://proteomicsDB.org. (I,K-L) Combination treatment of AML 
samples with gilteritinib plus the LC10 of trametinib or ulixertinib and their individual INKA profiles 
from the pY and global phosphoproteomic analyses. (J) Combination treatment of AML7 with 
parallel increasing concentrations of gilteritinib and trametinib indicates synergism, exemplified by 
an overall Bliss synergy score of > 10.
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and FLT3-ITD samples (Supplemental Digital Figure 7A and Supplemental Digital Table 

4). Gene ontology analyses of proteins with a minimal fold change of two indicated 

that these proteins were primarily involved in leukocyte activation, oxidation-reduction 

processes and protein activation cascades, including oncogenic MAPK signaling, stressing 

its important role in FLT3-ITD-biology (Supplemental Digital Figure 6B). An integrated 

network with differentially expressed proteins and phosphorylated phosphosites for 

the FLT3-WT vs FLT3-ITD comparison – informed by the proteomic, global and pY 

phosphoproteomic analyses – revealed relevant differential biology associated with FLT3-

ITD-status, in particular cell activation (light-green cluster), regulation of cell cycle (red 

cluster) and RNA splicing (light-blue cluster) (Supplemental Digital Figure 8A). 

Impaired drug response associated with alternative pathway activation may be 

overcome by simultaneous blocking of those pathways. To replicate previously observed 

ex vivo therapeutic benefit of parallel MEK inhibition,9 we assessed whether responses 

towards FLT3-TKIs would improve when treatment was combined with the MEK-inhibitor 

trametinib (Figure 2H). We only observed marginal decreases in LC50 for gilteritinib 

combined with fixed concentrations of trametinib (Figure 2I, K, L and Supplemental 

Digital Figure 9). Surprisingly, we even observed an increase in LC50 towards both 

gilteritinib and midostaurin in several AML cases (Supplemental Digital Figures 9 and 

10), possibly explained by competitive antagonism or unexpected off-target effects. 

Using parallel increasing concentrations of gilteritinib or midostaurin and trametinib, 

synergy (exemplified by overall Bliss scores of > 10 [https://synergyfinder.fimm.fi/]) was 

only observed in a sample harboring an NRAS mutation (Figure 2J and Supplemental 

Digital Figures 9 and 10), which may activate MEK-ERK signaling. Additionally, we 

explored the therapeutic effect of ulixertinib – a novel pan-ERK inhibitor. Combining 

gilteritinib with ulixertinib more efficiently enhanced response (Figure 2I, K and L) 

than with trametinib. Combination of midostaurin with ulixertinib did not enhance 

responses (Supplemental Digital Figure 10). Responses may be improved by optimizing 

concentrations and timing to prevent competitive antagonistic effects. Based on INKA 

ranking, AML patient-specific drug combinations could be explored1 such as inhibition 

of KIT in AML2393: The differential phosphorylation of two KIT sites in the gilteritinib 

resistant samples (Figure 2F and Supplemental Digital Figure 8B) – in tandem with 

the enrichment of KIT pathway components (Supplemental Digital Figure 3B) – may in 

part explain our observations. KIT itself is a known driver of leukemogenesis and not 

inhibited by gilteritinib. KIT-Y936 site phosphorylation is a docking site for several signal 

transduction molecules, including GRB2 and CBL.16,17 Binding of GRB2 to KIT can recruit 

GAB2 and may thereby mediate alternative activation of the MAPK signaling pathway and 

additionally activate the PI3K-Akt pathway in the gilteritinib resistant samples.17 Future 

studies may therefore explore combination treatment of gilteritinib with a KIT-inhibitor 

in FLT3-TKI-resistant AML. Nevertheless, the marginal benefit of combining trametinib 

with FLT3-TKIs is discordant with previous reports9 and warrants clarification to maximize 

the benefit of combinations with potentially toxic MEK inhibitors in clinical studies. 

Our study has a few limitations. First, sample selection is biased towards highly 

proliferative AMLs allowing for ample (≥ 4.5 mg) protein extraction for in-depth pY 

phosphoproteomics analysis. Second, although we selected samples with high blast counts 

and enriched for mononuclear cells during pre-processing, samples also contained variable 

numbers of normal leukocytes. The small (< 10%) fraction of normal leukocytes present 

in the samples may have led to identification of some normal leukocyte biology associated 

phosphorylation events in the (phospho)proteomics datasets. However, this should not 

affect the profiles associated with mutation status and drug response. Third, the observed 

associations are based on ex vivo response of primary AMLs in liquid culture and require 

mechanistic validation using conditions mimicking the BM micro-environment,18 which 

may impact the observed responses. As we compare relative resistance among samples 

cultured in identical culture conditions, our experiments still provide valuable information 

regarding response mechanisms. Nevertheless, clinical translation and validation of our 

findings is warranted: to further clarify response mechanisms on the phosphorylation 

level, future studies analyzing BM of patients treated with monotherapy FLT3-TKIs are 

required. Considering the current developments in AML treatment, however, most clinical 

studies will combine TKIs with other (targeted) agents or chemotherapy,19 which should 

be taken into account in future research.

In conclusion, we present an in-depth clinical phosphoproteome dataset, characterizing 

FLT3-ITD AML and FLT3-TKI response. We observed distinct phosphorylation signatures 

and protein expression profiles associated with response towards gilteritinib and 

midostaurin. Our ex vivo drug combination studies indicate that further exploration of 

the role of ERK and simultaneous blocking the MEK-ERK axis is warranted to maximize 

the potential benefit of treatment combinations aiming to improve responses to FLT3-

TKIs. The identification of key proteins and phosphorylation events in FLT3-ITD-AML, 

serve as a reference for future exploration of phosphoproteomic biomarkers associated 

with FLT3-ITD AML and FLT3-TKI response. 
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Supporting information
Supplemental Digital Content is available at http://links.lww.com/HS/A167.

Supplemental Materials and Methods.
Supplemental Figure S1. Phosphosite quantification by LC-MS/MS.

Supplemental Figure S2. Multiparameter Flow Cytometry Gating strategy

Supplemental Figure S3. Phosphosite-specific signature (PTM-SEA) analysis of 

differentially phosphorylated phosphosites between gilteritinib resistant and responsive, 

and FLT3-WT and FLT3-ITD AML.

Supplemental Figure S4. Global phosphorylation profiles from the global  

phosphoproteomics analyses.

Supplemental Figure S5. Full INKA profiles per AML sample from the pY phosphorylation 

and global phosphorylation experiment

Supplemental Figure S6. Specific normalized (Z-scored) phosphorylation intensity of all 

identified FLT3 phosphosites, according to FLT3-ITD mutation status.

Supplemental Figure S7. Proteomic characterization of FLT3-WT and FLT3-ITD AML. 
(A) Differentially expressed proteins between FLT3-WT and FLT3-ITD, P < 0.05 and FC < -2 or  
> + 2. (B) Network of protein clusters from differentially expressed proteins between FLT3-WT and 
FLT3-ITD, annotated with functional gene ontology terms. (C) Differentially expressed proteins 
between FLT3-WT and FLT3-ITD, P < 0.01. (D) Network of differentially expressed proteins between 
FLT3-WT and FLT3-ITD, P < 0.01.
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phosphosites quantified in the global phosphoproteomics experiment, and number of 

proteins quantified in the proteomics experiment.

Supplemental Table S3. (A) Differentially phosphorylated phosphosites based on 

pY phosphoproteomic analyses of gilteritinib responsive vs resistant AML samples. (B) 

Differentially phosphorylated phosphosites based on pY phosphoproteomic analyses 

of midostaurin responsive and resistant AML samples. (C) Differentially phosphorylated 

phosphosites based on pY phosphoproteomic analyses of FLT3-WT and FLT3-ITD- 

AR > 0.5 samples.

Supplemental Table S4. Differentially expressed proteins (P < 0.05) in FLT3-WT (n = 9) 

and FLT3-ITD (n = 8) AML samples.
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Supplemental Figure S8. Integrated network of differentially expressed proteins and 
differentially phosphorylated phosphosites. (A) Differentially expressed proteins and differentially 
phosphorylated phosphosites based on comparisons of FLT3-WT and FLT3-ITD AML samples, 
P < 0.01. Gene ontology (https://biit.cs.ut.ee/gprofiler/gost) analysis on network clusters reveals 
biology underlying the linked clusters. The top-ranking biological process is provided per cluster. (B) 
Differentially phosphorylated phosphosites from the global (p < 0.01) and pY phosphoproteomics  
(P < 0.05) data based on comparisons of gilteritinib responsive and resistant samples. The top 
ranking molecular function of this cluster is phosphoprotein binding, and top ranking biological 
process is FC-receptor signaling pathway.
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Supplemental Figure S9. Combination treatment of AML samples with gilteritinib and 

trametinib or ulixertinib.

Supplemental Figure S10. Combination treatment of AML samples with midostaurin 

and trametinib or ulixertinib.

Supplemental Table S1. Sample overview.

Supplemental Table S2. (A) Number of pS, pT and pY phosphosites quantified 

in the tyrosine (pY) phosphoproteomics experime,nt. (B) Number of pS, pT and pY 
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Abstract
Precision medicine is gaining importance in the treatment of acute myeloid leukemia 

(AML). Objectively reviewing past and current knowledge aids guiding future research. 

Therefore, we provide a complete overview of all phase II and phase III trials investigating 

targeted therapies in AML and their primary endpoints over the past two decades in 

perspective of their clinical benefit. We assessed whether drugs were primarily designed 

to treat AML or were repurposed and how successful they were based on progression 

of distinct drugs from phase II to phase III to FDA-approval. Between January 2000 and 

September 2020, 167 agents with 96 targets were investigated in 397 phase II trials. 

Twenty-eight agents were steered towards phase III, after three phase II trials on average. 

Repurposed drugs less often advanced in clinical development than drugs primarily 

developed for AML. Composite responses were the most prevalent primary endpoints 

in phase II. Of the eight FDA-approved drugs, none investigated quality of life at time of 

approval, and three out of eight have yet to show benefit in overall survival. Returns on 

targeted therapy research remain lean for AML patients. Future trials should not overlook 

non-targeted agents and foremost study endpoints proven to predict patient well-being.

Introduction
The number of targeted therapies for the treatment of acute myeloid leukemia (AML) is 

steadily growing. The discovery of imatinib for chronic myeloid leukemia (CML) and its 

remarkable results raised hopes for similar benefits of targeted therapies in AML.1 More 

than two decades of clinical research later, eight targeted agents have been approved by 

the FDA,2,3 marking the first steps in the long-awaited improvement of clinical outcome 

of AML patients. 

Tangible results from precision medicine in other fields of oncology, but also press 

coverage of remarkable patient recoveries as well as governmental financial incentives, 

have led to a surge in clinical research on such drugs.4 Although the hematologists 

armamentarium has expanded, overall AML survival remains poor.2 Current trends in 

ongoing research are reflected in recent approvals and individual targets, and potential 

applications of distinct agents are extensively described in several reviews. However, 

an overview of all therapies and targets that have reached clinical investigation, their 

advancements from phase II and phase III up to FDA-approval and their clinical relevance 

for AML patients is lacking. 

Here, we present a comprehensive overview of all agents and their targets investigated 

in phase II and phase III trials between 2000 and September 2020 and their primary 

clinical efficacy endpoints, supplemented with a synopsis of phase III trial results and 

the resulting magnitude of clinical benefit of approved compounds. As such, we provide 

insight into the emergence of different targets over the years, their successes and failures, 

and foremost attempt to answer what precision medicine research has yielded for patients 

with AML.

Methods
Data
We identified phase II and phase III trials with start dates between January 2000 and 

September 2020 using ClinicalTrials.gov by searching “Acute Myeloid Leukemia” in either 

phase II (N = 1328) or phase III (N = 300). Phase I/II trials were classified as phase II, and 

phase II/III trials as phase III.5 We manually selected trials investigating targeted therapies, 

targeting proteins or pathways with potential relevance for AML or specifically needed for 

leukemogenesis in AML cells, used as monotherapy or in combination with chemotherapy. 

We excluded hypomethylating agents (HMAs) as monotherapy, vaccine-based and T-cell-

based therapies, CML or ALL trials and trials investigating compounds that modulate 

Graft versus Host Disease. Using the abovementioned definition, we included targeted 

agents bases on the evaluation between the two first authors DGJC and TBP. In case of 

discordance, senior authors GJO and JJWMJ made a final decision whether or not to 

classify an agent as targeted. To find additional published phase III trials that were not 

listed in ClinicalTrials.gov, we searched MEDLINE through PubMed for “Acute Myeloid 

Leukemia” and “Phase III” and “Randomized Controlled Trial” or “Clinical Trial” between 
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January 2000 and September 2020 and selected publications investigating targeted 

therapies (Figure 1). Conference abstracts were not included in this search. For the phase 

III trials, we evaluated whether published results were available on 25 September 2020. 

Classification
To assess how agents progressed between phase II and III, we investigated the following 

characteristics. We determined whether agents in phase II progressed to phase III within 

one year of finalization of all phase II trials investigating that agent. Furthermore, we 

investigated whether agents obtained FDA-approval based on their phase II trial(s). If 

any of the phase II trials were still ongoing or had been finalized within one year, we 

classified it as “ongoing”. Phase III agents were classified “success” if the trial had met 

its primary endpoint, if not it was marked as “failed”. We classified the remainder as 

“ongoing”. We considered all phase II trials that started before the first phase III trial 

investigating that agent as preceding that phase III trial. Using manufacturer’s data we 

evaluated whether drugs were primarily investigated for use in AML or were repurposed. 

The number of enrolled patients was determined using data provided by ClinicalTrials.gov 

or from the publication. If missing, we used the mean number of patients in a phase II  

(n = 76) and phase III (n = 506) trial. To investigate the distribution of primary endpoints, 

we assessed and classified the primary clinical efficacy outcomes of each phase II and phase 

III study. If no clinical efficacy was documented, we report the safety or pharmacokinetic 

outcome parameter.  For regulatory authority-approved drugs, we assessed the magnitude 

of their clinical benefit, by using the ESMO Magnitude of Clinical Benefit Scale (MCBS) 

version 1.1,6 evaluated for hematological malignancies.7

Results
We assessed 1628 records of phase II and III trials for eligibility. After applying inclusion 

and exclusion criteria (Figure 1), we selected 397 unique phase II and 64 phase III trials.

Trends in phase II
We identified 397 unique phase II trials (Phase I-II, n = 167; Phase II: n = 230)  in AML 

investigating 167 distinct agents directed against 96 unique targets. Seventy-two of these 

trials investigated combinations of targeted agents. In total, these trials were designed 

to enroll 29 859 patients. Overall, the number of targeted phase II trials increased from 

seven in 2000 to 45 in 2019 (Figure 2A), and from January to September 2020, 50 phase II 

trials were registered. The top five primary targets of these agents investigated in phase II, 

based on number of unique trials, comprised 48.6% of all trials in phase II. These targets 

were FLT3 (FMS-like Tyrosine Kinase 3, n = 66), CD33 (n = 43), BCL2 (B-cell lymphoma 

2, n = 35), BCR-ABL (n = 24) and PD-(L)1 (Programmed Cell Death protein [Ligand]-1, n 

= 21). The five most common endpoints in phase II were Composite Response Endpoints 

(other than Overall Response Rate, n = 157), Complete Remission (CR, n = 67), Overall 

Response Rate (ORR, n = 64) and Survival (n = 50) (Figure 3A).

Trial success
Figure 2B-C provides an overview of the unique agents that proceeded from phase II to 

phase III. An overview of the number of phase II trials per agent and target is provided 

in the supplementary appendix. In phase II, 29 agents progressed to phase III within 

one year of finalization of the trial or were FDA-approved, 63 agents did not and 75 

agents were ongoing (Figure 2B). The success rate of an individual agent differs from 

the success rate of an individual trial, as several trials may be dedicated to a single agent. 

Of the agents that continued to phase III, a median number of 2 (range 1-8) phase 

II trials preceded the first phase III trial (Figure 2B, dark-green bars). Multiple phase II 

trials investigating the same agent might have evaluated different endpoints, different 

populations or different lines of therapy. The agents that failed development to phase III 

had a median number of 1 associated phase II trial. Drugs that were primarily designed 

for use in AML more often progressed to phase III or were FDA approved, compared with 

drugs that were repurposed (19/29 [64.3%] vs. 10/57 [17.5%]).

Phase III
In phase III, 64 unique trials (Phase II-III, n = 9; Phase III, n = 55) were reported on 

ClinicalTrials.gov and/or published in MEDLINE, investigating 28 unique drugs directed 

against 20 unique targets (Figure 2C). In total, these trials were designed to randomize 

All phase II results

Exclude
Chemo-only trials
Endocrine trials
Biomarker trials
Vaccine-based
T-Cell based
HSCT / GvHD
CML, ALL, APL

All phase III results

N  = 1328

MEDLINE 
through PubMedClinicalTrials.gov

All phase III results

N  = 300 N = 285

N  = 397

N  = 64
Exclude overlap

N  = 23

N  = 64

Final targeted 
phase II trials

Final targeted 
phase III trials

Figure 1. Search strategy. Phase II and III trials were identified through ClinicalTrials.gov. 
Additional published phase III trials were identified in MEDLINE through PubMed. Of the phase 
III trials, we evaluated whether published results were available that were not yet identified in  
the PubMed search.
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Figure 2. Targets and targeted agents in phase II and II clinical trials. (A) Overview of trials 
initiated each year from 2000 to September 2020. Top five targets, based on number of trials, 
are annotated in the bar plots. (B) Overview of top-50 targeted agents investigated in phase II 
clinical trials. In total, we observed 167 individual agents in phase II research for the treatment of 
AML between 2000 and September 2020. (C) Overview of targeted agents investigated in phase 
III clinical trials. Bars are annotated based on progression to phase III, phase III result and FDA 
approval. Furthermore, bars in phase II are annotated with the number of phase II trials initiated 
before the first phase III trial of that agent started. Position of FDA-approval indication depends 
on the pivotal trial on which approval was based. The primary target of each investigated agents 
is displayed. This implicates that the agents investigated in these trials may have been selected 
because of the expected benefit of modulation of targets other than the primary target of that 
agent (e.g. C-KIT inhibition by imatinib, of which the primary target is BCR-ABL). * Results are 
shown for January 2020 through September 2020.

34 795 patients. The most investigated targets were FLT3 (n = 19), CD33 (n = 18), BCL2 

(n = 7) and farnesyltransferase (n = 3). All other targets were investigated in two or less 

phase III trials. Based on meeting their primary endpoint in phase III, we classified five 

agents as successful, 11 as failed and 12 as ongoing, due to ongoing trials or unpublished 

results. For distinct agents, a median of 1.5 (range 1 – 17) phase III trials were identified. 

Of the 18 trials with CD33 as a target, 17 investigated gemtuzumab ozogamicin (GO). 

This multiplicity may (partially) be explained by varying (dosing) regimens, population 

differences, its use as induction or as post-remission therapy or by similar trials conducted 

in Europe and the US. The most common endpoints in phase III were Overall Survival (OS, 

n = 24), Event Free Survival (EFS, n = 21), Disease Free Survival (DFS, n = 4), and Complete 

Remission (CR, n = 3) (Figure 3B). Quality of life endpoints were included in 16/64 (25%) 

of registered phase III trials.

Magnitude of clinical benefit
We assessed the magnitude of clinical benefit of approved targeted agents in AML 

based on the trials that were pivotal for FDA-approval. These are summarized in Table 1. 

None of the studies that led to FDA-approval included quality of life as an endpoint. As 

indicated by the ESMO-MCBS v1.1 instructions, review was based on overall survival (4/8) 

or surrogate endpoints (4/8), in addition to the safety profile. Additionally we reviewed 

the post-approval phase III trial of venetoclax.8 Only midostaurin and GO both yield major 

benefit according to ESMO-MCBS, based on >5% improvement of overall survival at 

≥3 years follow up. GO has undergone a winding path of development, with numerous 

phase II and phase III trials registered and initial approval withdrawn but later re-approved 

with different indication and dosing regimen.2

Discussion
Targeted therapy research in AML has surged: the number of investigational agents more 

than quadrupled in 20 years. We identified 96 different targets and observed varying 
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and clonal heterogeneity of AML,11 such a discovery may not be realistic. It is questionable 

how successful drugs targeting a single molecular aberration will be, considering drug 

resistance towards such drugs, which is typically characterized by the emergence of novel 

mutations.12 Perhaps, immunotherapy-based approaches, reduction of HSCT-induced 

toxicity13 or further optimizing the use of cytotoxic agents can result in more benefit for 

AML patients.

Success rates
Deciding whether studies are successful is arduous, as even failed trials can inspire 

further research. We have been conservative in classifying the progression of individual 

compounds. By using our definition of (i) no subsequent phase III trial starting within one 

year nor (ii) any other ongoing phase II trial of the same compound, we aimed to identify 

compounds that failed to progress. As various phase III trials are already initiated before 

the end of phase II,14 our one-year timeframe is rather prudent. Moreover, compounds that 

had several phase II trials reported with negative conclusions, but still had some ongoing 

study were still classified as ‘ongoing’. Furthermore, as phase III trials had a mean of 

three associated phase II trials—and multiple subsequent phase III trials were conducted 

for distinct agents—it is clear that developing drugs that pass the regulatory hurdles for 

approval in AML is not at all plain sailing. Although it seems attractive, regulators should 

not lower the bar for approval. As we observe, drug developers take several shots at 

trying to advance the same compound. With many trials for a single compound it is likely 

that by multiplicity alone a trial eventually will meet its desired endpoint.15 To prevent 

erroneous inference, regulators ought to take multiplicity into account whilst reviewing 

drug approval applications.16

Causes of failure
In this work, we did not assess causes of failure. Potential causes may include insufficient 

pre-clinical evidence, design flaws, pre-mature start of phase III trials before finalization 

of phase II, continuation to phase III in spite of not reaching pre-set thresholds of clinical 

activity in phase II and inappropriate or lack of enriched populations based on molecular 

characteristics.14,17 These hypotheses warrant further research to identify common pitfalls. 

We observed that repurposed drugs were three times less likely to proceed to advanced 

clinical development stages than drugs primarily developed for AML treatment. A list 

of all repurposed drugs (e.g. venetoclax) in phase II is available in the Supplementary 

Appendix. When carefully selected, repurposing already developed medication may 

speed up discovery of novel treatment options.18 However, lack of pre-clinical data 

specific for AML and inability to enrich study populations for expression or aberrancies of 

the relevant target(s) may lead to unsatisfactory results (e.g. imatinib). Thus, decisions to 

explore repurposing of drugs developed for other indications should not be taken light-

heartedly and should be supported by sufficient evidence.

Other 

A PRIMARY OUTCOMES IN PHASE II

B PRIMARY OUTCOMES IN PHASE III

EFS

PFS

CIR

DFS
2y Relapse Risk
CIR+CID
Early Mortality Rate
RFS
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CR+CRi+PR
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CR+PR+SD
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 PR+MLFS

CR+CRi+CRp Composite
Response 
Endpoint

CR
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Figure 3. Primary outcomes in phase II and III clinical trials. Primary efficacy outcome variables 
of (A) phase II and (B) phase III studies between 2000 and September 2020. Safety includes 
Dose limiting Toxicity, Maximum Tolerated Doses, Side effects. Efficacy (Not Otherwise Specified, 
N.O.S.) include outcome measures that are indicative of efficacy outcomes but are not specified 
(such as, “response”, “anti-leukemic activity” and “clinical benefit rate”). Other include specific 
outcome types (such as “FLT3-inhibition by PIA assay” or “Access to treatment”). CR, complete 
remission, CRi, complete remission with incomplete hematologic recovery, CRp, complete remission 
with incomplete platelet recovery, CRh, complete remission with partial hematologic recovery, 
CRc, complete cytogenetic response, MLFS, morphologic leukemia-free state, HI, hematological 
improvement, PR, partial response, SD, stable disease, N.O.S., not otherwise specified, ORR, overall 
response rate, defined as CR+CRi+CRp+PR, RFS, relapse free survival, EFS, event free survival, PFS, 
progression free survival, CID, cumulative incidence of death, CIR, cumulative incidence of relapse, 
MRD, measurable residual disease, 

trends of research over the years. However, only 8 out of 167 (3%) studied agents have 

received FDA-approval at the time of writing. This ratio is an upper bound, since other 

trial registries may list studies not registered in ClinicalTrials.gov. Despite the numerous 

trials on targeted therapies, standard of care “7 + 3” chemotherapy persists to provide 

the largest population benefit for all AML patients9 and HSCT remains the most active 

curative treatment for AML. Targeted therapies have resulted in major benefits for 

enriched populations (e.g. 15-37% of AML patients harbor FLT3 mutations10), but we are 

still awaiting breakthroughs that benefit the majority of AML patients. Given the genetic 
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Table 1. Overview of pivotal trials for the FDA-approval of targeted agents for the treatment of AML. 
ESMO-MCBS scores for midostaurin, gemtuzumab ozogamicin and enasidenib were adopted from Kiesewetter 
et al.7. The highest grades of the ESMO-MCBS in a curative setting are A and B. A indicates a major, and B 
indicates an important benefit. In a non-curative setting, scores 4 and 5 indicate a substantial benefit, and 3 
indicates a moderate benefit. The endpoint used for EMSO-MCBS classification is printed italic. 

Treatment 
regimen & FDA 
approval date Target

Sample 
size  
(all or all/
exp arm)

% Patients 
with target Phase Setting

Primary Efficacy 
Outcome

OS/EFS 
Control 
Group

OS/EFS Gain 
or ORR

Other 
outcome 
measures 
(exp vs 
control or 
exp arm) Toxicity

ESMO-MCBS 
v1.1 Score

Magnitude of 
Clinical Benefit

ESMO-MCBS 
Form Ref

DE NOVO AML
SOC +/- 
Gemtuzumab 
Ozogamicin 

September 2017

CD33 280/140 ~85% III 50-70 y/o EFS EFS: 
17.1% at 
2 years

EFS 23.7%, 
HR 0.58 
(0.43 - 0.78)

CR+CRp: 
81% vs. 75%

 OS: 34.0 
mos. vs. 19.2 
mos.

Increased A Major 1 30

LD cytarabine +/- 
Glasdegib

November 2018

SHh 122/88 N/A II Unfit for 
Intensive 
Chemo

OS OS: 4.9 
mos.

OS: 

3.9 mos, 

HR 0.51; 
80% CI, 
0.39–0.67

CR: 17.0% 
vs. 2.3%

ORR: 26.9% 
vs. 5.3%

Duration of 
CR: 6.5 mos.

Duration of 
ORR: 9.9 
mos.

Slightly 
increased

4 Substantial 2A 31

SOC +/-  
Midostaurin 

April 2017

FLT3 717/360 ~15-37% II FLT3-ITD or 

FLT3-TKD

OS OS: 25.6 
mos.

OS: 

49.1 mos. 

HR 0.78 
(0.63 – 0.96)

CR: 58.9% 
vs. 53.5%

 EFS: 8.2 mos. 
Vs. 3.0 mos.

Similar A Major 1 32

Tagraxofusp 

December 2018

CD123 47 100 I/II Untreated 
and 
pretreated

Combined Complete 
Response + Clinical 
Complete Response in 
previously untreated 
patients

N/A CR + CCR: 
72%

ORR: 90% N/A 3 Moderate 3 33

Venetoclax + 
decitabine or 
azacitidine 

October 2020

BCL2 145 N/A I/II >65 y/o, Unfit 
for Intensive 
Chemo

ORR N/A ORR: 68% CR+CRi: 67%

 Duration of 
CR+CRi: 11.3 
mos.

Median OS: 
17.5 mo

N/A 2 N/A 3 34
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Clinical outcome measures
Patients measure success by experiencing improvements in quality or quantity of life. 

Surprisingly, quality of life is not reported in any of the published trials pivotal for FDA-

approval. However, the post-approval phase III study of the addition of venetoclax to 

azacitidine does briefly report quality of life measurements, with no change in quality 

of life between both treatment groups.8 Moreover, 6/8 compounds have been approved 

based on surrogate endpoints (CR, ORR, EFS), of which the clinical value is a matter of 

debate.19-21 Of all response endpoints, CR predicts overall survival superiorly compared to 

less stringently defined responses.22 Nevertheless, many trials were designed with various 

other endpoints such as CRi, CRp, CRh, CRc, MLFS, or even more exotic variations (e.g. 

CR + Partial Response + “Clinical Improvement” + “Stable Disease”) (Figure 3A). Using 

a variety of endpoints does not only hinder comparison of compounds, its clinical value 

for patients is debatable. Endpoints should not be chosen based on their chances of 

obtaining approval, but on their ability to precisely measure patient well-being.3

Of all approved compounds, only gilteritinib and venetoclax have shown overall survival 

benefits post-approval.8,23 It is unknown whether the uncertain estimate of clinical benefit 

justifies the certain associated treatment cost. For example, incremental cost-effectiveness 

ratio estimates for both approved FLT3 inhibitors are between US$ 61-110K per quality-

adjusted life year.24,25 It is difficult to assess whether the total research conducted is in 

proportion to the benefit these newly approved drugs yield.

Table 1. (continued)

Treatment 
regimen & FDA 
approval date Target

Sample 
size  
(all or all/
exp arm)

% Patients 
with target Phase Setting

Primary Efficacy 
Outcome

OS/EFS 
Control 
Group

OS/EFS Gain 
or ORR

Other 
outcome 
measures 
(exp vs 
control or 
exp arm) Toxicity

ESMO-MCBS 
v1.1 Score

Magnitude of 
Clinical Benefit

ESMO-MCBS 
Form Ref

Azacitidine +/- 
venetoclax 

October 2020

BCL2 286/145 N/A III >75 y/o, Unfit 
for Intensive 
Chemo

OS OS: 9.6 
mos.

OS: 

5.1 mos.

CR+CRi: 
66.4% vs. 
28.3%

Duration of 
CR+CRi: 17.5 
mos. vs. 13.5 
mos.

Increased 4 Substantial 2A 8

RELAPSED/REFRACTORY AML
Enasidenib 

August 2017

IDH2 239 ~8.7% I/II IDH2 mutated ORR N/A ORR 40.3% CR: 20.2% 
vs. 19.3%

N/A 2 N/A 3 35

Gilteritinib or 
Salvage Therapy 

November 2018

FLT3 371/247 ~15-37% III FLT3-ITD or 

FLT3-TKD

OS, CR OS: 5.6 
mos.

OS: 

3.7 mos., HR 
0.64 (0.49-
0.83)

CR+CRp: 
34.0% vs. 
15.3%

ORR: 67.5% 
vs. 25.8%

Slightly 
decreased

4 Substantial 2A 23

Ivosidenib 

July 2018

IDH1 179 ~4.4-8.5% II/III IDH1 mutated ORR N/A CR 22%, 
ORR 42%

Duration of 
CR: 8.2 mos.

Duration of 
ORR: 6.5 mos.

N/A 2 N/A 3 36

EXP, experimental, SHh, sonic hedgehog, OS, overall survival, EFS, event free survival, CR, complete remission, 
CRp, complete remission with incomplete platelet recovery, CRi, complete remission with incomplete hematologic 
recovery, ORR, overall response rate, R/R,  relapsed/refractory, LD, low-dose, SOC, standard of care, REF, reference, 
mos., months, y/o, years old, N/A, not applicable, CI, confidence interval, ESMO-MCBS v1.1, European Society for 
Medical Oncology – Magnitude of Clinical Benefit Scale version 1
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Costs and burden of trials
Developing novel targeted therapies incurs human and monetary cost on patients, 

physicians and society as a whole. First, participation in clinical trials is burdensome for 

patients and physicians. In all phase II and phase III studies, tens of thousands of patients 

participated. Benefits apparently occurred for those patients in a treatment arm of a later-

approved drug and for patients randomized to control arms for trials investigating later-

discontinued therapies. Patients were, however, exposed to treatments with harmful side-

effects. Second, these trials are expensive. Illustratively, recent estimates of the clinical 

development costs for ivosidenib and enasidenib are US$ 85.2M and US$ 430.5M, 

respectively.5 If we use numbers for average cost of conducting phase II (US$ 11.2 – 19.6M) 

and phase III trials in oncology / hematology (US$ 15.0 - 22.1M),26 the estimated amount 

of money needed to conduct these phase II and phase III trials varies from US$ 5.4 – 9.2 

billion. This does not include preclinical, phase I or cost of capital. As the monetary and 

personal stakes are so high, research in hematology owes it to society to carefully select 

relevant agents and design high-quality trials that enhance drug development efficiency. 

For instance, alternative trial designs such as Bayesian adaptive design approaches 

facilitate selection of the most promising agents, therefore increase efficiency of trials 

and may enhance clinical benefit for these patients.27 These approaches take advantage 

of accumulating information and allow modification of key parameters during the trial. 

For example, when molecular subgroups show superior response, trial conductors may 

decide to adjust the population of interest. Also, the inclusion of randomized controls 

in phase II trials could add to improve result interpretation. Agents may show clinical 

activity, but the most relevant question is whether they give superior results that matter 

to patients over already available treatments.17

Limitations of the study 
Definitions of what exactly constitutes targeted therapy have long been, and still are, 

a matter of debate.28,29 Here, we focused on therapies that were developed and investigated 

in the past two decades with disease-specific targets that either are deemed essential for 

leukemogenesis or have more or less specific expression in or on AML cells. We did not 

include chemotherapy or HMAs as monotherapy, although one could argue that HMAs 

as monotherapy, daunorubucin, and cytarabine are also targeted agents, as they target 

deoxymethyltransferases and DNA-replication, respectively. We also excluded all-trans 

retinoic acid (ATRA) as a targeted agent, which has been developed and introduced more 

than three decades ago, but has been evaluated for use in AML (15 phase II studies, 3 

phase III studies). Obviously, ATRA is a targeted agent in acute promyelocytic leukemia, 

but it is debatable whether this also applies for AML.  

As our search identified trials with start dates between 2000 and 2020, we did not 

identify (all) phase II studies that preceded all phase III trials. For example, the first phase III 

trials investigating lintuzumab and GO, were started in 2000 and 2004, respectively. Thus, 

preceding phase II trials were started outside of the scope of our search. Furthermore, 

we did not identify exactly which phase II trial lead to which specific phase III trial. Given 

that there frequently were multiple phase II trials before phase III started, it is also difficult 

to exactly determine which trials mainly led to the initiation of phase III research. Future 

research may dive in to incentives that impact (dis)continuation of trials. 

Conclusions
It remains important to objectively review what targeted therapy research has yielded 

for patients29 and how this determines the directions of future research. Unfortunately, 

we fear targeted therapy research has not yet met the objectives set twenty years ago. 

Future trials should therefore not overlook non-targeted therapies and at least focus on 

endpoints proven to matter to patients. Moving our fundamental understanding forward 

on how AML cells differ from their healthy counterparts is the basis for the development 

of therapies that will make a real difference for the treatment and outcome of  

AML patients.

Acknowledgements
The authors thank dr. Noor Gieles for extensive proof reading.

Supplementary information
The following information may be found online at https://www.nature.com/articles/

s41375-021-01164-x in the Supplementary information section at the end of the article:

Table A. Number of phase II trials per target.

Table B. Number of phase II trials per drug, including repurposing classification.

Table C. Number of phase III trials per target.

Table D. Number of phase III trials per drug.

Figure. Schematic overview of targets in drugs in phase II and phase III.



Two decades of targeted therapies in acute myeloid leukemiaChapter 9

176 177

References
1. Mauro MJ, O’Dwyer ME, Druker BJ. ST1571, 

a tyrosine kinase inhibitor for the treatment 
of chronic myelogenous leukemia: validating 
the promise of molecularly targeted therapy. 
Cancer Chemother Pharmacol. Aug 2001;48 
Suppl 1:S77-8. doi:10.1007/s002800100310

2. Lai C, Doucette K, Norsworthy K. Recent 
drug approvals for acute myeloid leukemia. 
J Hematol Oncol. Sep 18 2019;12(1):100. 
doi:10.1186/s13045-019-0774-x

3. Hilal T. Progress in acute myeloid leukaemia: 
small molecular inhibitors with small benefits. 
Ecancermedicalscience. 2020;14:1015. 
doi:10.3332/ecancer.2020.1015

4. Prasad V, Fojo T, Brada M. Precision 
oncology: origins, optimism, and potential. 
Lancet Oncol. Feb 2016;17(2):e81-e86. 
doi:10.1016/S1470-2045(15)00620-8

5. Wouters OJ, McKee M, Luyten J. Estimated 
Research and Development Investment 
Needed to Bring a New Medicine to Market, 
2009-2018. JAMA. Mar 3 2020;323(9):844-
853. doi:10.1001/jama.2020.1166

6. Cherny NI, Dafni U, Bogaerts J, et al. ESMO-
Magnitude of Clinical Benefit Scale version 
1.1. Ann Oncol. Oct 1 2017;28(10):2340-
2366. doi:10.1093/annonc/mdx310

7. Kiesewetter B, Cherny NI, Boissel N, et al. 
EHA evaluation of the ESMO-Magnitude of 
Clinical Benefit Scale version 1.1 (ESMO-
MCBS v1.1) for haematological malignancies. 
ESMO Open. Jan 2020;5(1)doi:10.1136/
esmoopen-2019-000611

8. DiNardo CD, Jonas BA, Pullarkat V, et al. 
Azacitidine and Venetoclax in Previously 
Untreated Acute Myeloid Leukemia. N 
Engl J Med. Aug 13 2020;383(7):617-629. 
doi:10.1056/NEJMoa2012971

9. Tran AA, Miljkovic M, Prasad V. Analysis of 
estimated clinical benefit of newly approved 
drugs for US patients with acute myeloid 
leukemia. Leuk Res. Sep 2020;96:106420. 
doi:10.1016/j.leukres.2020.106420

10. Aziz H, Ping CY, Alias H, Ab Mutalib NS, Jamal 
R. Gene Mutations as Emerging Biomarkers 
and Therapeutic Targets for Relapsed 
Acute Myeloid Leukemia. Front Pharmacol. 
2017;8:897. doi:10.3389/fphar.2017.00897

11. Zeijlemaker W, Gratama JW, Schuurhuis GJ. 
Tumor heterogeneity makes AML a “moving 

target” for detection of residual disease. 
Cytometry B Clin Cytom. Jan 2014;86(1):3-
14. doi:10.1002/cyto.b.21134

12. Daver N, Cortes J, Ravandi F, et al. 
Secondary mutations as mediators of 
resistance to targeted therapy in leukemia. 
Blood. May 21 2015;125(21):3236-45.  
doi:10.1182/blood-2014-10-605808

13. Abadir E, Gasiorowski RE, Silveira PA, Larsen 
S, Clark GJ. Is Hematopoietic Stem Cell 
Transplantation Required to Unleash the Full 
Potential of Immunotherapy in Acute Myeloid 
Leukemia? J Clin Med. Feb 18 2020;9(2)
doi:10.3390/jcm9020554

14. Seruga B, Ocana A, Amir E, Tannock IF. Failures 
in Phase III: Causes and Consequences. Clin 
Cancer Res. Oct 15 2015;21(20):4552-60. 
doi:10.1158/1078-0432.CCR-15-0124

15. Medeiros BC. Interpretation of clinical 
endpoints in trials of acute myeloid leukemia. 
Leuk Res. May 2018;68:32-39. doi:10.1016/j.
leukres.2018.02.002

16. Prasad V, Booth CM. Multiplicity in 
oncology randomised controlled trials: 
a threat to medical evidence? Lancet 
Oncol. Dec 2019;20(12):1638-1640.  
doi:10.1016/S1470-2045(19)30744-2

17. Walter RB, Appelbaum FR, Tallman MS, 
Weiss NS, Larson RA, Estey EH. Shortcomings 
in the clinical evaluation of new drugs: 
acute myeloid leukemia as paradigm. 
Blood. Oct 7 2010;116(14):2420-8.  
doi:10.1182/blood-2010-05-285387

18. Sukhai MA, Spagnuolo PA, Weir S, Kasper 
J, Patton L, Schimmer AD. New sources of 
drugs for hematologic malignancies. Blood. 
Jun 23 2011;117(25):6747-55. doi:10.1182/
blood-2011-02-315283

19. Othus M, van Putten W, Lowenberg B, et al. 
Relationship between event-free survival and 
overall survival in acute myeloid leukemia: 
a report from SWOG, HOVON/SAKK, and MRC/
NCRI. Haematologica. Jul 2016;101(7):e284-
6. doi:10.3324/haematol.2015.138552

20. Kemp R, Prasad V. Surrogate endpoints in 
oncology: when are they acceptable for regulatory 
and clinical decisions, and are they currently 
overused? BMC Med. Jul 21 2017;15(1):134. 
doi:10.1186/s12916-017-0902-9

21. Prasad V, Kim C, Burotto M, Vandross 
A. The Strength of Association Between 
Surrogate End Points and Survival in 
Oncology: A Systematic Review of Trial-
Level Meta-analyses. JAMA Intern Med. 
Aug 2015;175(8):1389-98. doi:10.1001/
jamainternmed.2015.2829

22. Walter RB, Kantarjian HM, Huang X, 
et al. Effect of complete remission and 
responses less than complete remission 
on survival in acute myeloid leukemia: 
a combined Eastern Cooperative Oncology 
Group, Southwest Oncology Group, and 
M. D. Anderson Cancer Center Study. J 
Clin Oncol. Apr 1 2010;28(10):1766-71.  
doi:10.1200/JCO.2009.25.1066

23. Perl AE, Martinelli G, Cortes JE, et al. 
Gilteritinib or Chemotherapy for Relapsed 
or Refractory FLT3-Mutated AML. N Engl 
J Med. Oct 31 2019;381(18):1728-1740. 
doi:10.1056/NEJMoa1902688

24. Zeidan AM, Pandya BJ, Qi CZ, Garnham 
A, Yang H, Shah MV. Cost-Effectiveness 
Analysis of Gilteritinib Versus Best Supportive 
Care (BSC) for the Treatment of Relapsed 
or Refractory (R/R) FLT3 Mutation-Positive 
(FLT3mut+) Acute Myeloid Leukemia (AML). 
Blood. 2019;134(Supplement_1):5085-5085. 
doi:10.1182/blood-2019-123811

25. Stein E, Xie J, Duchesneau E, et al. Cost 
Effectiveness of Midostaurin in the Treatment 
of Newly Diagnosed FLT3-Mutated Acute 
Myeloid Leukemia in the United States. 
Pharmacoeconomics. Feb 2019;37(2):239-
253. doi:10.1007/s40273-018-0732-4

26. Sertkaya A, Wong HH, Jessup A, Beleche 
T. Key cost drivers of pharmaceutical 
clinical trials in the United States. 
Clin Trials. Apr 2016;13(2):117-26. 
doi:10.1177/1740774515625964

27. Berry S, Carlin B, Lee J, Muller P. Bayesian 
Adaptive Methods for Clinical Trials. CRC 
Press, Boca Raton; 2011.

28. Tran A, Klossner Q, Crain T, Prasad V. 
Shifting, overlapping and expanding use 
of “precision oncology” terminology: 

a retrospective literature analysis. BMJ 
Open. Jun 7 2020;10(6):e036357.  
doi:10.1136/bmjopen-2019-036357

29. Prasad V, Gale RP. Precision medicine in acute 
myeloid leukemia: Hope, hype or both? 
Leuk Res. Sep 2016;48:73-7. doi:10.1016/j.
leukres.2016.07.011

30. Castaigne S, Pautas C, Terre C, et al. Effect of 
gemtuzumab ozogamicin on survival of adult 
patients with de-novo acute myeloid leukaemia 
(ALFA-0701): a randomised, open-label, phase 
3 study. Lancet. Apr 21 2012;379(9825):1508-
16. doi:10.1016/S0140-6736(12)60485-1

31. Cortes JE, Heidel FH, Hellmann A, et al. 
Randomized comparison of low dose 
cytarabine with or without glasdegib in 
patients with newly diagnosed acute myeloid 
leukemia or high-risk myelodysplastic 
syndrome. Leukemia. Feb 2019;33(2):379-
389. doi:10.1038/s41375-018-0312-9

32. Stone RM, Mandrekar SJ, Sanford BL, et al. 
Midostaurin plus Chemotherapy for Acute 
Myeloid Leukemia with a FLT3 Mutation. N 
Engl J Med. Aug 3 2017;377(5):454-464. 
doi:10.1056/NEJMoa1614359

33. Pemmaraju N, Lane AA, Sweet KL, et 
al. Tagraxofusp in Blastic Plasmacytoid 
Dendritic-Cell Neoplasm. N Engl J Med. 
Apr 25 2019;380(17):1628-1637.  
doi:10.1056/NEJMoa1815105

34. DiNardo CD, Pratz K, Pullarkat V, et al. Venetoclax 
combined with decitabine or azacitidine in 
treatment-naive, elderly patients with acute 
myeloid leukemia. Blood. Jan 3 2019;133(1):7-
17. doi:10.1182/blood-2018-08-868752

35. Stein EM, DiNardo CD, Pollyea DA, et 
al. Enasidenib in mutant IDH2 relapsed 
or refractory acute myeloid leukemia. 
Blood. Aug 10 2017;130(6):722-731.  
doi:10.1182/blood-2017-04-779405

36. DiNardo CD, Stein EM, de Botton S, et al. 
Durable Remissions with Ivosidenib in IDH1-
Mutated Relapsed or Refractory AML. N Engl 
J Med. Jun 21 2018;378(25):2386-2398. 
doi:10.1056/NEJMoa1716984



 

CHAPTER 10

Discussion, conclusions and future perspectives



Discussion, conclusions and future perspectives

181

To optimize prediction of response and survival, we focused on investigating clinically 

useful and potentially targetable AML characteristics: genetic aberrations, gene and 

protein expression, and protein phosphorylation.

Approaches based on genetic aberrations
Genetic aberrations are associated with survival and treatment response1 and have been 

the research focus in AML for the past decades. One major advantage of (cyto)genetic 

information is its straightforward interpretation and implementation in clinical care. For 

example, when an AML patient presents at the hospital, one may choose to supplement 

standard chemotherapy with a targeted protein (kinase) inhibitor based on the presence of 

internal duplications of the FMS-like tyrosine kinase 3 (FLT3-ITD), or mutated IDH1/IDH2.2,3 

Assays for these mutations give results within days, which facilitates timely treatment.

Mutations in TP53 in adult AML portend a dismal prognosis.4 However, little was 

known on the frequency and prognostic impact of TP53 mutations in pediatric AML. 

We investigated a large set of pediatric AML cases and found a very low frequency of 

TP53 mutations in this patient group. This hampered meaningful analyses of survival 

probabilities in patients with wild-type TP53 vs mutant TP53. Still, we did observe a marked 

association with complex karyotypes – similar to adult AML – which are associated with 

extremely poor prognosis. Both our observations as well as our hypothesis that mutations 

in TP53 are associated with poor survival in pediatric AML were confirmed by a Japanese 

study.5 With the very low incidence of pediatric AML, TP53 mutation status is currently 

not yet implemented in pediatric risk stratification algorithms, but these data suggest that 

TP53 mutant pediatric AML patients have poor survival probabilities and thus should be 

classified as adverse risk. 

Other essential mutations for treatment selection and prognostication - both in 

pediatric and adult AML – are FLT3-ITDs. Besides the presence of the aberration, both 

the size and allelic ratio are of interest, which may be affected by the genomic material 

(DNA or cDNA/RNA) used. In pediatric AML, we showed that only cDNA measurements are 

predictive for overall survival (OS) (Chapter 5). We hypothesize that cDNA measurements 

capture any potential expression differences better than DNA-based measurements, and 

are thus more closely linked to true protein expression. We therefore conclude that cDNA 

measurements are preferred in pediatric AML. We emphasize that the allelic ratio in any 

of the chosen patient materials is also dependent on the number of non-leukemic cells in 

the samples. Moreover, the proportion of FLT3-ITD positive cells within the leukemic clone 

can sometimes be relatively low, which may reduce the measured allelic ratio. Although 

both issues cannot easily be corrected for, allelic ratio remains an important feature for 

the prognostic relevance of FLT3-ITD.

From our observations in pediatric AML, we hypothesized that also in adult 

AML patients, cDNA measurements would have better prognostic value than DNA  

(Chapter 6). Although the study was sufficiently powered to detect meaningful 
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differences, DNA and cDNA measurements were comparable regarding OS prediction in 

adult AML in two independent cohorts. The enhanced sensitivity of cDNA measurements 

may still suggest cDNA as the preferred genetic material for FLT3-ITD measurement. 

Similar to our pediatric study, FLT3-ITD-lengths are sometimes overestimated when using 

DNA, as at the cDNA level a 90 base pair intron is spliced out. The reasons for differences 

in prognostic value between adult and pediatric patients remain unclear – our pediatric 

study may have been biased by selection and a small sample size, although independent 

research confirmed our conclusions.6 Pre-analytical techniques are identical for children 

and adults. Although these observed differences between DNA and cDNA do not result 

in distinct risk stratification based on FLT3-ITD-AR, they do impact treatment selection – 

more patients are eligible for FLT3-TKIs if the mutation is determined at the cDNA level. 

Leukemia patients with overall low FLT3-ITD-ARs can show relapse with high AR, since 

the FLT3-ITD positive leukemic cells can become dominant after chemotherapy, hence, 

low AR patients may still benefit from targeted FLT3-inhibition.

FLT3 is a targetable protein kinase and treatment with tyrosine kinase inhibitors (TKIs) 

in FLT3-mutant AML patients improves overall survival.2,7 Optimal selection of patients 

for TKI treatment is of paramount importance for two reasons. First, although toxicity 

of targeted agents is usually lower than standard chemotherapy, TKIs are commonly 

administered daily and during prolonged periods of time, thus also lower-grade toxicities 

are unwanted. Second, novel targeted agents are expensive and lead to increases of 

societal costs that can only be justified for increase in quality of life and/or survival.8,9 

Therefore, in Chapter 5, we additionally investigated potential biomarkers for response 

to the FLT3-TKIs gilteritinib and midostaurin according to the FLT3-ITD-AR.

A high FLT3-ITD-allelic ratio (≥ 0.50) reflects either that (1) the majority of bone 

marrow cells contains one copy of the FLT3-ITD or (2) at least 50% of bone marrow cells 

is homozygous for FLT3-ITD. Accordingly, we observed more profound ex vivo responses 

towards gilteritinib in AMLs with a high FLT3-ITD-AR compared with low-AR or WT. Currently, 

all FLT3-ITD AML patients with an FLT3-ITD-AR of ≥ 0.05 are eligible for FLT3-TKI therapy, 

based on the results of two prospective trials: for de novo AML, addition of midostaurin to 

standard chemotherapy, and for R/R AML gilteritinib instead of salvage chemotherapy was 

associated with better OS compared with standard care.2,7 These trials were not powered to 

perform meaningful subgroup analyses in patients with high and low FLT3-ITD-AR. However, 

subgroup analyses suggested that only men benefited from midostaurin.2 It thus remains 

unclear whether all patients truly benefit from tyrosine kinase inhibition, or if the overall 

improvements in responses are mainly caused by a subgroup of patients. Furthermore, it is 

unknown whether the OS advantage is due to improved complete remission rates (which are 

higher in patients using gilteritinib versus salvage chemotherapy, but not using midostaurin 

supplemented to standard chemotherapy2,7), or whether FLT3-TKIs as maintenance therapy 

prevent relapse by suppressing outgrowth of FLT3-ITD clones – or both. Investigating optimal 

timing of drug administration in the right patients will contribute to higher efficacy, fewer 

unnecessary toxicities and lower societal costs. 

Besides timing, optimal dosing may contribute to higher efficacy and lower toxicity. 

The current standard in dose-finding studies is to determine the maximum tolerable dose 

(MTD). It is questionable whether this approach is appropriate for modern, targeted 

oncology therapies.10-13 For targeted drugs, a biologically effective dose may be more 

meaningful, exemplified by complete target inhibition (e.g. phosphorylation of FLT3). 

Additionally, pharmacokinetics are distinct between patients, while serum levels may be 

affected by co-medication,14 and thus patient-tailored dosing may aid reaching optimal 

serum levels. Such dose-adjustments are already common for busulfan as conditioning 

regimen before stem cell transplantation.15 We argue that it is essential for the success 

of novel targeted agents, that research (i) focusses on optimal patient selection for these 

agents, by for example following up on observed subgroup differences, and (ii) aims 

to optimizing dosing regimens – if needed post-marketing authorization – rather than 

mostly concentrating on the development of novel therapies. 

Another characteristic of FLT3-ITD, which is truly related to the mutation itself and not 

necessarily the fraction of mutated cells, is the FLT3-ITD-length. In both studies described 

in Chapters 4 and 5, we observed that patients with long FLT3-ITDs (i.e. ≥ 48 bps) have 

inferior survival probabilities compared to patients with short FLT3-ITDs. The length of 

the ITD could impact the degree of autophosphorylation of FLT3.16,17 As such, a long ITD 

length may result in higher kinase activity compared with a short ITD length, and thus 

a more aggressive clinical phenotype. Although our findings are potentially relevant, 

they are also complicated to interpret. Currently available studies are contradictory about 

the added value of FLT3-ITD length to prognostication of AML patients: as many reports do 

find an association17-24 as reports that do not find any association with clinical outcome.25-33 

To clarify these discrepancies, we performed a systematic review and meta-analysis of 

the association of FLT3-ITD-length and OS. Based on the available evidence, we conclude 

that a long FLT3-ITD-length is associated with a marginal but significant increase in risk of 

death (Figure). This analysis is somewhat biased towards studies that report a significant 

effect: several negative studies do not report any data. Furthermore, most studies fail 

to report the genetic material of measurement (DNA or RNA/cDNA), which also impacts 

length measurements (Chapters 4 and 5), and arbitrarily choose distinct cut-off points, 

hampering study comparisons. The most important question, whether the FLT3-ITD-length 

has added value over FLT3-ITD-AR, remains unanswered: most studies are not sufficiently 

large to study both parameters in multivariable analysis. This was also challenging in our 

own studies in which we found comparable hazard ratios for length as well as AR. These 

parameters are biologically – but not statistically – associated with each other, making it 

is challenging to discern which is most important. For comparison in systematic review, 

it is essential that all studies – positive or negative – report all data and methods very 

carefully, in order to facilitate meta-analyses. Based on our preliminary data, which should 

be interpreted with caution, we propose to further explore the added value of FLT3-ITD-

length for risk stratification, and suggest in vitro and in vivo models be developed to 
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accurately study the true biological effect of distinct FLT3-ITD-lengths, as this may inform 

patient selection for targeted treatment. Furthermore, we argue that in each clinical study 

reporting on the effects of FLT3-ITD or novel FLT3-TKIs, the ITD length should be considered 

and reported as a potentially relevant variable for survival and response to treatment.

Risk group stratification based on FLT3-ITD-AR is currently recommended,1 but all other 

mutations in AML are considered ‘present’ or ‘absent’. For example, presence of mutant 

NPM1 is considered as prognostically favorable.1 In contrast, Patel et al.35 observed poor 

OS in patients with a high NPM1 variant allele frequency (VAF), irrespective of frequently 

co-occurring mutations. An obvious biological explanation is missing, although the NPM1 

VAF may capture the true disease burden more than for example peripheral blood or bone 

marrow blast count. Also for TP53, classification solely based on ‘presence’ of a mutation 

may be insufficient: in myelodysplastic syndromes, which can progress to AML, poor 

prognosis is only specific to patients with multiple mutations in TP53.36 This indicates that 

at the mutational level, dichotomized stratification may be too simplistic and additional 

characteristics should be studied to fine-tune prognostication. 

Approaches based on gene expression profiles
Although (cyto)genetic based methods are practical and provide useful information, 

classification based on molecular subtype may be insufficient, as the function of genetic 

mutations also depends on their expression. Furthermore, wild-type proteins may be 

differentially expressed and associated with pathogenesis or function as a treatment 

target. Valk et al. demonstrated the utility of gene expression profiles generated from 

bulk AML by defining molecular and prognostic subgroups using a microarray-based 

approach.37 Excellent accessibility to large quantities of AML tumor material and 

technical advances prompt the use of single cell sequencing to scrutinize the exact clonal 

composition, dynamics and implications in pathogenesis and treatment possibilities. 

Using these approaches, several studies have now illustrated the feasibility and benefits 

of single cell analyses. At a transcriptional level, using single cell mRNA-sequencing, Van 

Galen et al.38 identified specific subsets of cells with distinct dysregulated expression and 

stem cell-like phenotypes, that could be linked to the genotypes of these tumors and were 

associated with clinical outcome. More recent studies investigated the co-occurrence or 

mutual exclusivity of recurrent AML mutations in single cells and linked these genotypes 

to immunophenotypes.39 These studies illustrate that although several mutations may be 

united in one AML patient, subclonal architecture pursues distinct patterns that remain 

unidentified using bulk sequencing approaches. Although single-cell sequencing is not 

yet ready for implementation in clinical care, it provides essential information for novel 

appreciation and interpretation of clonal and subclonal hierarchy and will yield valuable 

information on the emergence and targetability of AML cells. 

In this thesis, we used gene expression based techniques to study mechanisms 

related to drug response and how differential expression of TP53 pathway genes impact Fi
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survival in pediatric AML. In Chapter 4, we argued that although mutations are rare, 

p53 pathway dysfunction – caused by distinct expression of its up- and/or downstream  

genes – could impact clinical outcome.40,41 Indeed, we observed that differential expression 

of RRM2B – part of the p53 pathway and a target of decitabine – is associated with OS 

in pediatric AML. Although this illustrates that differential function of the p53 pathway 

may have clinical significance, larger studies are warranted to validate these findings. 

RRM2B could be considered in gene-expression based classifiers, but RRM2B may be 

unattractive as therapeutic target to modulate TP53: other p53 members genes interact 

more directly with p53, such as MDM2. MDM2 activation results in degradation and 

subsequently reduction of p53 activity.42 This formed the rationale for the development 

of MDM2 inhibitors, especially since MDM2 overexpression has been associated with 

poor survival.40 In our pediatric cohort, we were unable to reproduce this effect after 

multivariable correction and, to our knowledge, no independent validation studies have 

been published yet. Nevertheless, multiple MDM2 inhibitors (such as idasanutlin) are under 

clinical investigation.43 As monotherapy, MDM2 inhibitors are only modestly active.43 

Since sustained p53 function could enhance apoptosis induced by chemotherapy or other 

agents, trials now focus on combining MDM2 inhibitors with chemotherapy, as well as 

BCL2, FLT3 and PD(L)-1 inhibitors.43 In a phase 1 study, the combination of cytarabine 

and idasanutlin resulted in complete remission rates of 28% in R/R AML patients, forming 

the basis for a phase 3 study with this combination. However, in phase 3, complete 

remission rates were lower than observed in phase 1 (20.3% vs 17.1% with placebo) 

and the primary endpoint was not met, with a median OS of 8.3 months for idasanutlin 

combined with cytarabine versus 9.1 months with cytarabine alone.44,45 Adverse events 

were slightly higher in the treatment arm, possibly because apoptosis in healthy cells is 

also enhanced following MDM2 inhibition. Patient subgroups that may have benefited 

from nutlin therapy remain obscure – preclinical data suggest that response towards 

nutlins is independent of genomic alterations.46 

Considering other emerging promising therapeutics, such as venetoclax for R/R AML47 

combined with chemotherapy, I expect that the role of MDM2 inhibition as a therapeutic 

strategy will remain limited in AML. Whereas MDM2 inhibitors aim to maintain p53 function 

via MDM2 in TP53-WT patients, targeting p53 itself may be a promising approach in 

TP53-mutant patients by restoring its function. Although the phase 3 study investigating 

the p53 activator, APR-246, in combination with azacitidine in MDS patients did not meet 

its primary endpoint of CR,48 response rates were 53% higher using APR-246 compared 

to azacitidine alone. Considering the synergistic effects in pre-clinical AML models,49,50 

there may still be a role for modulation of p53 in the treatment of AML. 

In Chapter 3, we hypothesized that gene expression patterns associated with ex vivo 

response towards commonly used chemotherapeutics could inform future research aiming 

to improve responses. In a large pediatric AML cohort, we observed strong differential 

expression of meaningful genes in relation to ex vivo drug response of primary AML 

samples, which may support future decisions in pre-clinical research to explore novel 

treatment strategies. Lack of response was mostly associated with low expression levels, 

suggesting a more dormant state of therapy-resistant cells. For example, we identified 

low expression of BRE – a predictor of poor OS51,52 – being associated with impaired 

response towards cladribine and etoposide. Inhibiting protein function appears more 

straightforward than restoring its activity, which limits targetability of many under 

expressed genes. HIF1A, which was overexpressed in resistant samples, induces drug 

resistance through several pathways.53,54 HIF1A protein synthesis is regulated by the PI3K 

and ERK pathways, for which multiple inhibitors are under (pre)-clinical investigation.55-59 

Although successful modulation of these pathways is complex due to compensatory 

activation of other signaling molecules,60-62 novel potent strategies are underway63 which 

may have the potential to improve responses in AML. 

Improvements in OS of pediatric AML patients over the past decades – which are 

impressive – have been attributed to improved supportive care rather than to improvements 

of therapy itself.64 Novel agents explored in pediatric AML mainly follow clinical 

development of novel adult treatment regimens, such as CPX-351 (liposomal cytarabine 

and daunorubicin), FLT3-inhbitors and antibody-drug conjugates with gemtuzumab 

ozogamycin being the most important ones.65-67 As an exception, bortezomib, a proteasome 

inhibitor, has been evaluated in phase 3 in pediatric and younger age AML (< 30 years old) 

before completion of late phase adult studies. Despite promising preliminary evidence,68 

addition of bortezomib resulted in higher neuropathy and more intensive care admissions 

compared with standard treatment, and failed to prolong OS.69 Other strategies focusing 

on optimal treatment at the time of diagnosis requires consideration of genetic events 

currently outside of classification algorithms that predict inferior clinical outcome (such as 

CBFA2T3-GLIS2, KMT2A or NUP98 fusions) and distinct mutation occurrence in pediatric 

AML. For example, NRAS mutations more frequently occur in pediatric AML than in adult 

AML and are associated with FLT3-TKI resistance.46,70,71 Pediatric AML may not necessarily 

be regarded similar to adult AML: myeloid dysfunction may be caused by epigenetic events 

rather than genetic aberrations.70 These biological differences prioritize the exploration of 

epigenetic therapeutic approaches for pediatric AML patients.72

Gene expression data provide valuable information for targetability, treatment 

development and prognostication for AML patients. However, implementation of gene 

expression (profiles) remains limited in clinical use: EVI1 overexpression was proposed 

for AML risk stratification, but has been excluded from the ELN 2017 risk classification.73 

The most common chromosomal aberration underlying EVI1 overexpression, inv(3)

(q21q26.2) or t(3;3(q21;q26.2) is included as poor-risk feature,1 however EVI1 can also be 

overexpressed in AML without 3q abnormalities.74 Analysis of whole-genome expression 

depends on highly specialized laboratories and integrating such diverse data in risk 

stratification algorithms is currently not feasible for clinical use. Thus, these observations 

mainly serve as the start of a novel empirical cycle in pre-clinical research instead of 
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having direct implications for clinical practice. We anticipate that with the emergence 

of large databases harboring RNA sequencing data through collaborative efforts such 

as HARMONY75 and development of complex prediction models,76 integration of gene-

expression based data as well as extended mutation data will become more feasible and 

could further support clinical decision-making.

Furthermore, novel approaches to classify and treat patients may have to take dynamic 

evolution of AML into account, as current strategies are static and rely on detection of major 

clones at diagnosis. Our improved understanding of specific mutational characteristics, 

gene expression profiles as well as advances in identification of complex sub-clonal 

architecture through (single-cell) sequencing39,77,78 prove that AML is a dynamic tumor, 

with chemotherapy resistant clones that initiate relapse through multiple mechanisms.79-82 

More dynamic analyses and extended risk stratification protocols that also consider 

measurable residual disease and mutational shifts81,83 in complete remission are required 

to capture these complex processes. Treatment strategies may be adapted accordingly: 

dynamic application of (combinations of) targeted agents could suppress minor clones – 

such as TP53-mutant therapy resistant cells that could otherwise initiate relapse.84 Flow 

cytometry-based MRD-guided selection of consolidation therapy is a successful example 

of such a strategy.85 To identify targetable mutations in CR, next-generation sequencing 

based molecular MRD is essential and might in future trials be implemented in tandem 

with flow cytometry-based approaches.86 Especially pediatric AML patients may benefit 

from targeted suppression of potential relapse initiating clones as most patients achieve 

CR, and relapse is to be prevented as salvage therapy comes at high cost of severe 

long-term side-effects such as secondary malignancies and cardiomyopathy.87 However, 

secondary resistance towards targeted agents will eventually develop,88 and this strategy 

will probably only bridge the gap towards an era where our biological understanding 

suffices to develop curative pharmacological treatments for AML. 

Protein expression and phosphorylation based approaches
One of our main interests in this thesis was the response towards FLT3 protein tyrosine 

kinase inhibitors. Both currently approved FLT3-TKIs, midostaurin and gilteritinib, improve 

survival of FLT3-mutated AML patients compared to chemotherapy alone,2,7 and are now 

being compared in the HOVON/SAKK 156 phase 3 trial. As we observed sensitivity of 

FLT3-WT primary samples towards these agents in our pre-clinical studies (Chapter 5), 

and clinical studies reported responses in 12-56% of FLT3-WT patients,89-92 we reasoned 

that other biological characteristics may be associated with this response. Importantly, 

the kinase target space of both inhibitors extends beyond FLT393,94 and thus AMLs with 

activation of other relevant pathways inhibited by gilteritinib and midostaurin could 

benefit from treatment as well.

Mass-spectrometry based label-free phosphoproteomics can assess individual 

phosphorylation profiles, identify known and unknown oncogenic drivers using integrative 

kinase activity ranking and predict responses to inhibition of those kinases.95,96 Its utility 

and accurateness was mostly demonstrated in cell lines, with preliminary evidence 

of effectiveness in primary patient material. Thus, we aimed to use this technique in 

primary AML samples in relation to FLT3-TKI response. Selection of high-quality samples 

is indispensable: our results from Chapter 7 indicate that delayed sample processing 

leads to distortion of patient-specific profiles, and over-time loss of sample-specific kinase 

activity scores such as for FLT3 and KIT. Based on these data, we propose a practical 

time-frame of a maximum of four hours of delay before sample processing. We argue 

that such studies,97 contributing to data quality and reproducibility, should be more 

widely performed and become available. Only with robust and reproducible data – 

which is not obvious using mass-spectrometry based data98 – pre-clinical research can 

provide meaningful results that may eventually contribute to improved treatment and 

prognostication strategies for patients. 

These and previously reported data97 allowed us to use biobanked samples to analyze 

phosphoproteomic profiles and their association with FLT3-TKI response. In Chapter 8, we 

observed previously reported distinctive differential phosphorylation in for example STAT5, 

LYN and Src family phosphosites between FLT3-WT and FLT3-ITD samples, supporting 

the robustness of our data. Unexpectedly, we observed similar FLT3 phosphorylation and 

kinase activity in FLT3-WT and FLT3-ITD samples, although the general consensus stresses 

ligand-independent activation of FLT3 due to the ITD.16,99-101 The lack of this observation 

in our data may be explained by heterogeneity of AML and bone marrow samples 

whereas most evidence on FLT3 auto phosphorylation originates from western blots on 

homogeneous immune-precipitated cell line lysates.102 Moreover, FLT3 phosphorylation 

may be more dynamic than phosphorylation of its downstream targets. Importantly, we 

did observe increased activation of pathways related to FLT3. This suggests the effects 

of (subtle) auto phosphorylation extend far beyond FLT3, stressing the necessity to also 

explore kinase activity other than FLT3 itself.

From our ex vivo response experiments, we identified differential phosphorylation 

of multiple phosphosites associated with ex vivo response towards midostaurin and 

gilteritinib. Especially ERK activity was high in gilteritinib unresponsive samples, in 

concordance with previous reports.55,103,104 This motivated us to explore simultaneous 

inhibition of ERK and FLT3 as a strategy to improve responses. Although we did observe 

improvement in response towards FLT3-TKIs, they were modest at best. This may have 

had several reasons. Our combination strategies were mostly based on experience 

from chemotherapy combinations. However, sustained and effective inhibition of 

the whole Ras-Raf-MEK-ERK pathway may require different dosing regimens to prevent 

compensation due to activation of other kinases, such as PI3K.105 Furthermore, most 

pre-clinical evidence for ERK-mediated resistance towards FLT3-TKIs originates from cell 

lines. Most AML specimens do not expand ex vivo, and we primarily investigated response 

at baseline. Differences in this context may be less dramatic than observed in highly 
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proliferative cell lines. To further clarify response mechanisms towards FLT3-TKIs, clinical 

study protocols should allow for the collection of sufficient bone marrow material of 

patients treated with these targeted agents, ideally at diagnosis, during treatment and at 

relapse. Consequently, phosphoproteomic data could be directly associated with clinical 

response, which will provide important leads to select patients that benefit most from 

these agents. 

We identified inhibition of MEK and ERK as potential strategy to improve responses 

towards FLT3-TKIs. MEK and ERK inhibitors are currently under clinical investigation. 

Single-agent MEK1/2-inhibitor trametinib produces overall response rates of ~28% in 

AML patients.56 As compensatory activation of the PI3K/AKT/mTOR pathway may explain 

low response rates towards single-agent MEK inhibition,105 parallel inhibition of MEK and 

AKT inhibition was explored in a phase II study. Although phosphorylation of ERK was 

consistently inhibited during treatment, no single patient obtained CR or CRp.57 Even if 

emerging pre-clinical data may suggest exploration of combination strategies of distinct 

targeted agents, subsequent success in clinical studies is not obvious. In Chapter 2, we 

reviewed the consequences of distinct culture techniques on observed ex vivo responses 

of primary AML samples. Culturing on stromal cells and addition of multiple cytokines 

is needed to facilitate survival and growth of primary AML specimens. These rather 

complex methods may hamper efficient testing of large quantities of AML specimens. As 

interactions with the bone-marrow environment generally decrease response to targeted 

agents, not including such experimental conditions may overestimate the expected 

benefit of novel treatment strategies and leads to disappointing results in clinical studies. 

Although we should not refrain from performing ex vivo experiments to assess drug 

response as they provide important mechanistic insights, their translational value should 

be appraised critically.

Objective assessment of targeted AML research
Novel treatment options for AML patients are needed to improve survival while minimizing 

toxicity. Current approaches are based on novel genomics, proteomics or multi-omics 

data, but their translational capacity seems to be hampered by variable and sub-optimal 

pre-clinical conditions (Chapter 2). Since 2017, eight novel (targeted) therapies have 

been approved for AML, providing health benefits to selected patients. As no objective 

overview of all targeted agents that reached clinical investigation was available, we 

quantified and characterized clinical targeted therapy research from 2000-2020 in 

Chapter 9. Over the past 20 years, 167 distinct targeted agents were evaluated in 397 

phase II and 64 phase III studies in over than 65.000 patients. Multiple phase II and phase 

III trials investigated the same agent, raising questions how successful a drug really is 

when it apparently did not demonstrate sufficient clinical activity the first, second or 

third time. We furthermore observed that many drugs are repurposed for use in AML, 

suggesting strategies to expand market authorization for patented – and thus expensive –  

medication. However, in AML, drugs that were primarily designed as AML drugs, were 

more successful than repurposed drugs, suggesting that solid AML specific pre-clinical 

evidence eventually improves success rates. 

How can we move (pre)-clinical evaluation forward and improve success of treatment 

development in AML? Although we did not investigate specific reasons for failure of 

targeted drugs, several remarkable observations are worth discussing. For example, most 

abstracts at the American Society of Hematology Meeting on phase II trials are presented 

as highly promising, while apparently the minority of agents presented in a ‘positive 

abstract’ eventually progresses to phase III research (Chapter 9, unpublished data  

and106,107). Furthermore, response rate definitions used in clinical trials are very 

heterogeneous (Chapter 9) and are often not accurately reported at international 

meetings.108 This impairs comparability of distinct agents in distinct trials, and overestimates 

their effectivity which may mislead researchers, physicians and patients. Future clinical 

studies might benefit from peer review of the trial design before registration. As such, 

publication of negative results – which are often equally important as positive ones – will 

be encouraged, leading to less publication bias. 

Our results show that many agents are investigated for use in AML, in many distinct 

trials with specific designs to investigate these same agents. As our understanding of 

AML biology is simply insufficient, the best approach may be to test many agents in 

a multitude of similarly designed trials, or within the same trial. Future (phase II) trials 

may adapt their trial design in such a way, that effectiveness can be compared in 

parallel109 instead of conducting several distinctively designed trials. Such efforts will 

include more patients in the same trial, facilitating subgroup analyses. Furthermore, such 

designs allow for controlled collection of biological material for correlative studies with 

genomic, transcriptomic or (phospho)proteomic data using standardized approaches with 

pre-defined translational objectives. A novel therapy may not be effective to all, but 

repeatedly being able to identify a subgroup of patients that does benefit will eventually 

lead to better treatment options for all patients. Importantly, phase II trials should include 

control groups, to provide early evidence of superior effectiveness over already available 

treatments. Also, researchers should pursue to evaluate the clinical effectiveness of their 

drug as objectively as possible, for example using standardized scales such as ESMO.110,111 

While effectiveness and safety are the most important parameters for patients, cost-

effectiveness needs to be considered as novel expensive agents place an economic 

burden on society. Cost-effectiveness analyses are presented separately from reports of 

effectiveness, however considering them early in development and publication of such 

agents may increase societal awareness of the importance to carefully choose the right 

drug for the right patients. 
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Conclusions
In conclusion, we provide data that aids fine-tuning prediction of response and survival 

in AML. We demonstrated a low frequency – with a potentially high prognostic  

impact – of TP53 mutations in pediatric AML (Chapter 4), which should be considered 

in future risk stratification of pediatric AML protocols. High FLT3-ITD-AR is associated 

with poor prognosis in both adult and pediatric AML (Chapters 5 and 6), and cDNA 

measurements are more sensitive than DNA measurements. Based on the available 

evidence, we show that a long FLT3-ITD-length also is associated with poor prognosis, 
and this should be further evaluated in prospective trials, particularly in the context of 

FLT3-TKI use. We identified distinct gene expression profiles associated with chemotherapy 

response (Chapter 3) and specific tyrosine kinase activity associated with FLT3-TKI 

resistance (Chapter 8) that can be utilized in the development of predictive models. For 

phosphoproteomic analysis of AML samples, we propose to select samples that have been 

processed within four hours to improve meaningful results (Chapter 7). Drug sensitivity 

experiments in ex vivo cultures are affected by varying techniques (Chapter 2) hampering 

translational value of pre-clinical findings and should always be considered when novel 

agents are presented as highly promising. Overall, targeted therapy research has provided 

important novel treatment options for AML, although their clinical benefit remains limited 

for AML patients (Chapter 9). Further refinement of response and survival prediction 

will enhance selection of patients likely to benefit from available treatment options and 

eventually improve survival for the individual AML patient.
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Overall survival in AML patients remains poor. Selection of the right treatment for 

the right patient will contribute to better response rates, survival and fewer unnecessary 

toxicities. Furthermore, biological data associated with response and survival may 

inform development of novel treatment strategies (Chapter 1). In this thesis, we aimed 

to generate useful data to optimize prediction of survival and treatment response  

in AML patients. 

In Chapter 2, we reviewed commonly used culture techniques for AML samples, that 

are at the basis of targeted therapy development and response-prediction experiments. 

Problematically, their translational value and reproducibility are hampered by the lack 

of standardized methodologies and by culture system-specific behavior of AML cells 

and drugs. Furthermore, distinct research questions require specific methods which rely 

on specific technical knowledge and skills. From the available literature, we identified 

several pitfalls that should be taken into account when planning and interpreting data 

from ex vivo drug response experiments. These include for example the necessity to add 

growth factors to culture medium, to support the viability or growth of primary AML 

cells. These growth factors may antagonize the effect of small molecule inhibitors and 

therefore complicate interpretation. For optimal translational value of drug sensitivity, it 

seems indispensable to combine AML cultures with stromal cell cultures, in order to mimic 

the bone marrow environment. For purely mechanistic approaches, more ‘simplistic’ 

cultures may be appropriate, for example without the use of stromal cells or scaffold 

models. With the described recommendations, we aim to maximize the reproducibility 

and meaningfulness of ex vivo experiments with primary patient AML cells.

Although novel treatment strategies are of paramount importance to improve 

clinical outcomes in AML patients and the development of novel agents has surged, 

chemotherapy is likely to remain the basis of curative treatment for the coming years. 

Complete eradication of all leukemic cells at diagnosis is an approach to achieve durable 

remissions and thus to improve long-term survival. To better understand response 

mechanisms towards currently used chemotherapeutic regimens, we investigated 

molecular processes that determine their cytotoxic effects in Chapter 3. As such, we 

performed gene expression based profiling on 73 primary pediatric AML patients in light 

of drug response and validated several differentially expressed genes associated with 

chemotherapy response in an independent set of 48 pediatric AMLs. The number of genes 

associated with ex vivo response varied per drug. The observed profiles provided robust 

evidence of involvement of pathways that are linked to drug resistance. We also observed 

associations with previously uncovered genes, such as CLEC7A, of which expression levels 

are associated with overall survival. E2F family members were both associated with drug 

response and were predicted to regulate the observed gene expression profiles, which has 

been extensively described in literature. Our data suggest that distinct gene expression 

profiles are associated with ex vivo drug response, and may confer a priori drug resistance 

in leukemic cells. These results require further mechanistic validation in ex vivo and in vivo 
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models that sufficiently resemble the bone-marrow environment of AML patients before 

they are eligible as novel treatment strategies.

Gene function and expression may be affected by genetic mutations, or may be 

altered by other (epigenetic) mechanisms, independent of mutations. These genetic 

aberrations often have prognostic implications for AML patients. The frequency of TP53 

mutations and their prognostic impact in pediatric AML were previously unclear, as well 

as the potential impact of differential expression of p53 pathway genes. Therefore, in 

Chapter 4, we analyzed TP53 alterations in bone marrow samples of 229 children with 

de novo AML. We detected very few mutations: two patients (1%) had heterozygous 

missense mutations, and four patients (2%) harbored 17p deletions of TP53. Aberrant 

TP53 was associated with complex karyotype and other adverse cytogenetic abnormalities. 

Differential expression of several p53 pathway genes was associated with poor survival. In 

multivariable analyses, we identified expression of RRM2B as an independent predictor of 

survival in pediatric AML. These results suggest that alterations in TP53  – and differential 

expression of its pathway genes – are associated with poor survival in pediatric AML. Due 

to the very low prevalence of TP53 alterations in children, this hypothesis validation in 

multicenter studies resulting in large pediatric AML cohorts. 

Mutations that frequently occur in both pediatric and adult AML, are internal tandem 

duplications of FLT3 (FLT3-ITD). Although an established adverse prognostic marker 

in adult AML, its precise role in pediatric AML was unclear, as well as the preferred 

measurement level (DNA or RNA/cDNA). Our results, described in Chapter 5, show that 

also in pediatric AML, a high FLT3-ITD allelic ratio (FLT3-ITD-AR) is predictive for poor 

overall survival. Importantly, only RNA/cDNA-based FLT3-ITD-AR measurements – and 

not DNA measurements – have prognostic value in pediatric AML patients. Furthermore, 

FLT3-ITD-AR is predictive for ex vivo response to the FLT3-TKIs gilteritinib and midostaurin, 

which could be taken into account in future clinical trials with these agents. 

Also for adult AML, a thorough comparison between DNA and RNA/cDNA FLT3-ITD 

measurements in relation to prognostication was unavailable. Therefore, we evaluated 

the optimal measurement level in adults in Chapter 6 and showed that the use of RNA/

cDNA enables better detection of minor FLT3-ITD clones than DNA. This primarily impacts 

treatment selection and not prognostication as the additional identified FLT3-ITD clones 

only represent minor clones with low allelic ratios. However, more AML patients would be 

eligible for treatment with FLT3-TKIs using a cDNA-based approach. Our results support 

FLT3-ITD measurements in both adults and children as important prognostic factor. Which 

material and the relevance of the length of the ITD are issues for further study, which 

preferably will allow combining data of all these parameters in different patient cohorts 

through collaborative efforts.  

Based on genetic information, we are able to predict prognosis and ex vivo response in 

AML patients. These data can and should be used to optimize patient selection for novel 

therapeutics to ensure maximum efficacy and minimum unnecessary toxicity. Especially 

for newly developed targeted agents, which are costly, selection of patients that are likely 

to benefit is indispensable.

 The first ever approved targeted agent for treatment of AML is midostaurin, a FLT3 

tyrosine kinase inhibitor. Currently, only FLT3-ITD patients are eligible for FLT3-TKI therapy, 

but also FLT3-Wild Type (WT) patients respond and some FLT3-ITD patients do not. 

Besides mutation status, few data were available on mechanisms underlying response 

towards agents of this class. As FLT3-TKIs primarily target tyrosine kinases,  we reasoned 

that protein phosphorylation and kinase activity in primary AML samples would provide 

important information underlying treatment response towards these inhibitors. However, 

phosphorylation is a highly dynamic process, which may be strongly affected by pre-

analytical variables. It was previously unknown what the maximum acceptable delay 

was from bedside to bench for an AML sample to be processed for phosphoproteomics. 

Therefore, we explored to what extent a delay in AML sample processing would affect 

phosphorylation profiles in Chapter 7. Up to four hours of delay, phosphotyrosine 

profiles remain stable. However, extended delays distort patient- and sample-specific 

phosphorylation profiles, which interferes with the observation of biologically meaningful 

phosphorylation profiles. Analyses of kinase activity scores over time showed that 

the activity of stress-response related kinases – in this case mainly related to emergence 

of hypoxia in the clinical samples – steadily increased upon longer delay. Therefore, we 

propose to process AML samples for phosphoproteomics within four hours. In case of an 

unknown delay, p-JNK – a marker for cellular stress – may serve as indicator of delayed 

sample processing beyond four hours.

In Chapter 8, we profiled primary AML samples at the phosphoproteomic level, 

after selection based on the criteria formulated in Chapter 7. Our data characterize 

FLT3-ITD AML and identify phosphorylation profiles associated with FLT3-TKI response. 

Importantly, we demonstrated that ERK1/2 activity is associated with impaired response 

towards gilteritinib, and that modulation of the RAS-RAF-MEK-ERK axis may be 

a promising approach to improve responses and reduce resistance towards FLT3-TKIs. 

These data support the notion that identification of phosphoproteomic biomarkers are 

associated with FLT3-ITD in AML and with FLT3-TKI response. In future research, these 

analyses should ideally be performed directly on clinical specimens from patients treated 

with midostaurin and gilteritinib to provide more direct mechanisms of clinical response 

towards FLT3-TKIs.

Targeted therapies, based on pre-clinical observations such as throughout this thesis, 

are emerging. However, a thorough overview of all targeted agents that reached clinical 

investigation in AML patients was missing, and information may inform future research. 

Therefore, in Chapter 9, we evaluated all phase II and phase III trials investigating 

targeted therapies in AML and their primary endpoints over the past two decades in 

perspective of their clinical benefit. Between January 2000 and September 2020, 167 

unique agents with 96 targets were investigated. Twenty-eight agents progressed to 
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phase III, after three phase II trials on average. Repurposed drugs less often advanced in 

clinical development than drugs specifically developed for AML, and composite responses 

were the most prevalent primary endpoints in phase II. However, it is surprising that 

the impact on quality of life was not assessed for any of the approved drugs and was only 

reported in the minority of clinical trials with targeted drugs against AML. Overall clinical 

benefit is most pronounced for midostaurin and gemtuzumab ozogamicin. For selected 

groups of patients, targeted agents provided clear clinical benefits. Given the high 

number of patients (> 65.000) that participated in these clinical studies and the relatively 

low number of targeted therapies that were eventually approved, clinical research should 

carefully select relevant drugs and not overlook non-targeted drugs for the treatment of 

AML. But foremost, the assessment of patient well-being should be an integral part of 

clinical trials involving targeted therapies in the future.

 Curative pharmacological options remain limited for AML and come at a high cost of 

severe side effects, and thus we are still awaiting novel treatments that improve duration 

and quality of life of all AML patients. Novel treatment options will be mostly designed 

for patient subgroups with distinct AMLs, based on their molecular characteristics. We 

anticipate that in the future, refined patient selection based on integral prediction models 

for response and survival, combined with novel targeted agents and/or combination 

strategies will maximize clinical benefit of currently available therapies, as well as of novel 

therapies in development. 
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Acute myeloïde leukemie (AML) is een vorm van bloedkanker die ontstaat doordat jonge, 

onrijpe cellen in het beenmerg niet meer kunnen uitrijpen tot functionele bloedcellen. 

Zo ontstaat er een tekort aan rode en witte bloedcellen en aan bloedplaatjes. Dit tekort 

is gevaarlijk: doordat er te weinig bloedplaatjes zijn, stolt het bloed niet meer en kunnen 

patiënten levensbedreigende bloedingen krijgen. Daarnaast kunnen patiënten ernstige 

infecties oplopen doordat er te weinig witte bloedcelen zijn voor een goede afweer. 

De meeste patiënten met AML zijn ouder dan zestig jaar, maar de ziekte komt ook bij 

kinderen voor (Figuur 1). AML wordt behandeld met meerdere kuren chemotherapie, 

waarna afhankelijk van de leeftijd en de kans op genezing met alleen chemotherapie 

meestal een stamceltransplantatie volgt. Deze behandelingen duren lang en geven veel 

bijwerkingen. Met de huidige therapieën is ongeveer 75% van de kinderen na 5 jaar 

in leven. Volwassenen hebben een slechtere overleving: afhankelijk van het individuele 

risico overleeft 15% tot 90% op lange termijn. Patiënten die AML overleven, hebben 

vaak last van lange-termijn effecten van de chemotherapie, zoals vermoeidheid, risico op 

secundaire tumoren en schade aan de hartspier. Die bijwerkingen zijn met name ernstig 

als patiënten met een stamceltransplantatie met beenmergcellen van een donor zijn 

behandeld. Er is dus behoefte aan effectievere therapie, met minder bijwerkingen. In 

hoofdstuk 1 bespreken we in detail de diagnostiek, etiologie en behandeling van AML 

en welk onderzoek er nodig is om in de toekomst de overleving van patiënten met AML 

te kunnen verbeteren. 

Om nieuwe medicijnen voor een ziekte te kunnen ontwikkelen, is het belangrijk om 

te begrijpen hoe een ziekte ontstaat. Van AML weten we dat het ontstaan samenhangt 
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Figuur 1. Leeftijdsverdeling van nieuw gediagnosticeerde patiënten met acute  
myeloïde leukemie.
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met afwijkingen in de genetische code, die geschreven staat in het DNA. Deze afwijkingen 

worden mutaties genoemd. Bij AML is het zo dat de mutaties specifiek ontstaan in de AML 

cellen gedurende het leven, en meestal niet al bij de geboorte aanwezig waren. AML is 

dus niet erfelijk. Er zijn veel verschillende mutaties. De kans op langdurige overleving is 

afhankelijk van het type en het aantal mutaties. Deze risico inschatting is belangrijk omdat 

de behandeling aangepast wordt aan het risico. Zo wordt bij een goed risico AML een 

behandeling zonder stamceltransplantatie gegeven, maar bij een hoge kans op overlijden 

wordt een behandeling met stamceltransplantatie van een donor gegeven. Zo proberen 

artsen kans op het terugkomen van de ziekte af te wegen tegen de bijwerkingen die 

de patiënt ervaart door de behandeling.

Er bestaan veel genetische mutaties en elke patiënt heeft een vorm van AML die 

anders is. We zeggen ook wel dat AML een heterogene ziekte is. Het blijkt zelfs dat AML 

patiënten met dezelfde mutaties in de leukemiecellen tóch van elkaar verschillen, omdat 

de functie van de genen en activiteit en eiwitten onderling verschilt. Dat komt doordat 

de informatie die in het DNA – dus in de genen – geschreven staat, eerst moet worden 

vertaald naar RNA waarna er een eiwit kan worden gevormd (Figuur 2). Je kunt het DNA 

zien als het kookboek, waarin alle recepten voor de eiwitten, de gerechten, beschreven 

staan. Het RNA is vergelijkbaar met een boodschappenlijstje, waar de specifieke 

ingrediënten voor één eiwit beschreven staan. Met die ingrediënten wordt vervolgens 

het eiwit gemaakt, het “gerecht”. In dat proces kan er veel misgaan: naast dat het DNA 

gemuteerd kan zijn (spelfouten in het kookboek waardoor het recept slecht leesbaar 

is) kan het RNA afwijkend zijn (de verhoudingen verkeerd op het boodschappenlijstje 

genoteerd) en kan uiteindelijk het eiwit niet kloppen (de oven stond te heet, waardoor 

het gerecht is verbrand). Daarom onderzoeken we in dit proefschrift niet alleen afwijkend 

DNA, maar gebruiken we ook informatie over de functie (expressie) van genen die in het 

RNA geschreven staat, en bekijken we de functie en activiteit van eiwitten in de cel.

Veel van de informatie die we gebruiken is afkomstig uit experimenten met beenmerg 

van patiënten in het laboratorium. Elk laboratorium gebruikt daarvoor zijn eigen 

technieken, en voor elke vraagstelling is een aparte techniek nodig. Het is lastig om AML 

cellen buiten het lichaam in leven te houden – daar zijn heel wat hulpmiddelen voor 

nodig. In hoofdstuk 2 onderzoeken we welk bewijs er in gepubliceerde literatuur is over 

de optimale methodes in het laboratorium om AML cellen te kweken. We beschrijven 

hoe elke techniek zijn eigen effect heeft op het resultaat van een experiment, en geven 

voorbeelden van valkuilen die kunnen ontstaan bij het doen van proeven met AML cellen. 

Een van de genetische afwijkingen – of mutaties – die geassocieerd is met een slechte 

overleving, is een afwijking in het TP53 gen. Hier is minder over bekend bij kinderen 

dan bij volwassenen. Afwijkingen in TP53, waarvan we weten dat ze in volwassen 

patiënten met AML geassocieerd zijn met een zeer slechte overleving, waren in kinderen 

nog nauwelijks onderzocht. In hoofdstuk 4 onderzoeken we daarom hoe vaak deze 

mutaties voorkomen in kinder-AML, en wat voor invloed dit heeft op de prognose. 

TP53 afwijkingen kwamen in ons cohort slechts in 3% van de kinderen voor. Ze waren 

geassocieerd met het voorkomen van andere afwijkingen aan de chromosomen, waarvan 

we weten dat ze een zeer slechte uitkomst voorspellen. Onze data, en studies die later 

zijn gepubliceerd, wijzen er op dat mutaties in TP53 in kinder-AML ook geassocieerd zijn 

met een slechte prognose. Deze data kunnen worden gebruikt voor het verbeteren van 

risicostratificatie protocollen van kinder-AML.

Een andere, vaker voorkomende mutatie is die in het FLT3-gen: de kankercellen van 

patiënten met deze mutatie zijn agressiever dan de cellen van patiënten zonder deze 

mutatie. Dat komt doordat de FLT3-eiwitten – te vergelijken met de motor van de cel 

– veel harder aanstaan als er een FLT3-mutatie aanwezig is. De motor van de cel is als 

het ware opgevoerd. Gelukkig zijn er medicijnen die het FLT3 eiwit kunnen remmen: 

door zand in de motor van de cel te gooien loopt hij vast en stopt de cel met groeien. 

Deze medicijnen worden op dit moment gegeven aan patiënten met een FLT3-mutatie, 

omdat we denken dat het zin heeft om een opgevoerde motor tot stilstand te brengen, 

en dus verwachten we dat vooral deze patiënten baat hebben bij deze therapie. Maar in 

klinische studies is gebleken dat óók patiënten met een normaal FLT3 eiwit baat kunnen 

hebben bij deze therapie, en dat sommige patiënten mét FLT3-mutatie géén baat hebben 

bij deze middelen. Hier is het dus ook belangrijk het risico van de ziekte af te wegen 

tegen de kans op respons van een middel. 

Mutaties in FLT3, komen voor in ongeveer een kwart van alle volwassen AML 

patiënten, en in ongeveer 10% bij kinderen met AML. In hoofdstuk 5 en 6 hebben we 

eerst onderzocht hoe we aan de hand van specifieke kenmerken van deze mutatie, zoals 

de lengte van de mutatie en de hoeveelheid afwijkend DNA of RNA, de voorspelling van 

respons op FLT3-remmers en overleving kunnen verbeteren. Zowel in kinder- als volwassen 

AML is de hoeveelheid afwijkend genetisch materiaal van belang: alleen patiënten met 

in véél cellen een FLT3-mutatie hebben een slechte overleving. Als er maar in weinig 

cellen een FLT3-mutatie voorkomt, maakt dat voor de overleving niet zoveel uit. Verder 

lijkt het soms beter om de mutatie op RNA-niveau te bepalen: in kinderen voorspelt dit 

de prognose beter, en in volwassenen lijkt de RNA-meting gevoeliger als slechts een klein 

deel van de leukemiecellen een FLT3-mutatie bevat. De lengte van de mutatie lijkt zowel 
Figuur 2. Proces van vertaling van de informatie vastgelegd in het DNA naar RNA 
(transcriptie) naar de vorming van eiwitten (translatie).



Nederlandse samenvattingAnnex 2

212 213

in kinderen als in volwassenen samen te hangen met de prognose: hoe groter de lengte, 

hoe korter de overleving.

AML patiënten worden volgens de huidige protocollen met chemotherapie behandeld. 

Ook de nieuwe doelgerichte geneesmiddelen die voorhanden zijn, bijvoorbeeld tegen 

FLT3, maar ook tegen andere (afwijkende) eiwitten in de cel zoals IDH1/2, CD33 en 

BCL2, worden vaak gecombineerd met chemotherapie. Daarom is het belangrijk om 

te begrijpen waarom sommige AML cellen wel goed reageren, terwijl andere AML cellen 

juist heel slecht reageren op chemotherapie. Daarom onderzochten wij in hoofdstuk 3  
hoe expressie (functie) van het genetische materiaal in RNA in cellen van kinderen met 

AML is geassocieerd met respons op chemotherapie. De expressieprofielen die zijn 

geassocieerd met chemotherapie respons wijzen op afwijkende processen in de cel die 

eerder zijn beschreven in ander onderzoek. We ontdekten ook associaties met niet eerder 

beschreven genen, zoals CLEC7A. Het blijkt dat expressie van dit gen ook is geassocieerd 

met overlevingskans – een belangrijke aanwijzing dat deze observaties ook klinisch 

relevant zijn. Deze data kunnen als referentie worden gebruikt voor onderzoek dat zich 

bezighoudt met het verbeteren van respons op chemotherapie in kinder-AML. 

Bovenstaande data geven aan dat we respons op medicatie en overleving enigszins 

kunnen inschatten op basis van genetische informatie in de AML cellen. Die informatie is 

echter nog onvoldoende om op individueel niveau met grote zekerheid te voorspellen of 

een patiënt goed zal reageren op een bepaalde therapie. Het is ook mogelijk om de activiteit 

van eiwitten te meten. Aangezien die activiteit specifiek wordt geremd door bijvoorbeeld 

medicijnen tegen FLT3, hebben we onderzocht of we op basis van eiwitactiviteit kunnen 

voorspellen of patiënten zullen reageren op een FLT3-remmer. Daarvoor moesten we 

eerst de experimentele methodes in het lab optimaliseren, want het was onbekend of we 

voor deze experimenten bloed en beenmerg konden gebruiken dat een aantal uur heeft 

moeten wachten op verwerking. Uit ons onderzoek beschreven in hoofdstuk 7 blijkt dat 

patiënten samples het best binnen vier uur na afname kunnen worden verwerkt, omdat 

anders de kwaliteit van de samples te slecht wordt voor eiwitanalyse.

In hoofdstuk 8 hebben we vervolgens de eiwitactiviteit in de AML cellen uit het bloed 

van patiënten met AML bepaald, en onderzocht of we patronen konden ontdekken die 

voorspellend waren voor respons op FLT3-remmers. We vonden dat activiteit van een 

aantal andere eiwitten, waaronder ERK1 en ERK2, samenhangt met een slechte respons 

op FLT3-remming. Het simultaan remmen van deze eiwitten lijkt voordelig te kunnen zijn 

om de AML cellen te laten stoppen met groeien. Deze informatie kan worden gebruikt 

om strategieën te ontwikkelen die de respons op FLT3-remmers verbeteren, en resistentie 

kunnen tegengaan.

Als laatste onderdeel in dit proefschrift hebben we in hoofdstuk 9 onderzocht welke 

nieuwe middelen, die genen, eiwitten en andere AML-specifieke processen moduleren of 

remmen, er de afgelopen 20 jaar in klinisch onderzoek zijn getest. Er zijn in totaal 167 

nieuwe medicijnen getest in die 20 jaar, waar minimaal 65.000 patiënten voor in studies 

zijn onderzocht. Het viel ons op dat er per middel heel veel studies worden verricht, 

voordat het middel wordt goedgekeurd. Verder wordt met klinische uitkomsten gewerkt, 

die niet altijd direct van belang zijn voor de patiënt: er wordt vaak gekeken naar afname 

van de hoeveelheid AML cellen, terwijl het voor de patiënt belangrijk is dat de kwaliteit 

van leven en de duur van overleving toeneemt. Dat kan alleen als de AML cellen helemaal 

weg blijven. Ondanks dat de acht nieuwe middelen die inmiddels zijn goedgekeurd 

voor AML de overleving van patiënten met specifieke mutaties kunnen verlengen, of 

het gebruik van belastende chemotherapie kunnen verminderen, is er nog geen nieuwe 

genezende therapie beschikbaar voor alle AML patiënten. De nieuwe medicijnen die 

de komende jaren ontwikkeld zullen worden, zullen waarschijnlijk steeds gericht zijn 

tegen specifieke afwijkingen in de leukemiecellen waar steeds een subgroep van AML 

patiënten in aanmerking voor zal komen. Door middel van betere selectie van patiënten 

op basis van hun specifieke kenmerken en die van hun AML, zullen nieuwe en bestaande 

therapieën beter kunnen worden ingezet en zal de gezondheidswinst gemaximaliseerd 

kunnen worden. 
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La leucémie myéloïde aiguë (LMA) est une maladie du sang, qui surgit quand les cellules 

immatures ne peuvent plus se développer en cellules sanguines fonctionnelles et matures. 

La LMA entraîne une pénurie de globules rouges et blancs et de plaquettes. Cette pénurie 

de plaquettes est dangereuse. Quand il y a pénurie de plaquettes, le sang ne se coagule 

plus et les patients peuvent mourir d’une hémorragie interne. La majorité des patients 

atteints de la LMA ont plus de soixante ans, mais la LMA peut aussi frapper les enfants. 

Normalement, on traite la LMA par plusieurs cours de chimiothérapie, suivis par une 

greffe des cellules souches. Ces traitements s’étalent sur de longues périodes et ont de 

nombreux effets secondaires. Avec les traitements courants, environ 75% des enfants 

vivent encore après cinq ans. Les adultes ont un pronostic moins flatteur : selon le profil 

de risque, 15 à 60% survivent à long terme. Malheureusement, les patients qui survivent 

à la maladie souffrent des effets du traitement sur le long terme, comme la fatigue 

chronique et l’insuffisance cardiaque. Par conséquent, on a besoin de traitements plus 

efficaces avec moins d’effets secondaires nocifs. L’étiologie, diagnostiques et traitements 

de la LMA sont décrites en détail dans le chapitre 1.

Pour pouvoir développer de nouveaux traitements et traiter une maladie efficacement, 

il faut savoir dans le détail comment cette maladie se développe. Dans le cas de la LMA, 

on sait que son développement est lié à des erreurs du code génétique, l’ADN. On appelle 

ces erreurs des mutations génétiques. Les mutations sont associées au risque de mortalité 

d’un patient LMA. Plus ce risque est élevé, plus on donnera un traitement plus fort. Ainsi 

les médecins essaient de choisir entre le risque de résurgence de la maladie et les effets 

secondaires indésirables.

Dans cette thèse, on a fait des recherches pour savoir si on pouvait améliorer 

la prédiction de la réponse au traitement et de la chance de survie en utilisant des 

caractères spécifiques des cellules LMA. Ainsi, on essaie de traiter les patients en leur 

faisant profiter le plus d’une certaine thérapie, tout en minimisant le risque d’effets  

secondaires importants.

Une des erreurs génétiques qui sont liées à un mauvais pronostic chez les patients 

adultes atteints de la LMA sont les mutations du gène TP53. Il n’y avait aucune information 

disponible sur ces mutations pour ce qui est de la LMA des enfants. Dans le chapitre 4, 

on a recherché la fréquence et l’effet des erreurs du gène TP53 dans la LMA des enfants. 

On a découvert que les mutations TP53 sont très rares chez les enfants, mais on a obtenu 

des résultats qui indiquent que, dans un cas de LMA enfantine, les mutations TP53 sont 

probablement liées à un taux de survie faible. Dans le chapitre 3, nous avons étudié la 

fonction des gènes, et non seulement les défauts dans la code génétique. On a découvert 

que l’expression de gènes multiples – des profils d’expression génique – est associée à 

la réaction à une chimiothérapie. Ces données nouvelles pourraient être utilisées pour 

développer des approches pour améliorer la réponse aux chimiothérapies appliqués dans 

le traitement des enfants avec la LMA.

D’autres mutations importantes et prévalentes sont les mutations du gène FLT3, qui 

prévalent dans la LMA. Dans le cas d’une mutation FLT3, la protéine FLT3 est trop active, 
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et les cellules LMA deviennent très agressives. Suite à ces cellules agressives, les patients 

réagissent négativement à la chimiothérapie et meurent plus souvent que les patients 

sans une mutation FLT3. Heureusement, en ce moment, les patients atteints de la LMA 

avec une mutation FLT3 peuvent recevoir des médicaments dirigés spécifiquement contre 

la protéine FLT3. Ces médicaments font augmenter les chances de survie de ces patients. 

Mais, dans les études cliniques, on a observé que aussi les patients avec un gène FLT3 

normal peuvent aussi bénéficier du traitement ciblé au FLT3. 

Dans les études décrites dans les chapitres 5 et 6, on a poursuivi la recherche des 

caractéristiques additionnels qui sont prédictifs des chances de survie spécifiquement pour 

les patients avec une mutation FLT3. On décrit qu’il est important d’évaluer la fraction 

des cellules LMA qui portent une mutation FLT3 : seuls les patients chez qui la majorité 

des cellules LMA a une mutation FLT3 ont de faibles probabilités de survie. En plus,  

la longueur de la mutation prédit la survie : plus la mutation est grande, plus la survie est 

courte. Enfin, pour les enfant atteints de la LMA, il vaut mieux déterminer la mutation 

au niveau de l’ARN, étant donné que ceci prédit mieux la survie que la détermination  

au niveau de l’ADN.

Pour mieux comprendre la réponse aux médicaments dirigés contre la mutation FLT3, 

on a cherché dans le chapitre 8 des marqueurs de protéine associés à la réponse à un 

traitement avec des médicaments dirigés contre le FLT3. On a découvert que l’activité 

des autres protéines que FLT3 (ERK1/2) est essentielle pour obtenir une réponse sur ces 

médicaments. Il semble que le blocage de l’activité de ces protéines pendant un traitement 

avec des médicaments contre le FLT3 pourrait améliorer la réponse au traitement des 

patients atteints de la LMA.

Pour les expérimentations nécessaires pour répondre aux questions ci-dessus, on 

avait besoin de techniques de laboratoire très spécifiques. Dans le chapitre 2 et 7, on 

a recherché la manière optimale pour (i) définir la réponse au traitement des échantillons 

de patients dans le laboratoire et pour (ii) déterminer l’activité des protéines importantes 

dans l’émergence de la LMA. Avec ces données, nous comptons contribuer à une 

recherche reproductible avec des résultats significatifs.

Ce qui précède montre que les médicaments dirigés contre les processus biologiques 

spécifiques de la LMA sont d’un grand intérêt dans le traitement des patients atteints 

de la LMA. On a voulu savoir quel a été le succès des thérapies ciblées dans le domaine 

de la LMA. Dans le chapitre 9, on a évalué quels médicaments nouveaux ciblés contre 

LMA sont apparus dans la recherche clinique des vingt dernières années, et quel était leur 

bénéfice clinique. Au total, 167 médicaments différents pour 96 cibles biologiques ont 

été recherchés. Environ 65.000 patients ont participé à ces recherches. Seul problème: ces 

recherches n’utilisent pas des paramètres comparables. Ce qui complique l’interprétation 

de plusieurs essais cliniques. Huit médicaments avec une cible biologique bien définie ont 

été approuvés pour le traitement de la LMA, mais il manque encore une thérapie curative. 

Il est indispensable de continuer les recherches pour identifier les mécanismes 

biologiques pour développer des thérapies plus efficaces. En attendant, nous prévoyons 

qu’une meilleure sélection des traitements basés sur des caractéristiques spécifiques du 

patient et de sa maladie contribuera à rendre au patient une santé maximale. Les données 

décrites dans cette thèse contribueront au développement de nouveaux modèles de 

prédiction et donnent lieu à des recherches avancées dans le domaine de nouveaux 

marqueurs associés à la réponse et à la survie des patients atteint de la LMA.
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