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Abstract (in English) 
Acute myeloid leukemia (AML) has a very poor 5-year survival of ~20% in Europe. 

The internal tandem duplication (ITD) mutation of the Fms-like receptor tyrosine 

kinase 3 (FLT3) (FLT3-ITD) is the most frequent mutation (~25%) in normal 

karyotype AML. In recent clinical studies, few patients display prolonged remissions 

with receptor tyrosine kinase (RTK) inhibitors, such as FLT3 inhibitors (FLT3i) 

therapy, highlighting a substantial unmet need for novel effective treatment. 

Persistence of leukemia stem cells (LSC) drive AML leukemogenesis, responsible for 

drug resistance and disease relapse following conventional chemotherapy. Growing 

evidence recognizes that FLT3-ITD mutation leads to the constitutive activation of 

FLT3 kinase and its downstream pathways, including PI3K/AKT/mTOR signaling, 

strongly associated with LSC survival and crosstalk between LSC and stromal cells 

associated bone marrow (BM) tumor environment (TME). The TME provides 

protection of FLT3-ITD AML cells against FLT3 inhibitors. Thus, the PI3K/AKT/mTOR 

pathway may represent as a putative target for FLT3-ITD AML.  

 

This study aims to test the hypothesis that PI3K/AKT/mTOR inhibition could sensitize 

FLT3-ITD AML cells to RTKi-lead targeted therapy using human AML cell lines and 

primary patient blasts. First, I uncover the phenotypic profile of FLT3-ITD versus 

FLT3 wildtype cell lines following treatment with selected FLT3i or PI3K/AKT/mTORi 

that have failed treatment of AML as monotherapy in clinical studies. More 

specifically, I determine the drug efficacy by means of cell growth measurement and 

assessment of cell cycle status and apoptosis. I was able to demonstrate that BAY-

806946 (pan PI3Ki) and PF-04691502 (dual PI3K/mTORi) exerted growth inhibitory 

activity caused by G1 cell cycle arrest and apoptosis, and this effect was irrespective 

of FLT3 status.  Quizartinib (FLT3i) selectively inhibited cell growth in FLT3-ITD AML 

and this effect was mainly caused by apoptosis. The observed drug-induced 

apoptotic effect was however not as efficient as chemotherapy.  

 

Next, I provide proof-of-concept for the combination of quizartinib and BAY-806946 

using both FLT3-ITD AML cell lines and primary patient blasts. When evaluating on 

primary patient blasts, I take into consideration the protective role of mesenchymal 

stromal cells and physiological growth factors to mimic the BM microenvironment. 

Hereby, I co-cultured FLT3-ITD AML blasts with stromal cell line MS-5 and added 

growth factors essential for AML survival and differentiation such as IL-3, TPO and 

G-CSF at physiological concentration. As expected, treatment with BAY-806946 
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enhanced both cytostatic and cytotoxic effect of quizartinib in FLT3-ITD AML cell line 

MOLM-13 as well as primary patient blasts in co-culture. More importantly, enhanced 

apoptosis was measured in the stem cell like CD34+CD38- population.  

Lastly, I elucidate the cytokine profile and persistent phosphoproteins as putative 

targets following combination treatment. Ultimately, this study demonstrates the 

potential of PI3K/AKT/mTORi to enhance the efficacy of RTKi quizartinib for the 

treatment of FLT3-ITD AML.  

 

Key words: AML, FLT3-ITD, PI3K/AKT/mTOR, Quizartinib, Target therapy 
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Abstract (in Italian) 
In Europa, la sopravvivenza a 5 anni dei pazienti affetti da leucemia mieloide acuta 

(LMA) è solo del 20%. La duplicazione interna in tandem del gene FLT3 (FLT3-ITD), 

che codifica per il recettore della tirosina chinasi FLT3, è la mutazione più frequente 

(~ 25%) nella LMA con cariotipo normale, dove porta all'attivazione costitutiva della 

chinasi FLT3. Nonostante risultati iniziali molto promettenti con inibitori di FLT3 

(FLT3i) nei pazienti con questa mutazione, pochi pazienti hanno remissioni 

prolungate, evidenziando la necessità di nuove e più efficaci terapie. La persistenza 

delle cellule staminali leucemiche guida la leucemogenesi della LMA ed è 

responsabile della resistenza ai farmaci e della ricaduta dopo chemioterapia 

convenzionale. L'attivazione costitutiva di FLT3 porta all’attivazione del signaling a 

valle, e in particolare della via PI3K/AKT/mTOR, una cascata di segnale fortemente 

associata alla sopravvivenza delle cellule staminali leucemiche e al crosstalk tra le 

cellule staminali leucemiche e le cellule stromali associate al microambiente 

tumorale midollare. La nicchia midollare fornisce protezione alle cellule leucemiche 

FLT3-ITD nei confronti degli inibitori FLT3. Pertanto, la via PI3K/AKT/mTOR può 

rappresentare un bersaglio terapeutico nella AML FLT3-ITD.  

 

Questo studio mira a verificare l'ipotesi che l'inibizione di PI3K/AKT/mTOR 

sensibilizzi le cellule AML FLT3-ITD alla terapia mirata con RTKi utilizzando linee 

cellulari AML umane e blasti di pazienti primari. In particolare, ho definito il profilo 

fenotipico delle linee cellulari FLT3-ITD rispetto a quelle FLT3 wildtype dopo 

trattamento con un pannello di FLT3i o PI3K/AKT/mTORi che non hanno dimostrato 

sufficiente efficacia clinica se utilizzato come monoterapia. Successivamente, ho 

valutato l’effetto del farmaco sulla crescita cellulare e sul ciclo cellulare e l'apoptosi. I 

risultati ottenuti dimostrano che BAY-806946 (pan PI3Ki) e PF-04691502 (inibitore 

duale PI3K/mTORi) sono in grado di inibire la crescita poiché causano arresto del 

ciclo cellular in fase G1 e apoptosi, un effetto che appare indipendente dallo stato 

mutazionale di FLT3. Dimostrano inoltre che l’arresto della crescita cellulare indotto 

dall’inibitore di FLT3 (FLT3i) quizartinib è causato principalmente dall’induzione di 

apoptosi. Tuttavia l’efficacia rimane inferiore rispetto al trattamento con chemioterpia 

convenzionale (AraC).  

 

Inoltre, la proof of concept per l’utilizzo della combinazione del quizartinib con BAY-

806946 è stata ottenuta in linee cellulari AML FLT3-ITD e blasti primari da paziente. 

Nel valutare i blasti primari da paziente, è stato considerato il ruolo protettivo delle 
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cellule stromali mesenchimali in co-coltura, e dei fattori di crescita per riprodurre le 

condizioni del microambiente midollare. Pertanto, blasti primari da paziente LAM 

sono stati mantenuti in co-coltura con cellule stromali MS5 in presenza di 

concentrazioni fisiologiche di fattori di crescita quali IL-3, TPO e GM-CSF. Come 

atteso, il BAY-806946 potenzia l’effetto citostatico e citotossico del quizartinib nelle 

cellule MOLM-13 e nei blasti primari da paziente con mutazione FLT3-ITD in 

condizione di co-coltura. E’ importante sottolineare l’incremento di apoptosi 

osservato anche nella sottopopolazione staminale leucemica CD34+CD38-.  

 

Infine, ho valutato il profilo delle citochine e delle fosfoproteine persistenti come 

bersagli putativi dopo il trattamento di combinazione. Complessivamente, questo 

studio dimostra il potenziale di PI3Ki per migliorare l'efficacia di RTKi quizartinib nel 

trattamento della LMA FLT3-ITD. 

 

Parole chiave: LAM, FLT3-ITD, PI3K/AKT/mTOR, Quizartinib, Target therapy 
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Chapter 1: Introduction part A 
 

1.1 Acute Myeloid Leukemia 
 
Hematological malignancies are cancers that originate in the blood-forming tissue, 

that is the bone marrow and lymphatic system (Weldetsadik, 2013). Hematological 

malignancies can be classified in three categories: leukemia, lymphoma and multiple 

myeloma (Taylor et al., 2017). There are four main types of leukemia, which are 

acute myeloid leukemia (AML), chronic myeloid leukemia (CML), acute lymphoblastic 

leukemia (ALL), and chronic lymphocytic leukemia (CLL). AML is the most common 

leukemia in adults with an incidence rate of 3.7 per 100,000 in Europe and a 5-year 

relative survival rate of 19% (Visser et al., 2012). AML can be diagnosed in any age 

group, but occurs more commonly in adults. The median age of diagnosis ranges 

from 66 to 71 years (Nagel et al., 2017; Oran and Weisdorf, 2012). AML is 

characterized by aberrant myeloid cell proliferation and differentiation of immature 

blasts in the bone marrow and peripheral blood, which can result in ineffective 

erythropoiesis and bone marrow failure (De Kouchkovsky and Abdul-Hay, 2016; 

Kumar, 2011).  The presence of at least 20% leukemic blasts in the BM or blood is 

characteristic for the diagnosis of AML and common symptoms resulting from the 

increased production of malignant cells include anemia, recurrent infections, unusual 

and frequent bruising and bleeding, and fatigue (De Kouchkovsky and Abdul-Hay, 

2016; DiNardo et al., 2016).  

 

AML comprises a group of hematological diseases that was traditionally classified 

based on cell morphology and immunophenotype, but the latest World Health 

Organization (WHO) classification incorporates genetic abnormalities to define 

disease entities of clinical significance. According to the WHO classification, AML 

can be divided into the following categories: AML with recurrent genetic 

abnormalities; AML with myelodysplasia-related changes; therapy-related myeloid 

neoplasms; AML not otherwise specified; myeloid sarcoma; and myeloid 

proliferations associated with Down syndrome (Arber et al., 2016; Hou and Tien, 

2020). AML is highly heterogeneous and develops from hematopoietic stem or 

progenitor cells resulting from genetic and epigenetic changes that deregulate key 

processes such as self-renewal, proliferation and differentiation (Chopra and 

Bohlander, 2019; Welch et al., 2012). The presence of mutations in nucleophosmin1 
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(NPM1), FMS-related tyrosine kinase 3 (FLT3), and CCAAT/enhancer-binding 

protein alpha (CEBPA) in AML with normal karyotype has prognostic significance 

(Port et al., 2014). FLT3 alterations including internal tandem duplication (FLT3-ITD) 

and tyrosine kinase domain (TKD) mutations as well as point mutations in the exon 

12 of the NPM1 are reported as the most common mutations in AML (Chauhan et al., 

2013; Naseem et al., 2021).  

 

FLT3-ITD mutation, representing the most common type of FLT3 mutation, is 

detected in approximately 25% of all AML cases (Patnaik, 2018). Given this high 

frequency of FLT3 mutations in AML, a number of tyrosine kinase inhibitors (TKI) 

have been developed for clinical evaluation including first-generation multi-kinase 

inhibitors (e.g., midostaurin, sunitinib, and sorafenib) and more specific and potent 

next-generation inhibitors  including quizartinib, gilteritinib, and crenolanib (Daver et 

al., 2019). Although these inhibitors initially demonstrated promising single-agent 

activity with an overall survival longer than for conventional chemotherapy, the 

beneficial response was short-lived due to acquired resistance mechanisms (Cortes 

et al., 2019). An important strategy to overcome therapy resistance is combination 

therapy. There is ongoing research combining two or more agents that target key 

leukemic cell survival pathways, which may improve response rates and enable more 

durable remissions in FLT3-ITD AML patients (Daver et al., 2019; Kennedy and 

Smith, 2020).  
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1.2 Characterization of LSC 
 
Hematopoietic stem cells (HSC) are defined by their self-renewal and multipotent 

differentiation capacities (Seita and Weissman, 2010). In normal hematopoiesis, 

HSC in the bone marrow function by producing uncommitted progenitor cells that 

proliferate and differentiate into all functional cellular components of the blood as well 

as immune cells (Rieger and Schroeder, 2012) (Figure 1.1). HSC are mainly 

quiescent but can enter the cell cycle to differentiate; this process it tightly regulated 

by HSC-intrinsic and extrinsic mechanisms (Pietras et al., 2011). 

 

A large body of evidence has shown that AML arises from a rare cell population 

called leukemic stem cells (LSC) – also referred to as leukemia-initiating cells (LIC). 

LSC possess similar functional and molecular properties with hematopoietic stem 

and progenitor cells from which they originate, such as quiescence and self-renewal 

capacity (Hanekamp et al., 2017; Zhou and Chng, 2014) (Figure 1.1). Persistence of 

LSC following chemotherapy is believed to be at the origin of relapse. More 

importantly, it is believed that LSC may drive progression of more aggressive forms 

of AML, leading to worse outcomes (Vetrie et al., 2020). It has therefore become 

increasingly important to detect and target LSC as a prospective strategy to treat 

AML.  

 
AML LSC are defined functionally by their ability to initiate, propagate and sustain 

leukemia after transplantation in the bone marrow compartment of immunodeficient 

mice (Lapidot et al., 1994; Thomas and Majeti, 2017). AML LSC can subsequently 

give rise to leukemic blasts that lack the ability to engraft. Initially, it had been 

reported that LSC capable of reproducing AML after transplantation in nonobese 

diabetic/severe combined immunodeficient (NOD/SCID) mice were enriched in the 

immunophenotypically defined CD34+CD38- fraction of leukemic cells (Bonnet and 

Dick, 1997; Lapidot et al., 1994). CD34 is expressed on the vast majority of HSC and 

has been reported as a LSC surface marker in AML. Further studies using more 

permissive mouse models however, cast new light on the origin of LSC. As such, 

using immunosuppressive mice strain NOD/SCID/IL2rγ(null) (NSG) it has been 

demonstrated that LSC may co-exist in CD34+CD38+ subpopulation (Sarry et al., 

2011; Taussig et al., 2010). AML LSC lacking CD34 expression have additionally 

been identified, which may originate from healthy CD34- hematopoietic progenitors 

(Goardon et al., 2011; Quek et al., 2016). Indeed, the LSC hierarchy is complex, 
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which is responsible for heterogeneity and variation observed in AML cells of 

different patients as well as the leukemic blasts of individual patients (Bachas et al., 

2012; Ho et al., 2016; Li et al., 2016).   

 

There is ongoing research dedicated to further phenotypically characterize LSC 

according to the expression pattern of numerous surface markers and LSC-specific 

gene expression signature. Over the years, a number of cell surface markers have 

been identified that are overexpressed specifically on LSC but not HSC, which are 

currently under clinical investigation to target LSC. These putative LSC surface 

markers  include CD123, CD44, CD96, C-type lectin-like molecule-1 (CCL-1), and T 

cell immunoglobulin-3 (TIM-3) (Haubner et al., 2019; Hosen et al., 2007; Jan et al., 

2011; Jordan et al., 2000; van Rhenen et al., 2007).   

 

CD123, also known as interleukin 3 (IL-3) receptor α (IL-3Rα), is a ligand activated 

cytokine receptor (Testa et al., 2019). IL-3 has a prominent role in the regulation of 

proliferation, growth, and differentiation of hematopoietic cells. The first study 

reporting CD123 as a LSC marker was by Jordan et al. that showed aberrant 

expression of CD123 on CD34+CD38- AML cells, which was conversely not detected 

on normal BM-derived CD34+CD38- cells (Jordan et al., 2000). To unravel the 

functional role of CD123, purified CD34+CD123+ AML cells were transplanted into 

NOS/SCID mice, which were found to be competent in establishing and propagating 

leukemic populations in vivo, validating CD123 as a LSC marker. Various studies 

have linked genetic alterations with specific immunophenotypes. As such, screening 

of CD123 expression in AML patients revealed low expression in erythroid and 

megakaryocytic leukemia and high CD123 expression in NPM1 mutated and FLT3-

ITD AML (Bras et al., 2019; Rollins-Raval et al., 2013). Overexpression of CD123 on 

leukemic blasts was associated with enhanced proliferation in response to IL-3, 

failure to achieve complete response to initial induction chemotherapy, and poor 

survival (Arai et al., 2019; Wittwer et al., 2017).  

 

CD44 is a major hyaluronan receptor and though binding of its ligand, CD44 is best 

known to control cell-cell adhesion and cell-matrix interaction. CD44 is widely 

expressed in hematopoietic cells, engaging in the homing and anchorage of HSC in 

their niche (Ponta et al., 2003; Zöller, 2015). In AML, higher CD44 expression was 

reported compared to normal HSC, with specific isoforms being differentially 

expressed among AML patients (Bendall et al., 2000). In particular, strong 

expression of CD44-6v was correlated with shorter survival of AML patients (Legras 
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et al., 1998). In a vast majority of LSC, CD44 was found to co-express CD123, 

identifying CD44 as a potential LSC marker (Florian et al., 2006). Using an activating 

monoclonal antibody directed to CD44 eradicated AML LSC in PDX assays by 

inhibition of proliferation, cell cycle progression, differentiation, and impeding LSC 

trafficking to the BM niche (Gutjahr et al., 2021; Jin et al., 2006; Zada et al., 2003; 

Zhou and Chng, 2014).  

 

CD96 is a type I membrane protein that belongs to the immunoglobin superfamily. 

Expressed by both T and NK cells, CD96 plays a role in NK-target cell adhesion, 

cytotoxicity of NK cells, and may also function in antigen presentation (Fuchs et al., 

2004; Georgiev et al., 2018). Hosen et al. demonstrated that CD96 was frequently 

expressed on CD34+CD38- AML LSC, but to lower extend in the normal HSC-

enriched population (Chávez-González et al., 2014; Hosen et al., 2007). 

Furthermore, significant levels of engraftment in murine BM was achieved following 

implantation of CD96+ fractions, but not CD96- AML cells, demonstrating that AML 

LSC express CD96.  

 

CLL-1 is a member of type II transmembrane receptor family. CLL-1 was initially 

identified as a cell surface marker for AML as it is expressed on the majority of 

primary AML cells (Bakker et al., 2004). Further research by van Rhenen et al. 

however demonstrated that CCL-1 is expressed on 87% of CD34+CD38- AML 

patients, but not normal HSC (van Rhenen et al., 2007). The same group showed 

engraftment of CD34+CCL-1+ AML cells, indicating that CCL-1 is expressed on AML 

LSC.  

 

TIM-3 is a type I membrane-bound glycoprotein that belongs to the Tim domain gene 

family of immunoregulatory proteins. TIM-3 is mainly expressed in monocytes and in 

a fraction of NK cells, and is associated with regulation of Th1-dependent immune 

responses and immune tolerance (Han et al., 2013, p. 3; C. Zhu et al., 2011). 

Kikushigi et al. identified expression of TIM-3 on AML LSC (except promyelocytic 

leukemia), but was absent on HSC, and myeloerythroid or lymphoid progenitor 

populations (Jan et al., 2011; Kikushige et al., 2010). TIM-3+ but not TIM-3- AML 

cells engrafted in AML mice, demonstrating that AML LSC express TIM-3. Further 

studies revealed that TIM-3 exerts pro-leukemic effects by maintaining LSC function. 

As such it was shown that TIM-3 and its ligand galectin-9 (Gal-9) form an autocrine 

loop that co-stimulates activity of nuclear factor kappa-light-chain-enhancer of 
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activated B cells (NF- κB) and β-catenin, involved in LSC self-renewal (Gonçalves 

Silva et al., 2016; Kikushige et al., 2015).    
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Figure 1.1 Hierarchy of normal hematopoiesis versus AML 
A schematic overview depicting the phenotypic characterization of each population in human hematopoiesis and in AML. Lin= lineage markers, HSC= 
hematopoietic stem cell, LSC= leukemic stem cell, MMP= multipotent progenitor, CMP= common myeloid progenitor, MEP= megakaryocyte/erythrocyte 
progenitor, GMP= granulocyte/macrophage progenitor. Created with BioRender.com. 
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1.3 The bone marrow (BM) microenvironment  
 
The BM niche, or also referred to as the BM microenvironment, is a collection of various 

different cell types and structures that maintain hematopoiesis in the bone marrow (Figure 

1.2). The initial BM niche concept depicted by Schofield et al. proposed that the BM niche 

engages in the maintenance of BM self-renewal, and later studies confirmed that HSC-BM 

niche interactions are determinant of HSC fate (Schofield, 1978). The niche was first 

functionally ascribed to be located in the endosteal region of the trabecular bone, also 

referred to as the “endosteal” or “osteoblastic niche”, which is comprised of several different 

cell types, including osteoblasts and osteoclasts, fibroblasts, macrophages, endothelial cells, 

and adipocytes. Later studies however revealed that HSC are frequently localized near 

venous sinusoids in the central marrow, which identified the perivascular (also referred to as 

the endothelial niche). The perivascular niche includes particularly mesenchymal stromal 

cells and endothelial cells that surround sinusoids. While the exact contributions of the 

multiple cell types that comprise the niche remains elusive, intensive research has validated 

the concept that the BM niche is not a single niche, but rather a collection of multiple “micro 

niches” that collaboratively govern several HSC functions such as homing, quiescence, self-

renewal, and lineage commitment (Itkin et al., 2016).  

 

Osteoblasts  

In the endosteal niche, there are several cross talk mechanisms between osteoblasts and 

HSC. Osteoblasts produce numerous soluble growth factors that are essential for the 

regulation of HSC homing/mobilization and quiescence, such as CXC-chemokine ligand 12 

(CXCL12), stem-cell factor (SCF), osteopontin (OPN), granulocyte colony-stimulating factor 

(G-CSF), annexin 2 (ANXA2), Angiopoietin 1 (ANG1) or thrombopoietin (TPO). CXCL12 or 

stromal-derived factor-1 (SDF-1) is produced primarily by immature osteoblasts but also by 

endothelial cells, leptin-receptor expressing perivascular cells (LepR+), CXCL12-abundant 

reticular (CAR) cells and Nestin+ mesenchymal stem cells (MSC) in the perivascular niche, 

which regulates HSC homing, retention, and repopulation (Galán-Díez and Kousteni, 2017; 

Ponomaryov et al., 2000). SCF is important for HSC maintenance and it is also produced by 

osteoblasts, but primarily by perivascular cells (Ding et al., 2012). Similarly, OPN, a 

phosphorylated matrix glycoprotein is secreted by osteoblasts among other cell types, and 

its expression within the BM is restricted to the endosteal bone surface. OPN exerts a critical 

role in HSC retention, migration, and negative regulation of HSC proliferation and 

differentiation (Nilsson et al., 2005; Standal et al., 2004; Stier et al., 2005). Osteoblasts 

support myelopoiesis though the secretion of G-CSF. G-CSF has a central role in 



29 

inflammation as it controls the differentiation of progenitors of the myeloid lineage to mature 

granulocytes (Boettcher and Manz, 2017; Taichman and Emerson, 1994). AXA2 is 

expressed mainly by osteoblasts and endothelial cells and is involved in the regulation of 

stem cell adhesion, homing, and engraftment following transplantation (Jung et al., 2007). It 

has been further demonstrated that AXA2 promotes localization of HSC to the endosteal 

niche by serving as an anchor for CXCL12 (Jung et al., 2011). ANG1 is expressed by 

osteoblasts and interaction with the receptor tyrosine kinase (RTK) Tie2 promotes HSC 

quiescence and adhesion to the bone, thereby protecting the HSC compartment from 

myelosuppressive stress (Arai et al., 2004). In adult hematopoiesis, TPO and its receptor 

MPL have a critical role in maintaining quiescence of LT-HSC and interaction with the 

osteoblastic niche, which is accompanied by increased cycling observed in HSCs in TPO-/- 

mice (Emerson, 2007; Qian et al., 2007; Yoshihara et al., 2007).  

 

Endothelial cells 

Endothelial cells that form the BM vessels deliver nutrients, oxygen and cellular components 

to the local tissues, and constitute a major component of the BM niche. They promote HSC 

proliferation and differentiation, homeostasis, and regeneration through expression of 

angiocrine factors such as growth factors, chemokines, and extracellular matrix (ECM) 

components (Kobayashi et al., 2010; Poulos et al., 2013; Rafii et al., 1995). Further, 

endothelial cells exert a critical role regulating trafficking and homing of hematopoietic stem 

and progenitor cells (HSPC) (Perlin et al., 2017; Rafii et al., 1995). To home to the BM, 

HPSC recognize and subsequently adhere to endothelial cells in the BM microvessels. 

Analysis of BM blood vessels revealed that the BM niche contains different types of 

endothelial cells with different permeability properties (Itkin et al., 2016). It has been 

demonstrated that less permeable blood vessels in the periarteriolar region maintain HSC in 

low reactive oxygen species (ROS) state, whereas blood vessels with high permeability in 

the perisinusoidal region increased ROS levels, thereby promoting their migration capacity. 

Notably, this metabolically inactive m 

icroenvironment is favorable to maintain HSC quiescence.   

 

MSC 

Nestin+ MSC, confined in the perivascular region, represent an essential niche component 

that contain all the bone-marrow colony-forming-unit fibroblastic activity (Méndez-Ferrer et 

al., 2010). Further, MSC are capable of self-renewal on serial transplantation as well as 

multilineage differentiation toward osteochondral lineages. It has been demonstrated that 

MSC co-localize with HSC and express high levels of HSC maintenance factors including 

CXCL12, SCF, ANG1, IL-7, OPN, and vascular cell adhesion molecule 1 (VCAM-1) in 
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comparison to other stromal cell types such as osteoblasts (Ehninger and Trumpp, 2011). 

Conditional depletion of Nestin+ MSC resulted in HSC depletion and altered homing of 

progenitor cells (Méndez-Ferrer et al., 2010; Szade et al., 2018). Two distinct subpopulations 

of Nestin+ cells have been identified using a Nestin-GFP transgenic mouse model: Nestin-

GFPbright and Nestin-GFPdim cells (Katayama et al., 2006; Kunisaki et al., 2013). Nestin-

GFPbright cells localized periarteriolarly and were later identified as neural/glial antigen 2 

(NG2) positive with high expression of CXCL12. Nestin-GFPdim cells localized 

perisinusoidally were marked by Leptin receptor (LEPR) and were shown to express high 

levels of CXCL12 and SCF.  

 

 

 
 
Figure 1.2 A schematic representation of the BM niche                

The bone marrow (BM) niche, which can be categorized in the endosteal niche and perivascular 
niche, is composed of several different cell types, which are involved in the homing, quiescence, self-
renewal, and lineage commitment of HSC. HSC= hematopoietic stem cells, MSC= mesenchymal 
stem cell; leptin-receptor expressing (LEPR+) perivascular cells, CXCL12-abundant reticular (CAR). 
Created with BioRender.com. 
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1.4 The role of the BM niche in AML 
 

There is emerging evidence demonstrating that the BM niche is altered in AML and plays a 

key role in the maintenance and initiation of disease as well as chemoresistance. AML cells 

remodel their supportive microenvironment via ROS production, adaptability to hypoxia, 

altered cytokine secretion profile and reshaping the vascular niche into a leukemic niche 

(Galán-Díez et al., 2018; Ladikou et al., 2020; Yao et al., 2021). In addition, components of 

the BM niche have been shown to interact with leukemic cells, thereby affecting cellular 

functions including proliferation, differentiation, adhesion, quiescence, as well as trafficking 

and clonal expansion (Galán-Díez et al., 2018; O’Reilly et al., 2021; Yao et al., 2021). 

 

In AML, the source of ROS has been shown to derive from the “NOX family” of NADPH 

oxidases (Brandes et al., 2014). ROS not only drives oncogenic signaling pathways through 

oxidation of critical cysteine residues, it also facilitates genomic instability by damaging DNA, 

which in turn promotes chemoresistance (Sillar et al., 2019). Indeed, the BM environment is 

hypoxic with oxygen tension below 10mmHg and has been addressed to play a critical role 

in HSC maintenance (Itkin et al., 2016; J. A. Spencer et al., 2014). The BM niche serves as 

a sanctuary for LSC, which reside in the most hypoxic tissue areas within this niche. In AML, 

it has been shown that hypoxia induced high constitutive levels of macrophage migration 

inhibitor factor (MIF) to promote survival and proliferation of AML cells in vivo through 

hypoxia-inducible factor (HIF)-1α signaling (Abdul-Aziz et al., 2018, 2017). It has been 

demonstrated that hypoxia activates the phosphatidylinositol-3-kinase (PI3K)/AKT and the 

mammalian target of rapamycin (mTOR) signaling pathway to provide environmental pro-

survival support to leukemic cells. Hypoxia stabilizes HIFs which interact with the hypoxia 

responsive elements (HRE) of several genes, causing upregulated expression of the 

CXCR4/CXCL12 axis on AML cells and endothelial cells, thereby promoting LSC 

maintenance, quiescence and chemoresistance (Bruno et al., 2021; Deynoux et al., 2016).  

 

It is further thought that pro-inflammatory cytokines play an important role in 

leukemogenesis, providing a selective advantage for LSC. In the bone marrow, neighboring 

stromal cells, normal hematopoietic cells and infiltrating immunocompetent cells secrete 

numerous cytokines, chemokines and adhesion molecules, which provide an important 

mechanism of protection (Ladikou et al., 2020). A wide variation of soluble factors have been 

implicated in this crosstalk, including CXCR2, CXCR4, IL6R, LFA, VLA4, RANK and 

FAT/CD36 (Shafat et al., 2017). Several of these cytokines can activate a plethora of 

oncogenic signaling pathways, including Wnt/β-catenin and PI3K/AKT/mTOR, which exert 
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an important role in regulating self-renewal of LSC (Annageldiyev et al., 2020; Ghosh and 

Kapur, 2016; Pepe et al., 2022; Wang et al., 2017, 2010). In addition, it has been thought 

that LSC escape apoptosis by upregulation of NF-κB activity (Bosman et al., 2016; Reikvam, 

2020). According to a report by Bruserud et al, AML patients can be subclassified based on 

their constitutive cytokine release profile. Three chemokine clusters could be identified: 

CCL2-4/CXCL1/8, CCL5/CXCL9-11 and CCL13/17/22/24/CXCL5 (Bruserud et al., 2007). 

Another means of remodeling the BM niche involves the secretion of leukemia-protective 

exosomes from bone marrow stromal cells, regulated by fibroblast growth factor 2 (FGF2). It 

has been shown that exosomes remodel the endosteal niche to promote proliferation, 

invasion and chemoresistance of leukemia cells, whilst altering normal HSC function (Javidi-

Sharifi et al., 2019; Kumar et al., 2018; Lyu et al., 2021).  

 

1.5 Targeting AML LSC  
 

Given the poor prognosis of AML and disappointing clinical outcomes due to a lack of 

efficacy with standard of care chemotherapy, there remains a pressing need to develop 

novel targeted therapies. Since AML LSC are often resistant to chemotherapy and are 

capable to sustain disease, eliminating LSC holds great therapeutic potential to reduce 

relapse rates and improve survival. Strategies to eradicate AML LSC can be classified in two 

categories: LSC-specific therapies and therapies that target both the bulk AML cell 

population as well as the LSC fraction. LSC-specific therapies are based on LSC-specific 

characteristics such as the immunophenotype, metabolic properties and epigenetic 

modulators, whereas strategies targeting also the bulk AML population are often directed 

towards targeting the leukemic-BM niche interactions (Bernasconi and Borsani, 2019; 

Houshmand et al., 2019; van Gils et al., 2021; Yao et al., 2021).  

 

As previously discussed, LSC were initially enriched in the CD34+CD38− compartment, 

which is identical to HSC (Bonnet and Dick, 1997; Lapidot et al., 1994). Therefore, to 

specifically target LSC whilst sparing normal HSC, intensive research has been dedicated to 

define an LSC-specific immunophenotype (Haubner et al., 2019; Ivanivska et al., 2019; 

Mitchell and Steidl, 2020). A number of antigenic targets have been identified such as 

CD123, CD44, CD96, CCL-1, and TIM-3, some of which are currently under clinical 

investigation (Hosen et al., 2007; Jin et al., 2009, 2006; Kikushige et al., 2010, p. 3; van 

Rhenen et al., 2007). The main limitation of targeting aberrantly expressed LSC antigens is 

however the heterogeneity and plasticity in individual patients (Bachas et al., 2012; Ho et al., 

2016; Li et al., 2016).  
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Besides immunophenotype, LSC can also be targeted based on their distinct metabolic 

features. As such, AML LSC are resistant to standard chemotherapy, take advantage of 

several molecular and metabolic mechanisms to maintain low ROS state, and preferentially 

rely on oxidative phosphorylation for the production of high-energy compounds (de 

Beauchamp et al., 2022). Hypoxia-induced HIF is considered to promote LSC maintenance, 

and combination of HIF inhibitors with chemotherapy targeting cycling cells is thought to 

disrupt quiescence and sensitize LSC to cytotoxic chemotherapy (Vukovic et al., 2015; Yao 

et al., 2021).  This approach was however challenging in preclinical setting, which led to the 

discovery of hypoxia-activated prodrugs (HAP) as an alternative strategy to overcome 

hypoxia-induced resistance. HAPS, which activated by enzymatic reduction, are considered 

to be more selective than HIF inhibitors as they are designed to release cytotoxic agents 

only under hypoxic conditions (Benito et al., 2016). Further, it has been reported by 

Lagadinou et al. that ROSlow LSC aberrantly express B-cell lymphoma 2 (Bcl-2), and 

pharmacological inhibition of Bcl-2 reduced oxidative phosphorylation and selectively 

eradicated quiescent LSC (Lagadinou et al., 2013).  

 

Other putative strategies to pharmacologically target LSC metabolic activity are directed 

towards inhibition of glutathione balance, NF-κB, proteasome activity, and HSP function. As 

mentioned before, oxidative phosphorylation plays an important role in the survival of AML 

LSC. Recent findings have demonstrated that amino acid metabolism fuels oxidative 

phosphorylation in LSC in in patients with de novo AML. In particular cysteine, which is 

metabolized exclusively to glutathione, appeared to be of importance for LSC survival (Forte 

et al., 2020; Jones et al., 2019; Pei et al., 2013). Impaired glutathione synthesis by cysteine 

depletion reduced electron transport chain (ETC) II activity, causing inhibition of oxidative 

phosphorylation and thereby selectively targeted LSC. Cytokine-stimulated NF-κB signaling 

is required for LSC maintenance, and was found to be constitutively activated in 

CD34+CD38- subpopulation, but not unstimulated normal CD34+ HSPC (Guzman et al., 

2001; Kagoya et al., 2014; Zhou et al., 2018). Currently, NF-κB inhibitor bortezomib is under 

clinical investigation for the treatment of AML in combination with hypomethylating agent 

decitabine and/or multi-kinase inhibitor sorafenib (NCT01420926, NCT01861314, 

NCT01371981).  In addition, it has been suggested that in AML both at the blast as well as 

the LSC level an active signalosome drives addiction of AML cells to a tumor-enriched 

Hsp90 species (teHsp90). More specifically, it was found that aberrant activation of Janus 

kinase (JAK)/signal transducer and activator of transcription (STAT) and PI3K/AKT/mTOR 

signaling pathways were maintained by teHsp90 (Zong et al., 2015).  
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Recent discoveries identified driver mutations in genes associated with epigenetic 

regulation. It is therefore not surprising that has been investigated whether LSC can be 

targeted specifically based on epigenetic modulators. Jung et al. demonstrated that the 

epigenetic signature of AML LSC is largely mutation independent and displays global 

hypomethylation compared with non-LSC blast cells, which were associated with 

transcriptional upregulation (Jung et al., 2015). Further, the DNA methylation signature of 

AML LSC identified 71 genes, which were enriched for members of the HOX cluster, and 

were shown to be prognostic of patient overall survival independent of other known risk 

factors. Transcriptional analysis of AML LSC additionally revealed a molecular signature 

underlying “stemness” and leukemia-initiating capacity, which was associated with clinical 

outcome of AML (Eppert et al., 2011; Ng et al., 2016). A number of approaches have been 

developed to target AML LSC based on epigenetic modulators including bromodomain and 

extra terminal protein (BET), DOT1L, enhancer of zeste homolog 2 (EZH2), and lysine-

specific demethylase 1 (LSD1) (Bernt et al., 2011; Fong et al., 2015; Harris et al., 2012; 

Scott et al., 2016).  

 

Finally, given the mounting evidence underscoring the importance of LSC-BM niche interplay 

in AML pathology, targeting the leukemic stem cell niche is considered a putative therapeutic 

strategy. Several classes of therapeutic agents have been identified to selectively target the 

BM-leukemic niche interactions, including strategies targeting angiogenic factor signaling 

pathways, cytokine secretion, adhesion molecules, and altered oncogenic signaling 

pathways.  

 

Pro-angiogenic factors like vascular endothelial growth factor (VEGF) is secreted by stromal 

cells and leukemic cells and contributes to AML progression by promoting the production of 

nitric oxide, which consequently increases vascular permeability (Passaro et al., 2017). 

Further, VEGF was shown to protect leukemic cells from chemotherapy-induced apoptotic 

cell death by upregulation of Bcl-2/Bax ratios (Dias et al., 2002; Katoh et al., 1998). On the 

other hand, activation of the ANG1/Tie2 axis, which is closely associated with angiogenesis, 

is suggested to promote LSC quiescence and drug resistance (Arai et al., 2004). Although a 

number of anti-angiogenic agents have entered clinical trials, the outcomes for the treatment 

of AML were disappointing due to a lack of anti-leukemic efficacy (Karp et al., 2004; 

Ossenkoppele et al., 2012).  

 

It has been demonstrated that leukemic cells express high levels of CXCR4 and upon 

binding of CXCL12 activates a plethora of downstream pro-survival and proliferative 

pathways such as JAK/STAT, PI3K/AKT/mTOR and MEK/extracellular signal-regulated 
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kinase (ERK). The CXCR4/CXCL12 axis additionally contributes to AML progression by 

promoting LSC homing and migration. The therapeutic value of targeting CXCR4 has been 

investigated and it was demonstrated that CXCR4 inhibition increased sensitivity to kinase 

inhibitors and chemotherapy in FLT3-ITD AML (Zeng et al., 2009). Plerixafor is a well-known 

potent CXCR4 antagonist that has shown promising results in Phase 1&2 studies in 

combination with chemotherapeutic agents and hypomethylating agents (Cooper et al., 

2017; Roboz et al., 2018; Uy et al., 2012).  

 

Other adhesion molecules highly expressed in AML LSC beside CXCR4 include Very Late 

Antigen-4 (VLA-4) and CD44 (discussed in section 1.2).  VLA-4 interacts with fibronectin, 

intercellular adhesion molecule 2 (ICAM-2) and VCM-1 in the niche. Interaction of AML LSC 

with mesenchymal stromal cells, mediated by VCAM-1/VLA-4 axis promoted 

chemoresistance via stromal upregulation of the NF-κB pathway (Jacamo et al., 2014). 

Interaction of leukemic VLA-4 with stromal fibronectin additionally drove activation of the 

PI3K/AKT/Bcl-2 signaling axis to reduce drug-induced cytotoxicity (Nair-Gupta et al., 2020). 

Antibodies against VLA-4 together with cytarabine improved chemo-sensitivity of leukemic 

cells and hampered AML development in a patient-derived xenograft (PDX) mouse model 

(Jin et al., 2006; Layani-Bazar et al., 2014). There is currently one Phase 2 clinical study that 

investigates VCAM-1 inhibitor AS101 in untreated elderly patients (NCT01010373).  

 

Another promising strategy to target AML LSC is focused on signaling pathways that are of 

particular importance for the proliferation, differentiation, self-renewal and survival of LSC 

(Carter et al., 2020; Gurska et al., 2019; Sands et al., 2013; Siveen et al., 2017). These have 

been briefly addressed and include the PI3K/AKT/mTOR, STAT, Wnt/β-catenin, Hedgehog, 

Notch, and the TGF-β pathways. Given that there is crosstalk between these pathways that 

may affect LSC function it is important to decipher these mechanisms of crosstalk in the 

context of LSC for understanding leukemogenesis and development of new targeted 

treatment paradigms.   
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Chapter 2:  Introduction part B 
 

In the previous chapter, the clinical importance of targeting AML LSC was highlighted. 

Targeting altered signaling pathways required to sustain LSC survival has been addressed 

as a putative therapeutic strategy for AML.  An accruing body of scientific knowledge has 

recognized the PI3K/AKT/mTOR pathway, which is commonly deregulated in AML as a 

putative target to kill AML LSCs, but despite this, PI3K/AKT/mTORi have not translated into 

clinical practice. 

In this chapter, the laboratory-based evidence of the critical role of PI3K/AKT/mTOR 

pathway in AML, and outcomes from current clinical studies using PI3K/AKT/mTORi is 

reviewed. Based on these results, the putative mechanisms of resistance to 

PI3K/AKT/mTORi are discussed, offering rationale for potential candidate combination 

therapies incorporating PI3K/AKT/mTORi for precision treatment in AML. This work has 

been published in the Journal of Clinical Medicine:  

Darici S, Alkhaldi H, Horne G, Jørgensen HG, Marmiroli S, Huang X. Targeting 

PI3K/Akt/mTOR in AML: Rationale and Clinical Evidence. J Clin Med. 2020 Sep 

11;9(9):2934. doi: 10.3390/jcm9092934. PMID: 32932888; PMCID: PMC7563273. 

 

2.1 PI3K/AKT/mTOR pathway as a druggable target for AML 
 

The PI3K/AKT/mTOR signaling pathway emerges as a promising therapeutic candidate to 

sensitize LSC to chemotherapy. It plays an important role in both normal and malignant 

hematopoiesis; components of this pathway govern the expression of genes and proteins 

essential for cell proliferation, differentiation, and survival. Constitutive activation of 

PI3K/AKT/mTOR pathway is detected in 50-80% of AML patients, associated with 

decreased overall survival (OS) (Bertacchini et al., 2014; Martelli et al., 2010; S. Park et al., 

2010). One important mechanism leading to deregulation of PI3K/AKT/mTOR signaling is 

mutation of FLT3 gene. Among them, FLT3-ITD is one of the most frequent mutations in 

normal karyotype AML (~25%). In recent clinical studies, few patients display prolonged 

remissions with RTKi such as FLT3i, highlighting the need for novel and/or partner targeted 

therapies (Daver et al., 2019; F. Zhou et al., 2019). Targeting the PI3K/AKT/mTOR pathway 

may be an option for FLT3-ITD AML patients. 
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Hyperactivation of PI3K/AKT/mTOR has also been associated with attenuated sensitivity to 

chemotherapy. Several studies have demonstrated that PI3K/AKT/mTOR inhibition may 

preferentially target LSC. For example, the PI3K/AKT/mTOR pathway may regulate LSC 

survival through NF- κB. The pro-inflammatory transcription factor NF- κB, has been found to 

be aberrantly activated in LSC, but is not expressed in normal human CD34+ progenitor 

cells (Guzman et al., 2002, 2001; Zhou et al., 2015). NF- κB is known to mediate 

chemoresistance by upregulation of anti-apoptotic genes which enable cells to increase 

proliferation and evade apoptosis (Jacamo et al., 2014; Li and Sethi, 2010; Zhou et al., 

2018). Targeting NF- κB may be selective for LSC and/or sensitize LSC to chemotherapy. 

Notably, NF-κB is a downstream target of PI3K/AKT/mTOR, and this signaling cascade can 

trigger NF-κB activation, which suggests a common survival pathway for LSC. Treatment of 

AML patient samples with PI3Ki LY294002 displayed inhibited AKT phosphorylation and NF- 

κB DNA-binding activity (Birkenkamp et al., 2004).   

 

Furthermore, PI3K/AKT/mTOR inhibition induced apoptosis in primary AML cells and 

potentiated response to cytotoxic chemotherapy, while sparing normal HSC function, 

(Bertacchini et al., 2018; Grandage et al., 2005; Xu et al., 2005, 2003). The LSC population 

was targeted by PI3K-directed therapies demonstrated by reduced engraftment ability of 

these cells in NOD/SCID mice (Xu et al., 2005, 2003). PI3K/AKT/mTORi may additionally 

potentiate LSC kill by synergizing with LSC-directed therapies. An essential feature of 

quiescent AML-LSC is that they have relative lower production of ROS compared with bulk 

cells (Lagadinou et al., 2013). These ROS-low LSC were shown to aberrantly overexpress 

Bcl-2, making them more susceptible to eradication by small-molecule Bcl-2i like venetoclax. 

The therapeutic potential of venetoclax could be enhanced by PI3K/AKT/mTOR inhibition 

through myeloid cell leukemia 1 (Mcl-1)-dependent mechanisms, which is a well-known 

determinant of resistance to venetoclax (Vachhani et al., 2014).  

 

Growing evidence signposts PI3K as a druggable target for AML; indeed, there has been 

very productive development of small-molecule inhibitors targeting the PI3K/AKT/mTOR 

pathway. While PI3K/AKT/mTORi have been effective treating other hematological 

malignancies, such as CLL and follicular lymphoma (FL), in AML, the clinical potential of 

PI3K/AKT/mTORi has not yet been fully elucidated (Markham, 2017; Miller et al., 2015; 

Rodrigues et al., 2019). Clinical studies using PI3K/AKT/mTORi as monotherapy have 

shown limited therapeutic efficacy, likely due to compensatory activation of other survival 

pathways (Nepstad et al., 2020).  Therefore, dissecting these relevant clinical findings and 

understanding how other signaling pathways impinge on PI3K/AKT/mTOR signaling pathway 
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activity, may provide us new clues as to how to effectively inhibit this pathway with potential 

candidate combination strategies to eradicate LSC and so cure AML. 

 

2.2 The PI3K/AKT/mTOR signaling pathway  

2.2.1 Regulation of the PI3K/AKT/mTOR pathway in normal 
hematopoiesis 
The PI3K family consists of three distinct classes of PI3Ks (I-III), of which class I is 

implicated in regulation of hematopoiesis. Class I PI3K can be further divided into class IA 

and class IB enzymes, both of which are activated by cell surface receptors. Class IA PI3K 

can be activated by RTKs, G protein-coupled receptors (GPCR), and oncoproteins such as 

the small G protein Ras, whereas class IB PI3K can be activated by GPCRs only (Fruman 

and Rommel, 2014; Liu et al., 2009). Class IA PI3Ks form heterodimers between one of 

three catalytic subunits (p110α, p110β, or p110δ) and a regulatory adaptor molecule (p85α 

(or its splice variants p55α and p50α), p85β or p55γ) (Vadas et al., 2011; Vanhaesebroeck 

et al., 2010). Each pair shares some overlap whilst maintaining distinct function. In contrast 

to the heterogeneity of class IA, a single class IB isoform has been described that associates 

catalytic subunit p110γ with regulatory adaptor molecule p101 or p84 (Brock et al., 2003; 

Suire et al., 2005). While catalytic subunits p110α and p110β are consistently expressed in a 

broad range of tissues, p110γ and p110δ are specifically enriched within the hematopoietic 

system – preferentially in leukocytes (Kok et al., 2009).  

 

In response to extracellular stimuli (e.g. hormones, growth factors and cytokines) and the 

subsequent activation of RTKs, class IA PI3K is recruited to the plasma membrane via 

interaction of p85 with adaptor proteins, such as insulin receptor substrate (IRS) 1/2 or 

growth factor receptor-bound protein 2 (GRB2)-associated binding protein 2 (GAB2) that 

bind to the regulatory p85 subunit of PI3K (Hemmings and Restuccia, 2012; Kiyatkin et al., 

2006). The class IB p110γ is activated by GPCRs through direct interaction of its regulatory 

adaptor molecule with Gβγ subunit of trimeric G proteins (Brock et al., 2003). The activated 

p110 catalytic subunit facilitates the phosphorylation of phosphatidylinositol-4,5-phosphate 

(PIP2) to generate phosphatidylinositol-3,4,5-phosphate (PIP3). PIP3 recruits 

phosphoinositide-dependent kinase 1 (PDK1) and AKT/protein kinase B (PKB) to the plasma 

membrane where PDK1 phosphorylates AKT at Threonine(T)308 residue within the 
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activation loop of the kinase domain to initiate the activation of AKT (Alessi et al., 1996, p. 1; 

Toker and Marmiroli, 2014) (Figure 2.1).  

 

AKT is a highly conserved serine/threonine kinase that has multiple diverse functions. Full 

AKT activation, in addition to PDK1-mediated phosphorylation, requires phosphorylation at 

Serine(S)473 residue in the regulatory domain, by mTOR complex 2 (mTORC2), integrin-

linked kinase (ILK), PDK1 or members of the PI3K-related kinase (PIKK) family, such as 

DNA-dependent protein kinase (DNA-PK) (Liao and Hung, 2010; Liu et al., 2014). Notably, 

AKT can activate mTORC2 through a positive feedback loop by direct phosphorylation of 

mTORC2 component mammalian stress-activated protein kinase interacting protein (mSin1) 

at T86 (Humphrey et al., 2013; Yang et al., 2015). Activated AKT can phosphorylate a wide 

spectrum of protein substrates, including forkhead box class O (FoxO), glycogen synthase 

kinase-3 (GSK3) α/β, and Bcl-2 associated agonist of cell death (BAD), maintaining cell 

cycling, survival, metabolism, cell growth and other essential cellular functions (Figure 2.2) 

(Manning and Toker, 2017).  

 

Regulation of PI3K activity is negatively controlled by the tumor suppressor phosphatase 

and tensin homolog (PTEN) and Src homology domain-containing inositol phosphatase 

(SHIP) to maintain normal hematopoiesis. PTEN is a lipid phosphatase that hampers PI3K 

signaling through dephosphorylation of the lipid signaling intermediate PIP3 (Carracedo and 

Pandolfi, 2008). Loss of function of PTEN through mutations, genetic silencing, or epigenetic 

mechanism is implicated in the pathology of multiple human malignancies and can lead to 

aberrant PI3K/AKT/mTOR signaling (Milella et al., 2015). SHIP is predominantly expressed 

in hematopoietic cells and hydrolyzes PIP3 to generate PI(3,4)P2 (Hazen et al., 2009). 

Mutation of the SHIP gene was detected in a low percentage of AML and ALL patients (Luo 

et al., 2004).   

 

One of the key downstream targets of the AKT is mTOR, which positively regulates cell 

growth and proliferation by promoting protein synthesis and inhibition of autophagy 

(Rabanal-Ruiz et al., 2017; Saxton and Sabatini, 2017).  The identification of this 

serine/threonine kinase stems from the discovery of the natural product rapamycin, originally 

extracted from the soil bacterium Streptomyces hygroscopicus (S. R. Park et al., 2010). 

mTOR participates in two functionally distinct multiprotein complexes, mTORC1 and 

mTORC2, of which only mTORC1 is sensitive to inhibition by rapamycin (Gibbons et al., 

2009). AKT indirectly activates mTORC1 by phosphorylation of tuberous sclerosis complex 2 

(TSC2) at S939 and T1462 (Manning and Cantley, 2003; Potter et al., 2002). TSC2 functions 

with TSC1 forming a heterodimeric complex, which blocks the activation of Ras homolog 
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enriched in brain (Rheb). AKT phosphorylation of TSC2 inhibits the GTPase-activating 

protein (GAP) activity of this complex and in turn permits Rheb to activate mTORC1. AKT 

can also activate mTORC1 by a TSC2-independent mechanism, which involves 

phosphorylation of proline-rich AKT substrate 40kDa (PRAS40), a component of mTORC1. 

Phosphorylation of PRAS40 at T246 results in dissociation of PRAS40 from mTORC1 and 

attenuates the inhibitory effect of PRAS40 on mTORC1 activity (Kovacina et al., 2003). Upon 

activation, mTORC1 is phosphorylated on several residues (T2446, S2448, and S2481), but 

no function has been ascribed to any phosphorylation site (Cheng et al., 2004; Chiang and 

Abraham, 2005; Holz and Blenis, 2005). S1261 was identified as a site-specific 

phosphorylation site of mTORC1 that in response to insulin signals via the PI3K/TSC2/Rheb 

axis regulating mTORC1 function in an amino acid-dependent and rapamycin-insensitive 

mechanism.  

 

The highly conserved protein kinase mTOR is a central hub of nutrient signaling and cell 

growth and integrates multiple intracellular signals (Kim and Guan, 2019). With respect to 

the mTOR signaling pathway, the TSC1/TSC2 complex has emerged as a sensor and 

integrator of multiple signaling pathways to modulate mTORC1 activity (Huang and Manning, 

2008) (Figure 2.1).  One important signaling pathway that negatively regulates mTORC1 

activity is the liver kinase B1 (LKB1)/ AMP-activated protein kinase (AMPK) pathway (Huang 

et al., 2008). AMPK is a cellular energy sensor activated in various conditions that deplete 

cellular energy, such as nutrient deprivation or hypoxia (Dengler, 2020; Hardie, 2005). 

Phosphorylation of AMPK at T172 in the activation loop is required for its kinase activity and 

is mediated by LKB1, the upstream serine/threonine kinase of AMPK (Hawley et al., 1996). 

AMPK inhibits mTORC1 in two different ways i.e. phosphorylation of TSC2 at T1227 and 

S1345; and phosphorylation of Raptor at S722/792, which is a component of mTORC1 

(Gwinn et al., 2008; Inoki et al., 2003). In addition to AMPK, ERK/p90 ribosomal S6 kinase 

(RSK) pathway also modulates mTORC1 activity. ERK/RSK is one of the other main 

signaling networks activated in parallel with PI3K by RTKs to control survival, differentiation, 

proliferation, and metabolism (Mendoza et al., 2011). Both ERK and RSK promote mTORC1 

activity by phosphorylation of TSC2 at ERK S664 and S540, and RSK S1798 (Ma et al., 

2005; Roux et al., 2004). In addition, ERK1/2 contributes to Ras-dependent activation of 

mTORC1 through phosphorylation of Raptor at S8, S696, and S863 (Carriere et al., 2011).  

 

Upon activation, mTORC1 phosphorylates its main downstream targets eukaryotic initiation 

factor-4E (eIF4E) -binding protein 1 (4E-BP1) and rapamycin-sensitive ribosomal protein S6 

kinase beta-1/p70 ribosomal S6 kinase (S6K1), involved in the translation of mRNAs. 4E-

BP1 inhibits the initiation of cap-dependent translation by binding and inactivating eIF4E. 
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This binding is reversible, and mTORC1 phosphorylation of 4E-BP1 at T37/46 relieves 4E-

BP1 from eIF4E (Gingras et al., 1999). Released eIF4E assembles at the 5’ end of mRNA, 

which facilitates the recruitment of the ribosome and subsequent initiation of translation 

(Jackson et al., 2010).  

 

S6K1 is the other main target of mTORC1 implicated in the regulation of cell growth. 

Activation of S6K1 requires phosphorylation at T229 and T389, of which T229 is 

phosphorylated by PDK1 and T389 by mTORC1 (Alessi et al., 1998; Han et al., 1995; Kim et 

al., 2002). Activated S6K1 activates 40S ribosomal protein S6 (rpS6) that represents the 

most extensively studied substrate of S6K1. rpS6 becomes phosphorylated on several 

serine residues (Ruvinsky and Meyuhas, 2006). While S6K1 phosphorylates rpS6 on all 

phosphorylation sites (S235/236 and S240/244), RSK phosphorylates rpS6 exclusively on 

S235/236 in an mTOR-independent mechanism, suggesting that ERK/RSK pathway 

contributes to rpS6 phosphorylation upon mitogen stimulation (Pende et al., 2004). 

mTORC1-stimulated S6K1 mediates an important negative feedback regulation of PI3K 

through phosphorylation of IRS-1. As such, S6K1 phosphorylates IRS-1 proteins at several 

serine residues (S270, S307, S636, and S1101) of which S270 was found to be required for 

S6K1/IRS-1 interaction and subsequent phosphorylation of the other S6K1-specific residues 

(Zhang et al., 2008). Phosphorylation of IRS-1 induces its protein degradation and insulin 

resistance, thereby inhibiting the insulin-like growth factor 1 (IGF-1) -mediated PI3K 

activation. 

 

Regulated PI3K/AKT/mTOR signaling is critical for normal hematopoiesis, with deregulation 

of PI3K/AKT/mTOR activity linked to depletion of HSC pool (Kharas et al., 2010). For 

example, Pten deletion in adult mice HSC activated the PI3K/AKT/mTOR pathway, and 

promoted HSC proliferation and depletion through induced expression of p16Ink4a and p53, 

and leukemogenesis (Lee et al., 2010; Magee et al., 2012; Yilmaz et al., 2006). These 

effects were mostly mediated by mTOR as rapamycin was able to suppress leukemogenesis 

and restore normal HSC function (Lee et al., 2010). Myristoylated AKT1 (myr-AKT) was 

introduced into HSC via retroviral transduction of bone marrow cells and subsequent 

transplantation, to mimic constitutively active AKT, which is frequently observed in AML 

(Kharas et al., 2010). Results revealed that myr-AKT contributes to myeloproliferative 

disorders (MPD), and T-cell lymphoma with high frequency, and AML with a lower 

penetrance. HSC in the myr-AKT1 mice displayed transient expansion of immature myeloid 

cells in the bone marrow and spleen, and increased cycling, associated with impaired 

engraftment. The importance of mTOR signaling as a mediator of AKT was demonstrated 

with rapamycin. Rapamycin rescued cobblestone formation in myr-AKT–transduced bone 



42 

marrow cells in vitro and increased survival of myr-AKT mice. TSC1 is also potentially 

involved in leukemogenesis. Deletion of TSC1 in HSC leads to activation of mTOR signaling, 

causes rapid HSC cycling and elevated levels of ROS, and impaired HSC self-renewal 

(Chen et al., 2008). Importantly, treatment with a ROS antagonist in vivo demonstrated that 

the TSC1/mTOR axis is important to maintain HSC quiescence and function by suppressing 

ROS. These findings indicate that mTOR is an important mediator of PI3K regulation in 

HSC. Furthermore, FoxO transcription factors are functionally redundant in HSC 

homeostasis through regulation of HSC response to physiologic oxidative stress, 

quiescence, and survival (Miyamoto et al., 2007; Tothova et al., 2007; Tothova and Gilliland, 

2007). Mice engineered with conditional knockout alleles of FoxO1, FoxO3, and/or FoxO4 

displayed increased cell cycling and apoptosis of HSC, and a marked increase in ROS 

levels.  

 

2.2.2 Constitutive PI3K/AKT/mTOR activation in AML 
The PI3K/AKT/mTOR signaling pathway is frequently hyperactivated in AML cells, and 

potentially contributes to uncontrolled growth, proliferation, differentiation, metabolism, and 

survival (Fransecky et al., 2015; S. Park et al., 2010). The PI3K/AKT/mTOR pathway is also 

important for the regulation of the AML-LSC population, demonstrated in mouse models with 

genetic alterations of key PI3K/AKT/mTOR signaling genes. Rheb1 is overexpressed in AML 

patients which was associated with reduced survival in comparison to patients with lower 

Rheb1 expression (Gao et al., 2016; Ghosh et al., 2016; Ghosh and Kapur, 2017). Deletion 

of Rheb1 induced apoptosis and enhanced cell cycle arrest in LSC, and prolonged survival 

of MLL-AF9-induced leukemic mice, suggesting that the mTORC1 pathway may be required 

for LSC maintenance (Gao et al., 2016). PDK1 is overexpressed in over 40% of AML 

patients and is required for AKT activation (Zabkiewicz et al., 2014). Deletion of Pdk1 in 

MLL-AF9-induced mice resulted in a reduction of LSC and upregulated the expression of 

apoptosis inducers, such as BAX and p53 (Pan et al., 2017; Peña-Blanco and García-Sáez, 

2018). Mice transplanted with MLL-AF9-positive LSC were also shown dependent on S6K1 

for LSC maintenance (Ghosh et al., 2016). Loss of S6K1 improved survival of MLL-AF9-

induced leukemic mice, which was associated with reduced AKT and 4E-BP1 

phosphorylation. Furthermore, the PI3K/AKT/mTOR pathway is also implemented in the 

crosstalk between LSC and the stromal cells associated with its niche that promotes the 

drug-resistant phenotype of LSC. Several reports have demonstrated that pharmacological 

inhibition of PI3K/AKT/mTOR signaling may effectively target leukemic cells within the bone 

marrow niche (Reikvam et al., 2013; Zeng et al., 2012; H.-S. Zhou et al., 2016).   
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Dysregulation of the PI3K/AKT/mTOR pathway is often the result of loss or inactivation of 

tumor suppressors, mutation or amplification of PI3K, as well as activation of RTKs or 

oncoproteins upstream of PI3K (Figure 2.3) (Stemke-Hale et al., 2008; J. Yang et al., 2019). 

About 50-80% of patients with AML display constitutive PI3K/AKT/mTOR activation and this 

was associated with significant poorer OS (Gallay et al., 2009). Poor prognosis in AML 

patients with constitutive PI3K/AKT/mTOR signaling could be related to the fact that this 

pathway is associated with chemoresistance, which contributes to the short-term survival in 

AML (Bertacchini et al., 2018; Min et al., 2003; Zhang et al., 2019). However, no correlation 

was shown to exist between PI3K/AKT/mTOR activity and a particular AML subtype, 

cytogenetic abnormality or etiology of the disease (Martelli et al., 2006; Nepstad et al., 

2018).   

 

Exploring mechanisms of constitutive PI3K/AKT/mTOR activation in AML identified 

mutations of RTKs (e.g. FLT3-ITD, c-KIT) or GTPases (KRAS, NRAS) as well as autocrine 

IGF-1/IGF-1R signaling responsible for dysregulation (Brandts et al., 2005; Chapuis et al., 

2010a). Aberrant PI3K/AKT/mTOR signaling activation is often associated with enhanced 

AKT phosphorylation, mediated by phosphorylation at S473 by PDK1 and T308 by 

mTORC2. The OS of AML patients presenting with AKT phosphorylation at these sites was 

found to be significantly shorter in several studies (Gallay et al., 2009; Min et al., 2003). 

Furthermore, mTORC1 is activated in most AML patients, indicated by enhanced 

phosphorylation of its main downstream substrates 4E-BP1, S6K1, and rpS6 (Tamburini et 

al., 2009; Xu et al., 2005). However, activation of mTORC1 and its downstream target may 

also occur independently of PI3K/AKT though parallel signaling pathways (Chow et al., 

2006; Qin et al., 2016; Tamburini et al., 2009). It is therefore important to dissect how 

PI3K/AKT/mTOR signaling converges with other signaling pathways, which may have 

clinical implications for selection of drugs targeting different signaling molecules.   

 

About 30% of AML patients with normal karyotype present with an activating FLT3 receptor 

mutation, most often as FLT3-ITD, and is the major intercessory of PI3K/AKT/mTOR 

pathway dysregulation. FLT3 is a member of the class III RTK family and is important for the 

maintenance of hematopoietic homeostasis (Chu et al., 2012; Gilliland and Griffin, 2002; 

Kikushige et al., 2008, p. 3). FLT3-ITD exhibits ligand-independent constitutive tyrosine 

kinase activity and activates signaling pathways including PI3K/AKT/mTOR (Chen et al., 

2010). However, regulatory p85 subunit of PI3K does not bind to the FLT3 receptor, nor is it 

tyrosine phosphorylated after FLT3 ligand stimulation. Instead, p85 associated with SH2 

domain-containing protein tyrosine phosphatase-2 (SHP-2) and SHIP, in murine Ba/F3 cells 

stably transfected with human FLT3-ITD (Zhang and Broxmeyer, 1999, p. 100). FLT3-ITD 
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expression in Ba/F3 cells was associated with constitutive activation of AKT and concomitant 

phosphorylation of FoxO3a (Brandts et al., 2005; Scheijen et al., 2004). FoxO3a has an 

important role in apoptosis and cell cycle regulation (Zhang et al., 2011). FLT3-ITD was 

shown to constitutively activate AKT, and concomitantly phosphorylate FoxO3a, suppressing 

the expression of FoxO3a target genes p27 and pro-apoptotic Bcl-2 family member, Bim 

(Brandts et al., 2005; Santo et al., 2013). FLT3-ITD negatively regulates FoxO3a, thereby 

suppressing FoxO3a-mediated apoptosis and bypassing the G1 cell cycle blockade.  

 

2.2.3 Targeting the PI3K/AKT/mTOR signaling pathway in AML   
Preclinical evidence underlines the significant role of PI3K/AKT/mTOR signaling in leukemia 

initiation and maintenance. There is considerable interest targeting PI3K/AKT/mTOR 

signaling for AML treatment, which has resulted into the rapid development of small 

molecule compounds that target either a single or multiple kinase (Figure 2.3). PI3K-

targeting molecules can be divided into isoform-specific PI3Ki and ATP-competitive pan-

PI3Ki.  

 

The PI3K p110δ catalytic subunit is consistently expressed at a high level in AML blasts, 

making it an attractive therapeutic target for AML (Sujobert et al., 2005). Idelalisib (also 

referred to as CAL-101), for example, is a p110δ inhibitor that is currently under Phase 3 

clinical investigation for the treatment of B-cell malignancies (Gopal and Graf, 2016). 

Treatment of AML cells with idelalisib inhibited ribosomal RNA (rRNA) synthesis and cell 

proliferation by suppressing AKT phosphorylation with a greater effect observed in cells 

expressing higher levels of p110δ (Nguyen et al., 2014).  

 

Pan-PI3Ki target all isoforms of PI3K and may exert broader anti-leukemic effects, but at the 

expense of higher toxicity. mTORi include both ATP-pocket and allosteric mTOR binding 

drugs, e.g. rapalogs, such as everolimus and temsirolimus. Both drugs derive from the 

natural macrolide rapamycin and act by associating with immunophillin FK506 binding 

protein 12 (FKBP12), which in turn binds and inhibits mTORC1, although after lengthy 

exposure they inhibit also mTORC2 (Sabers et al., 1995). mTORi represent the first class of 

PI3K/AKT/mTOR-directed therapies and yielded promising anti-proliferative effects without 

inhibition of normal CD34+ cells in preclinical settings (Xu et al., 2003). The anti-leukemic 

effects were associated with reduced phosphorylation of S6K1 and 4E-BP1 and could be 

enhanced in combination with conventional cytotoxic drugs (Xu et al., 2005). An important 

drawback of inhibiting mTORC1 is the increased phosphorylation of AKT.  
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Dual PI3K and mTORi block both the upstream and downstream targets of AKT, thereby 

circumventing the increased PI3K and AKT signaling subsequent to mTORC1 inhibition 

(Carneiro et al., 2015). Dual PI3K/mTORi dactolisib efficiently blocked PI3K and mTORC1 

signaling and mTORC2 activity (Chapuis et al., 2010b). Furthermore, dactolisib inhibited 

protein translation in AML cells, reducing cell growth and inducing apoptosis without 

affecting survival of normal CD34+ cells. A small number of AKTi have been developed, but 

they are rarely evaluated in preclinical or clinical settings as the development of AKTi has 

long been hampered by high structural similarity of the AKT catalytic domain to that of other 

kinases of the AGC kinase family (named after the representative protein kinase A, G, and C 

families) (Fransecky et al., 2015; Nitulescu et al., 2016).  

 

 

 

 
 

 
 

Figure 2.1 Schematic overview of the activation and regulation of the PI3K/AKT/mTOR 
signaling pathway 
 
Activation of PI3K is stimulated by binding of an extracellular ligand (e.g. hormones, growth factors 
and cytokines) to a cell surface receptor such as the receptor tyrosine kinase (RTK) in the plasma 
membrane. Activated RTK recruits adaptor proteins which bind to the regulatory p85 subunit of PI3K 



46 

and subsequently activate the catalytic subunits for full PI3K activation. PI3K is also activated by G 
protein-coupled receptors (GPCR) or small GTPase Ras which bind PI3K directly. Activated PI3K 
catalyzes the phosphorylation of phosphatidylinositol-4,5-phosphate (PIP2) to generate 
phosphatidylinositol-3,4,5-phosphate (PIP3). PIP3 recruits phosphoinositide-dependent kinase 1 
(PDK1) and AKT to the plasma membrane inducing AKT phosphorylation by PDK1 at T308. AKT 
activation is completed by phosphorylation at S473 by mTOR complex 2 (mTORC2). The mTOR 
complex includes two distinct protein complexes, mTORC1 and mTORC2. mTORC1 comprises of 
mTOR, proline-rich AKT substrate 40 kDa (PRAS40), regulatory-associated protein of mTOR 
(Raptor), mammalian lethal with Sec13 protein 8 (mLST8, also known as GβL), and DEP-domain-
containing mTOR-interacting protein (Deptor) (Laplante and Sabatini, 2009). mTORC2 comprises of 
mTOR, mLST8, Deptor, protein observed with Rictor-1 (Protor), rapamycin-insensitive companion of 
mTOR (Rictor), and mammalian stress-activated protein kinase interacting protein (mSin1) (Pearce et 
al., 2007). AKT indirectly activates mTORC1 by phosphorylation and inhibition of tuberous sclerosis 
complex 2 (TSC2) at S939 and T1462, releasing the inhibitory effects of this complex on Ras-related 
GTPase Rheb, an activator of mTORC1. AKT also directly controls activation of mTORC1 in a TSC2-
independent manner via phosphorylation of PRAS40 at T246. The extracellular signal-regulated 
kinase (ERK)/90 kDa ribosomal S6 kinase (RSK) and liver kinase B1/AMP-activated protein kinase 
(LKB1/AMPK) signaling pathways impinge on several nodes of the PI3K/AKT/mTOR pathway and 
can modulate mTORC1 activity. Both ERK and RSK modulate mTORC1 activity by phosphorylation of 
TSC2 at S664 and S540 (ERK), and S1798 (RSK). ERK1/2 can also control mTORC1 activation by 
phosphorylation of Raptor at S8, S696, and S863. Master metabolic regulator AMPK inhibits 
mTORC1 activity in two different pathways, the first by phosphorylation of TSC2 at T1271 and S1387; 
and the second by phosphorylation of Raptor at S722 and S792. Activated mTORC1 promotes cap-
dependent mRNA translation via phosphorylation of eukaryotic translation initiation factor 4E (eIF4E)-
binding protein 1 (4E-BP1) at T37 and T46, which is a priming event required for subsequent 
phosphorylation of several carboxy-terminal serum-sensitive sites to release 4E-BP1 from eIF4E. 
Ribosomal protein S6 kinase beta-1 (S6K1) is a downstream target of mTORC1, activated by 
phosphorylation at T389 by mTORC1 as well as T229 phosphorylation mediated by PDK1. S6K1 in 
turn activates ribosomal protein S6 (rpS6), which is dispensable for cell growth and protein synthesis. 
RSK can also directly activate rpS6 via phosphorylation at S235 and S236. The black arrows 
represent positive regulation (activation), whereas the red blunt-ended lines indicate negative 
regulation (inhibition). IRS-1= insulin receptor substrate 1, PTEN= phosphatase and tensin homolog, 
GDP= guanosine diphosphate, GTP= guanosine triphosphate, JAK= Janus kinase, STAT= signal 
transducer and activator of transcription. Created with BioRender.com. 
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Figure 2.2 A summary diagram of AKT downstream target molecules 
 
Fully activated AKT controls numerous effectors implicated in cell growth, proliferation, differentiation, 
metabolism, and survival, of which some are highlighted. AKT regulates G1/S cell cycle progression 
by phosphorylation and inactivation of GSK3/cyclin D1, p21 and p27. AKT controls apoptosis by 
phosphorylation and inhibition of pro-apoptotic Bcl-2 family members BAD and FoxO. AKT can inhibit 
apoptosis and promote cell survival by activating NF-κB. AKT was found to regulate cell metabolism 
by mediating lipogenesis and glucose uptake through phosphorylation and inhibition of GSK3, which 
inhibits glycogen synthesis. AKT promotes cell growth by activation of mTORC1 though 
phosphorylation of PRAS40, which prevents its inhibition of mTORC1. AKT can also induce mTORC1 
activation through phosphorylation and inhibition of TSC2, relieving the inhibitory effects of the 
TSC1/TSC2 complex on mTORC1. The arrows represent positive regulation (induction/activation), 
whereas the blunt-ended lines indicate negative regulation (inhibition/inactivation). RTK= receptor 
tyrosine kinase, IRS-1= insulin receptor substrate 1, PIP2= phosphatidylinositol-4,5-phosphate, PIP3= 
phosphatidylinositol-3,4,5-phosphate, PDK1= phosphoinositide-dependent kinase-1, MDM2= mouse 
double minute 2 homolog, GSK3= glycogen synthase kinase 3, TSC2= tuberous sclerosis complex 2, 
mTORC1= mTOR complex 1, FoxO= forkhead box O, Bim= Bcl-2-like protein 11, BAD= BCL-2 
associated agonist of cell death, Bcl-2= B-cell lymphoma 2, IKK= IκB kinase, NF-κB= nuclear factor 
kappa-light-chain-enhancer of activated B cells. Created with BioRender.com. 
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Figure 2.3 Targeting the PI3K/AKT/mTOR pathway in AML 
 
The PI3K/AKT/mTOR pathway is commonly dysregulated in AML caused by mutations in membrane-
bound proteins such as receptor tyrosine kinases (RTKs) and small GTPase Ras. Activating 
mutations in fms-like tyrosine kinase 3 (FLT3), such as the FLT3-internal tandem duplication (FLT3-
ITD), are an important mechanism leading to dysregulation of PI3K/AKT/mTOR signaling. The ITD 
mutation causes ligand-independent activation of the FLT3 receptor, leading to constitutive activation 
of the PI3K/AKT/mTOR pathway. Numerous small-molecule inhibitors of this pathway include FLT3 
inhibitors (FLT3i), dual PI3K/mTORi, allosteric mTORi, pan-class I and isoform-specific PI3Ki, ATP-
competitive and allosteric AKTi, and ATP-competitive mTOR complex 1 (mTORC1) and mTOR 
complex 2 (mTORC2) inhibitors. The red arrow indicates elevated AKT phosphorylation, whereas the 
red blunt-ended lines represent negative regulation (inhibition). IRS-1= insulin receptor substrate 1, 
PIP2= phosphatidylinositol-4,5-phosphate, PIP3= phosphatidylinositol-3,4,5-phosphate, PTEN= 
phosphatase and tensin homolog, PDK1= phosphoinositide-dependent kinase-1, TSC 1/2= tuberous 
sclerosis complex 1/2, ATP= adenosine triphosphate, GDP= guanosine diphosphate, GTP= 
guanosine triphosphate, Rheb= Ras homolog enriched in brain, 4E-BP1= eukaryotic translation 
initiation factor 4E (eIF4E)-binding protein 1, S6K1= ribosomal protein S6 kinase beta-1, rpS6= 
ribosomal protein S6. The black blunt-ended lines indicate the main targets for therapeutic 
intervention. Created with BioRender.com. 
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2.3 Crosstalk of the PI3K/AKT/mTOR signaling pathway with other 
signaling pathways in AML 
 

We have demonstrated the complexity of the PI3K/AKT/mTOR signaling pathway resulting 

from several feedback loops and crosstalk with other signaling pathways that are able to 

modulate PI3K/AKT/mTOR signaling. In this section we will particularly focus on FLT3-ITD 

AML, which is the major driver of dysregulation of PI3K/AKT/mTOR signaling. FLT3-ITD has 

been shown to induce, in addition to PI3K/AKT/mTOR, other downstream effectors, including 

MEK/ERK/RSK1 and JAK/STAT pathways, FoxO3a phosphorylation, and ROS production 

(Hayakawa et al., 2000; Sallmyr et al., 2008a, 2008b). These effectors interact with the 

PI3K/AKT/mTOR pathway, elucidation of which may reveal possible mechanisms of 

resistance to PI3K-directed therapies. Recent studies have stressed that FLT3-ITD induces 

genomic instability through ROS production, which potentially contributes to 

chemoresistance leading to disease relapse (Ng et al., 2019; Rebechi and Pratz, 2017). The 

PI3K/AKT/mTOR signaling pathway is linked to both ROS production and the DNA damage 

response (DDR) pathway, strengthening the premise of further exploiting this pathway as a 

potential therapeutic target (Juvekar et al., 2016; Liu et al., 2014; Shen et al., 2007).   

 

The Ras/Raf/MEK/ERK and PI3K/AKT/mTOR signaling pathways strongly regulate each 

other and share overlapping downstream effectors to regulate multiple cellular functions. 

Several mechanism of integration of these two pathways have been identified, including 

negative feedback loops, cross-inhibition, cross-activation, and pathway convergence, which 

have been described in the previous section (Mendoza et al., 2011). Briefly, the Ras/ERK 

pathway cross-activates PI3K/AKT/mTOR signaling by regulating PI3K, TSC2, and 

mTORC1. Ras-GTP can directly bind and allosterically activate PI3K (Kodaki et al., 1994). 

Activated Ras/ERK pathway can positively regulate mTORC1 activity indirectly through 

phosphorylation of TSC2 or directly through PI3K-independent phosphorylation of proline-

directed residues within Raptor (Carriere et al., 2011; Ma et al., 2005; Roux et al., 2004). 

Furthermore, Ras/ERK and PI3K/AKT/mTOR pathways co-regulate downstream effectors, 

including FoxO and c-Myc transcription factors, BAD, and GSK3 (Ding et al., 2005; 

McCubrey et al., 2016; She et al., 2005; Yang et al., 2008; Zhu et al., 2008).  

 

The JAK/STAT pathway is a core oncogenic signaling pathway activated by a plethora of 

cytokines and hormones, and has a critical role in hematopoietic malignancies (Vainchenker 

and Constantinescu, 2013). Deregulation of the JAK/STAT pathway, in particular STAT5, is 

frequently reported in AML and is indispensable for leukemia cell maintenance and survival 
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(Birkenkamp et al., 2001; Wingelhofer et al., 2018). Persistent STAT5 activity is driven by 

oncogenic FLT3-ITD independent of JAKs and is associated with resistance to 

PI3K/AKT/mTORi (Britschgi et al., 2012; Choudhary et al., 2007; Spiekermann et al., 2003).  

This resistance mechanism involved the increased expression of PIM kinases. PIM kinases 

are oncogenic serine/threonine kinases overexpressed in several malignancies that promote 

cellular functions, including cell cycle progression, proliferation, survival, and drug resistance 

(Green et al., 2015; Keane et al., 2015). PIM-1 is transcriptionally upregulated by 

constitutively active FLT3 and contributes to FLT3-ITD-mediated survival (Kim et al., 2005).  

Furthermore, PIM-1 phosphorylates and stabilizes FLT3, promoting FLT3 signaling in a 

positive feedback loop (Natarajan et al., 2013). It has been reported that PIM kinases are 

expressed downstream of STAT5 activation in FLT3-ITD AML and are implicated in the 

regulation of mTORC1 to promote cap-dependent translation in parallel with the PI3K/AKT 

pathway (Aziz et al., 2018; Zhang et al., 2009, p. 40). PIM and AKT share common 

substrates of the apoptosis machinery and cellular metabolism which may account for PIM 

kinases’ ability to act as a resistance mechanism (Amaravadi and Thompson, 2005). For 

instance, it has been reported that PIM-1 elevates RTKs upon inhibition of AKT, leading to 

drug resistance (Cen et al., 2013; Song et al., 2016). Upregulation of PIM-1 mediated by 

FLT3-ITD enhanced survival through protection of the mTOR/4E-BP1/Mcl-1 pathway, which 

was abrogated by inhibition of the STAT5/PIM kinase axis (Nogami et al., 2015, 2019; 

Okada et al., 2018; Watanabe et al., 2019; Yoshimoto et al., 2009a, p. 1).  

 

Both PI3K/AKT and STAT5 signaling converge to control ROS production, which is induced 

by FLT3-ITD. ROS are a heterogeneous group of molecules and radicals primarily produced 

in the ETC of the mitochondria, in particular from Complex I and III (Bleier and Dröse, 2013; 

Maranzana et al., 2013). ROS have a critical role in the regulation of normal hematopoiesis 

and is commonly elevated in a wide range of human cancers, including AML (Sillar et al., 

2019; Tong et al., 2015). Activating mutations of FLT3 has been shown to increase ROS 

production, causing DNA damage and affecting the DDR. The DNA damage is repaired by 

error-prone alternative non-homologous end-joining (alt-NHEJ) pathway, which promotes 

genomic instability and leukemogenesis (Sallmyr et al., 2008a). Elevated ROS in FLT3-ITD 

AML is attributable to constitutive activation of nicotinamide adenine dinucleotide phosphate 

oxidases (NOX). (Hole et al., 2013; Jayavelu et al., 2016; Stanicka et al., 2015). Another 

proposed mechanism of FLT3-ITD-driven ROS production involves interaction of STAT5 with 

RAC1, a small GTPase protein which is an essential component of NADPH oxidase (Mi et 

al., 2018, p. 5; Sallmyr et al., 2008a). Interestingly, ROS can increase phosphorylation of 

STAT5 via JAK, which acts as a feed-forward loop (Mi et al., 2018, p. 5). It was 
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demonstrated that inhibition of FLT3-ITD not only decreased tyrosine phosphorylation of 

STAT5 but also reduced RAC1 activity and its binding to NOX (Bourgeais et al., 2013).  

 

Aberrant PI3K/AKT/mTOR signaling drives ROS production through different molecular 

mechanisms, including the activation of NOXs (Chatterjee et al., 2012; Koundouros and 

Poulogiannis, 2018; Moloney et al., 2017). Wortmannin (inhibitor for PI3Ks and PI3K-related 

enzymes) treatment or AKT1 knockout, impaired translocation of NOX subunits and reduced 

production of ROS (Chatterjee et al., 2012; Nakanishi et al., 2014). The PI3K/AKT/mTOR 

pathway is also involved in the regulation of the gene expression of endogenous antioxidant 

synthesis. ROS production is tightly regulated by the redox-sensitive signaling system Kelch-

like ECH-associated protein 1 (Keap1)/ nuclear factor erythroid 2-related factor 2 (Nrf2)/ 

antioxidant response elements (ARE). Under physiological conditions, Nrf2 is sequestered in 

the cytosol via its association with Keap1. When ROS levels increase, the Nrf2 dissociates 

from Keap1 and enters the nucleus where it forms a heterodimer with a small 

musculoaponeurotic fibrosarcoma (MAF) protein to activate ARE-dependent gene 

expression of antioxidative proteins (Bellezza et al., 2018; Zimta et al., 2019). The 

PI3K/AKT/mTOR signaling pathway contributes to Nrf2-mediated regulation of antioxidative 

proteins as the nuclear translocation of Nrf2 requires PI3K activation (Nakaso et al., 2003). 

PI3K inhibition using wortmannin and LY294002 was shown to inhibit Nrf2 activity (Wang et 

al., 2008).  As FLT3-ITD induces phosphorylation of FoxO3a (which requires the presence of 

AKT phosphorylation sites), it seems apparent that FLT3-ITD promotes ROS production at 

least in part through dysregulation of the PI3K/AKT/mTOR pathway (Jayavelu et al., 2016; 

Moloney et al., 2017). Paradoxically, excessive ROS production can promote activation of 

PI3K/AKT/mTOR signaling through oxidative inhibition of PTEN, causing an increase in 

cellular PIP3 levels and activation of AKT (Koundouros and Poulogiannis, 2018; Leslie et al., 

2003; Vazquez et al., 2001).  

 

2.4 Clinical implications of PI3K/AKT/mTORi in AML 
 

There is considerable interest in small-molecule drugs targeting the PI3K/AKT/mTOR 

pathway, of which some have been approved by the United States Food and Drug 

Administration (FDA) for several human cancers (Table 2.1). However, despite extensive 

pre-clinical and clinical research of these drugs either as a monotherapy or in conjunction 

with conventional cytotoxic chemotherapeutics, they have not yet been successfully 

translated into clinical practice for the treatment of AML.  Here we review PI3K/AKT/mTORi 
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subjected to clinical evaluation for AML therapy, summarized in Tables 2.1 and 2.2. The 

response criteria for AML are summarized in Table 2.3.    

 

Buparlisib 

Buparlisib (BKM120; NVP-BKM120) is a highly selective pan-PI3Ki that has shown 

promising activity against solid tumors as well as lymphoid malignancies. Buparlisib binds to 

all class IA p110 catalytic subunits and inhibits PI3K in an ATP-competitive manner (Burger 

et al., 2011; Maira et al., 2012).  Several reports have demonstrated that buparlisib inhibits 

cell proliferation, diminishes metabolic activity, and exerts cytotoxic effects on solid tumors 

and hematological malignancies, including AML, by selective inhibition of AKT activity 

(Allegretti et al., 2015; Jin et al., 2017, p. 120; Yang et al., 2018, p. 120, 2017). The 

mechanism by which buparlisib impaired viability was associated with the induction of p21-

mediated G2/M cell cycle arrest and reduced expression of NF-κB anti-apoptotic proteins 

(Sadeghi et al., 2020). In AML, buparlisib showed in vivo effectiveness in, and prolonged 

survival of, xenotransplant mouse models (Allegretti et al., 2015). In addition, it has been 

demonstrated that combination with other small-molecule drugs, such as the glycolitic 

modulator dichloroacetate (DCA), proteasome inhibitor bortezomib, and c-Myc inhibitor 

10058-F4, profoundly enhanced the cytotoxic effect of buparlisib in AML cell lines and/or 

primary samples (Allegretti et al., 2015; Sadeghi et al., 2020).  

Buparlisib was clinically evaluated by Ragon et al. in an open label, non-randomized Phase 

1 dose escalation study in patients with relapsed/refractory AML (n=12), ALL (n=1) or mixed 

phenotype acute leukemia (MPAL) (n=1) (Ragon et al., 2017). In the AML population, 

cytogenetic analysis detected diploid karyotype (n=4), inversion 3 or 3q26 (n=3), and other 

cytogenic alterations (n=5). Molecular analysis revealed isocitrate dehydrogenase (IDH) and 

RAS mutation (n=2), FLT3 D835 mutation (n=1), NRAS mutation (n=1), KRAS and NRAS 

mutation (n=1), tumor protein 53 (TP53) mutation (n=1), and NPM1, NRAS, IDH1, DNA 

methyltransferase 3A (DNMT3A) mutation (n=1). Three patients experienced clinically 

significant confusion, supported by earlier studies reporting that buparlisib crosses the blood-

brain barrier, and can cause neurotoxicity. Protein profiling by western blot revealed that 

buparlisib was able to block PI3K/AKT/mTOR signaling, observed by decreased p-S6K1 and 

p-FoxO3a, and reverse phase protein array (RPPA) analysis showed significant 

downregulation of PRAS40. However, direct inhibition of PI3K led to AKT induction, pointing 

towards a compensatory feedback mechanism. These findings confirm that buparlisib can 

effectively inhibit and target the downstream PI3K/AKT/mTOR pathway, but such biological 

suppression did not translate into an improved clinical response in this patient population. 

Overall, only one patient (with inversion 3) had stable disease receiving maximum tolerated 

dose of BKM120 for a period of 82 days. Notably, three patients (21.4%) with 3q26 
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abnormalities had the longest OS. As patients carrying 3q26 gene rearrangements present 

with up-regulation of PI3K/AKT/mTOR signaling and here displayed significantly improved 

OS, patients with 3q26 aberrations may be more sensitive to pan PI3Ki.   

 

Gedatolisib 

Gedatolisib (PF-05212384; PKI-587) is a highly potent, selective and ATP-competitive dual 

inhibitor of PI3Kα, PIK3γ and mTOR for clinical development (Venkatesan et al., 2010). In 

vivo, gedatolisib has demonstrated antitumor activity in solid tumor xenograft models and 

has been clinically evaluated in patients with advanced cancers (Del Campo et al., 2016; 

Iezzi et al., 2016; Langdon et al., 2019; Mallon et al., 2011; Wainberg et al., 2017). 

Gedatolisib was able to inhibit cell viability in solid tumor models and effectively targeted and 

inhibited PI3K/AKT/mTOR signaling measured by decreased p-AKT and p-rpS6 expression 

(Langdon et al., 2019; Mallon et al., 2011). However, many cells were resistant following 

gedatolisib treatment, which was attributed to over-activation of the MEK/ERK pathway 

through suppression of mTORC2 (Shah et al., 2018; Soares et al., 2015).  

 

The clinical activity and tolerance of gedatolisib for AML therapy was evaluated in an open, 

prospective, single arm, multicentric Phase 2 study published by Vargaftig et al (Vargaftig et 

al., 2018). Twelve patients were enrolled of which 10 were retained for analysis. All patients 

were adults diagnosed with relapsed AML (first relapse [n=5], second relapse [n=5]) and 

symptomatic uncontrolled AML. One patient had therapy-related AML (prostate 

adenocarcinoma). Overall, only one patient completed the treatment, and this study was 

terminated as no objective response was detected in any of the patients. Transcriptomic 

analysis revealed that gedatolisib treatment weakly affected gene expression pattern, of 

which four genes found to be upregulated were associated with natural killer (NK) cell 

immunity. This suggests that gedatolisib might affect immune cells. Current research is 

focusing on understanding mechanisms of resistance to gedatolisib in solid tumors.  

 

Dactolisib 

Dactolisib (BEZ235; NVP-BEZ235) is a dual ATP-competitive pan-class PI3K and mTORi 

that has been clinically evaluated alone or in combination therapy in Phase 1/2 studies in 

solid tumors and hematological malignancies (Carlo et al., 2016; Pongas and Fojo, 2016; 

Salazar et al., 2018). Several reports have demonstrated that dactolisib exerts anti-

proliferative and cytotoxic effects in vitro. Dactolisib was also shown to induce autophagy 

and enhance chemosensitivity (Huang et al., 2018; Ma et al., 2019; Mitchell et al., 2018). In 

AML, dactolisib showed similar biological effects in vitro and inhibited the colony-forming 

capability of LSC (Deng et al., 2017; Gao et al., 2013). Results obtained from clinical 
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investigation of dactolisib for advanced cancers reported frequent dose-limiting toxicities 

accounting for adverse effects. Several Phase 2 studies reported poor tolerance of dactolisib 

with only modest clinical activity, which led to treatment discontinuation (Carlo et al., 2016; 

Salazar et al., 2018).  

 

A Phase 1 study by Wunderle et al. evaluated the safety and efficacy of BEZ235 among 22 

patients with relapsed or refractory AML (n=11), B-cell precursor ALL (n=9), T-cell ALL 

(n=1), and CML in myeloid blast phase (n=9). Clinical responses were observed in four 

patients (18.2%): complete hematological and molecular remission or hematological 

improvement in three ALL patients and stable disease of four months in one AML patient. 

Notably, no activating mutations of PIK3CA, PTEN or AKT were detected in any of the 

patients [108].  Detection of p-AKT, p-S6 and p-4E-BP1 by western blot and flow cytometry 

did not correlate with response. Similar to previous clinical findings, dactolisib induced 

adverse effects such as gastrointestinal implications, pneumonia, and sepsis. Due to 

disease progression, 19 patients (86.4%) were withdrawn from the study (Wunderle et al., 

2013). Together, these data raise the question whether inhibiting both PI3K and mTOR is a 

viable therapeutic strategy and whether we can do better.  

 

MK-2206 

MK-2206 is a highly specific allosteric pan-AKTi for all three isoforms of human AKT that has 

entered clinical trials for solid tumors as well as hematological malignancies. In vitro, MK-

2206 induced apoptosis and enhanced the cytotoxicity of chemotherapy (Lu et al., 2015). 

Although it was reported that MK-2206 effectively suppressed phosphorylation of AKT, MK-

2206 monotherapy showed limited clinical activity, due to incomplete target inhibition at 

tolerable doses, paving the way for combination strategies (Akcakanat and Meric-Bernstam, 

2018; Ma et al., 2017, p. 2206; Xing et al., 2019, p. 2206).  

 

A Phase 2 study by Konopleva et al. evaluated the clinical efficacy and tolerability of MK-

2206 in 19 patients, of which 18 were retained for analysis (Konopleva et al., 2014). All 

patients were adults with relapsed/refractory AML requiring second salvage therapy. No 

activating mutations of upstream RTK were detected. In preclinical studies MK-2206 

inhibited cell growth and induced apoptosis in AML cell lines and primary samples. In clinical 

studies, among 18 evaluable patients, only one patient (5.6%) achieved CR with incomplete 

platelet count recovery. The remaining 17 patients (94.4%) were withdrawn from the study 

due to disease progression. Proteomic analysis by RPPA following MK-2206 treatment 

revealed upregulation of a subset of pro-survival proteins, suggesting that other approaches 

to block AKT signaling should be exploited for AML.  
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Afuresertib 

Afuresertib (GSK21110183) is a reversible, ATP-competitive pan-AKTi that has entered 

clinical trials, both as monotherapy and combination with other agents, for solid tumors and 

multiple myeloma (MM) (Blagden et al., 2019; Naymagon and Abdul-Hay, 2016; Tolcher et 

al., 2015). In vitro, afuresertib induced apoptosis and G1 phase arrest, and effectively 

suppressed phosphorylation of multiple AKT substrates, including FoxO1, GSK3β, mTOR, 

and p70. Spencer et al. evaluated the maximum tolerated dose (MTD), safety, 

pharmacokinetics and clinical activity of afuresertib in an open-label Phase 1 study for 

advanced hematological malignancies (A. Spencer et al., 2014). A total of 73 patents were 

included with MM (n=34), non-Hodgkin lymphoma (NHL) (n=13), AML (n=9), Hodgkin 

disease (n=8), CLL (n=7), ALL (n=1), and Langerhan’s cell histiocytosis (n=1).  Among the 

73 patients, 26 were evaluated for the dose escalation (part 1) and 47 patients in the 

expansion cohort (part 2). Disease inclusion criteria for part 2 were CLL, CML, ALL, AML, 

MM, or NHL. Clinical activity was observed primarily in MM patients and in patients with 

lymphomas. Overall, three patients (9%) achieved partial remission (PR), three patients (9%) 

achieved minimal response (MR), and some patients achieved prolonged disease 

stabilization. Among the nine AML patients, treatment failure was observed in five patients 

and the other four did not have response assessed. Afuresertib was safe and generally well 

tolerated but effects related to the gastrointestinal tract or fatigue were noted, suggesting 

that AKT inhibition with afuresertib may prove beneficial for the treatment of MM.  

 

Sirolimus 

Sirolimus, also known as rapamycin, is a naturally occurring macrolide compound that 

interacts with FKBP12. This complex binds to the FKBP rapamycin-binding (FRB) domain 

located in the carboxyl terminus of mTOR and inhibits its kinase activity. In vitro, sirolimus 

inhibits cancer cell growth, promotes G1 cell cycle arrest, and enhances cytotoxic effects in 

combination with other agents (Imrali et al., 2016; Wagner et al., 2012; Yao et al., 2011; Y. 

Zhou et al., 2016).  Sirolimus is clinically often used in renal transplantations and for the 

treatment of a rare lung disease called lymphangioleiomyomatosis (LAM), but has also been 

investigated for the treatment of solid tumors and hematological malignancies (Colon-Otero 

et al., 2017; Grignani et al., 2015; Kolos et al., 2018; Roskoski, 2019; A. X. Zhu et al., 2011). 

 

Kasner et al. evaluated the clinical potential of sirolimus for AML therapy in two sequential 

clinical trials in identical patient populations (NCT00780104 and NCT01184898). In total, 52 

patients were enrolled, with 51 undergoing clinical evaluation. Among the 51 patients 

clinically evaluated, the majority had abnormal cytogenetics (56%) and FLT3-ITD was 
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detected in seven patients (14%). The pilot study provided evidence that intracellular flow 

cytometry can be applied to monitor the biochemical efficacy of drugs targeting the 

PI3K/AKT/mTOR signaling pathway. Results revealed heterogeneity of rpS6 phosphorylation 

among particular patient populations, suggesting that evaluation of drug sensitivity ex vivo or 

in early therapy may prove useful in predicting response to molecular targeted therapies 

(Kasner et al., 2011; Perl et al., 2012). In the final clinical and pharmacodynamics study, the 

clinical response of sirolimus in combination with mitoxantrone/etoposide/cytarabine (MEC) 

chemotherapy in a larger study cohort was evaluated. Overall, 24 patients responded (47%) 

with 18 CR (35%), one CRp, and five PRs. Sirolimus combination with MEC was tolerable in 

patients with high risk AML, however the combination therapy did not enhance clinical 

responses in AML and was limited to patients presenting with baseline mTORC1 activation 

as measured by baseline rpS6 phosphorylation. (Kasner et al., 2018; Perl et al., 2009). 

 

Everolimus 

Everolimus (RAD001), a derivative of rapamycin, is an allosteric inhibitor of mTORC1 

showing promise for several cancer types. Everolimus was granted FDA approval for 

progressive, well-differentiated non-functional, neuroendocrine tumors of gastrointestinal or 

lung origin with unresectable, locally advanced or metastatic disease (Hasskarl, 2018). 

Everolimus interacts with FKBP12, affecting downstream effectors of mTORC1 and 

ultimately inhibiting cell proliferation (Raimondo et al., 2016; Yang et al., 2013). However, 

rapamycin-induced targeting of mTORC1 has not been effective inhibiting PI3K/AKT/mTOR 

activity, which may relate to a negative feedback loop promoting paradoxical hyperactivation 

of AKT, insensitivity to rapamycin, and IGF-1-mediated feedback loops (Tamburini et al., 

2008; Wan et al., 2007).  

 

A Phase 1b study by Park et al. evaluated the efficacy and tolerance of everolimus 

combined with conventional chemotherapy (daunorubicin plus cytarabine) in 28 younger 

(<65 years old) AML patients at first relapse (Park et al., 2013). Karyotyping revealed that six 

patients (21.4%) had poor cytogenetic indicators, 19 patients (67.9%) with intermediate risk 

and three (10.7%) with good prognostic cytogenetic indicators. Mutational analysis identified 

FLT3-ITD or NPM1 mutation in each of two patients and co-existence of FLT3-ITD and NPM 

mutation in three patients (10.7%). Everolimus strongly inhibited mTORC1 signaling 

measured by decreased p-p70S6K at T389.  Clinical outcomes revealed that 19 patients 

(67.9%) achieved CR. Notably, three out of four patients with FLT3-ITD achieved CR. 

Overall, this study showed that a weekly dose of everolimus (70mg) in combination with 

conventional therapy was tolerable and had acceptable toxicity in younger AML patients at 

relapse.   
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Another Phase 1b study by Tiong et al. evaluated the efficacy and tolerability of everolimus 

in combination with low dose cytarabine (LDAC) in elderly AML (Tiong et al., 2018). Twenty-

four AML patients diagnosed with de novo AML (n=15) or secondary AML (n=9) were 

included. Mutational analysis by multiplexed mass spectrometry detected mutation of 

NRAS/KRAS (n=4), NPM1 (n=3), IDH1/2 (n=3), DNMT3A (n=2), FLT3 D835 (n=2), MPL 

(n=1), and FLT3-ITD (n=1). Overall response rate (ORR) was achieved in six patients (25%) 

with four CR or CR with incomplete hematological recovery (CRi) (16.7%), one PR (4.2%), 

and one morphologic leukemia-free state (4.2%). Furthermore, two patients (8.3%) had 

>50% reduction in marrow leukemic blasts without blood count recovery. However, there 

was no clear association between mutational profile and response despite two responding 

patients carrying a RAS mutation. The combination of everolimus with LDAC neither 

revealed an efficacy signal nor potentially increased toxicity. The authors suggested 

combining mTOR-directed therapies with other novel agents for the treatment of AML.  

 
 
Table 2.1 PI3K and mTORi approved by FDA for human cancers 

Compound Generic 
name 

Year Target Disease/condition Reference 

Copiktra® duvelisib 2018 PI3K-δ 
PI3K-γ 

relapsed or refractory CLL, SLL, FL (Rodrigues 
et al., 2019) 

Aliqopa® copanlisib 2017 PI3K-α 
PI3K-δ 

relapsed FL (Markham, 
2017) 

Zydelig® idelalisib 2014 PI3K-δ relapsed CLL in combination with 
rituximab, relapsed FL and SLL 

(Miller et 
al., 2015) 

Piqray® alpelisib 2019 PI3K-α in combination with fulvestrant; hormone 
receptor (HR)-positive, human epidermal 

growth factor receptor 2 (HER2)-
negative, PIK3CA-mutated, advanced or 

metastatic breast cancer 

(Markham, 
2019) 

Afinitor® everolimus 
 

2009 mTOR progressive, well-differentiated non-
functional, NET of GI or lung origin with 

unresectable, locally advanced or 
metastatic disease 

(Hasskarl, 
2018) 

Torisel® temsirolimus 
 

2007 mTOR advanced renal cell carcinoma (Kwitkowski 
et al., 2010) 

Rapamune® sirolimus 1999 mTOR LAM, kidney transplant (Roskoski, 
2019) 

 
CLL= chronic lymphocytic leukemia, SLL= small lymphocytic lymphoma, FL= follicular lymphoma, 
HER= human epidermal growth factor receptor, NET= neuroendocrine tumors, GI= gastrointestinal, 
LAM= lymphangioleiomyomatosis 
 
 
 
 



58 

 
Table 2.2 Phase 1 / 2 clinical trials using PI3K/AKT/mTORi 
 

Investigational agent Condition Phase Status Subjects Study 
period 

Trial number 

 
gedatolisib  

Therapy-
related AML  

and MDS 2 Terminated 10 
2015- 
2018 NCT02438761 

buparlisib Advanced 
Leukemias 

1 Completed 16 2012- 
2016 

NCT01396499 

idelalisib CLL, NHL, AML, 
MM 

1 Completed 192 2008- 
2012 

NCT00710528 

Personalized kinase 
inhibitor therapy 

(dasatinib, idelalisib, 
ruxolitinib, ponatinib, 
sorafenib, sunitinib) 
 + chemotherapy +/-

monoclonal antibody 
treatment: 

(cyclophosphamide, 
cytarabine, doxorubicin, 
idarubicin, methotrexate, 

vincristine, rituximab)  

ALL, AML 1 Recruiting 24 2016- 
2019 

NCT02779283 

dactolisib  ALL, AML, CLL 
with crisis of blast 

cells  

1 Unknown 23 2017- 
2017 

NCT01756118 

MK-2206 Relapsed or 
refractory AML 

2 Completed 19 2010- 
2018 

NCT01253447 

afuresertib  Hematological 
malignancies 

1/2 Completed 73 2009- 
2012 

NCT00881946 

uprosertib + trametinib Recurrent or 
untreated adult 

AML 

2 Terminated 24 2013- 
2018 

NCT01907815 

everolimus + 
midostaurin 

AML, MDS 1 Active, not 
recruiting 

29 2009-  NCT00819546 

everolimus + nilotinib  AML 1/2 Completed 40 2008-
2012 

NCT00762632 

everolimus + 
cytarabine/daunorubicin 

AML 1 Completed 31 2010- 
2012 

NCT01074086 

everolimus + cytarabine AML 1 Unknown 40 2008- NCT00636922 

everolimus + 
cytarabine/daunorubicin  

Relapsed AML 1 Unknown 21 2007- NCT00544999 

sirolimus + MEC AML, myeloid 
leukemias, 

leukemia, CML 

1 Completed 16 2007- 
2010 

NCT00780104 

sirolimus + MEC AML NA Completed 36 2010- 
2016 

NCT01184898 



59 

sirolimus + 
idaurubicin/cytarabine 

AML, PEL 1 Completed 55 2013- 
2019 

NCT01822015 

sirolimus + azacitidine (Recurrent) AML, 
de novo MDS, 

MDS with isolated 
del(5q) previously 

treated MDS 

2 Active, not 
recruiting 

57 2013- NCT01869114 

sirolimus + decitabine Relapsed or 
refractory AML 

1 Completed 13 2009- 
2012 

NCT00861874 

 
AML= acute myeloid leukemia, MDS= myelodysplastic syndromes, CLL= chronic lymphocytic 
leukemia, NHL= non-Hodgkin lymphoma, MM= multiple myeloma, ALL= acute lymphocytic leukemia, 
PEL= pure erythroid leukemia, CML= chronic myeloid leukemia, MEC= 
mitoxantrone/etoposide/cytarabine 
 
 
 

Table 2.3 Response criteria in AML 
 

Response Criteria  
Complete remission 

(CR) 
Bone marrow blasts <5%; absence of circulating blasts and blasts with Auer rods; 

absence of extramedullary disease; ANC ≥1.0 × 109/L (1000/µL); platelet count ≥100 
× 109/L (100.000/µL) 

CR with incomplete 
hematological 
recovery (CRi) 

All CR criteria except for residual neutropenia (<1.0 × 109/L [1000/µL]) or 
thrombocytopenia (<100 × 109/L [100.000/µL]) 

Partial remission (PR) All hematologic criteria of CR; decrease of bone marrow blast percentage to 5% - 
25%; and decrease of pre-treatment bone marrow blast percentage by ≥50% 

 

ANC= absolute neutrophil count 
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2.5 Clinical strategies to overcome resistance to PI3K/AKT/mTORi 
in AML 
 

In the past, PI3K/AKT/mTORi have been tried mostly combined with cytotoxic chemotherapeutics to 

improve efficacy and reduce drug-related toxicity. However, combination with targeted therapies may 

be more effective and cooperatively inhibit PI3K/AKT/mTOR signaling while preventing escape via 

alternative pathways. Several new, targeted agents are currently under clinical investigation for AML 

therapy, including drugs targeting epigenetic regulators, kinases, monoclonal antibodies, Bcl-2, and 

metabolism (Figure 2.4). Here, we will provide the rationale for clinically investigating potential drug 

combinations using PI3K/AKT/mTORi as a novel targeted therapeutic strategy for AML.   

2.5.1 PI3K/AKT/mTORi in combination with epigenetic targeting 
 

The importance of epigenetics in AML pathology was demonstrated by the identification of recurrent 

mutations in genes encoding epigenetic regulators, such as DNMT3A, Tet methylcytosine 

dioxygenase 2 (TET2), and IDH1/2 (Cancer Genome Atlas Research Network et al., 2013). In 

addition to mutations in epigenetic regulators, oncogenic fusion proteins can dysregulate epigenetic 

modifications, driving abnormal transcriptional programs in AML (Alcalay et al., 2003; Martens and 

Stunnenberg, 2010). Several targeted epigenetic therapies have been explored for AML – for 

example, hypomethylating agents (HMA), histone deacetylase (HDAC) inhibitors, and IDH1/2 

inhibitors. However, as monotherapy these inhibitors do not seem to be effective and treatment failure 

is common (Bewersdorf et al., 2019; Choe et al., 2020; Gardin and Dombret, 2017; San José-Enériz 

et al., 2019). To potentiate the efficacy of epigenetic therapy, combination strategies with cytotoxic 

chemotherapy or other targeted drugs are currently being extensively studied.  

 

Epigenetic modifiers participate in the PI3K/AKT/mTOR pathway, contributing to the oncogenicity of 

PI3K in cancer. The cooperation of the PI3K/AKT/mTOR pathway with epigenetic reprogramming 

involves modulation of DNA methylation and histone methylation to promote transcriptional 

competence (Spangle et al., 2017; Q. Yang et al., 2019). Because of this collaboration, combination 

strategies with PI3K/AKT/mTORi and epigenetic therapies have been exploited. There is emerging 

evidence demonstrating synergism when these classes of agents are combined, involving AKT 

inactivation, FoxO3a-mediated upregulation of pro-apoptotic targets Bim and Puma, and Mcl-1 

downregulation (Long et al., 2020; Nishioka et al., 2008; Rahmani et al., 2014; Thépot et al., 2011). 

PI3K/AKT/mTORi may potentiate epigenetic therapies inducing LSC death by enhanced activation of 

ROS, to damage DNA (Li et al., 2015; Rahmani et al., 2014). In addition to enhanced anti-leukemic 

effects, there is preclinical evidence suggesting that DNMT or HDAC inhibitors can overcome 

acquired resistance to PI3K/AKT/mTORi (Gupta et al., 2009; Qian et al., 2015).  

To our knowledge, there are two clinical studies that have evaluated the combination of mTORi with a 

hypomethylating agent, reported by Liesveld et al. and Tan et al. Liesveld et al. evaluated decitabine 
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followed by sirolimus in an open label, single arm, Phase 1 dose escalation study in 

relapsed/refractory AML (Liesveld et al., 2013). Decitabine is a DNA-hypomethylating agent that has 

been reported to markedly improve CR rates compared to cytarabine, but failed to significantly 

improve OS rates (Kantarjian et al., 2012; Malik and Cashen, 2014). Thirteen patients were subjected 

to therapy of which 12 were included for safety evaluation. Complex cytogenetics were present in 

most patients and only one patient carried the FLT3-ITD mutation at diagnosis. Overall, the 

administration of decitabine followed by sirolimus was well tolerated and among the evaluable 

patients, but only one patient achieved CR. Four patients (31%) demonstrated disease progression, 5 

(38%) had stable blast percentage, and 4 (31%) demonstrated reduced blast percentage after one 

cycle. Usually multiple cycles are required to achieve clinical response, but this was not possible in 

many of the patients due to persistent cytopenias and need for more palliative approaches. 

Furthermore, the response to inhibition of PI3K/AKT/mTOR signaling was inconsistent, reflecting on 

the heterogeneous nature of AML. More potent PI3K/AKT/mTORi may be more effective in these 

studies.  

 

Tan et al. evaluated the MTD and efficacy of everolimus, a more potent mTORi than sirolimus, in 

combination with azacitidine subcutaneously in an open-label, Phase 1b/2 study in relapsed/refractory 

AML. Forty patients with relapsed (n = 27), primary refractory (n = 11) or elderly patients unfit for 

intensive chemotherapy (n = 2) were enrolled, of which 37 were retained for evaluation of toxicity (Tan 

et al., 2017). Similar to Liesveld et al., azacitidine and everolimus were given sequentially to maximize 

mTORiy effect and avoid potential mTOR-induced cell cycle inhibition, which may attenuate 

azacitidine activity. Mutational analysis revealed IDH1/2 mutations in 15/35 (43%) and FLT3-ITD 

mutation in 7/37 (19%) patients. Notably, three patients with relapsed FLT3-ITD had >80% bone 

marrow blast reductions following sequential therapy, of which two underwent allogeneic stem cell 

transplantation but subsequently relapsed and died. Overall, the combination of everolimus and 

azacitidine was well tolerated with an ORR of 22.5% and mean survival of 8.5 months. Collectively, 

these findings support the clinical investigation of PI3K/AKT/mTORi in combination with targeted 

epigenetic therapies in AML patients.  

2.5.2 PI3K/AKT/mTORi in combination with Bcl-2 inhibitors 
 

Bcl-2, encoded by the human BCL2 gene is the founding member of the Bcl-2 family of proteins, 

which are divided into pro-apoptotic and anti-apoptotic members. The anti-apoptotic proteins include 

Bcl-2, Bcl-XL, Bcl-w, Mcl-1, and A1 that share three or four sequence homology in the Bcl-2 homology 

(BH) domain. These proteins can directly interact with pro-apoptotic BH3-only proteins Bim, Puma, 

Bad, Bid, Bik, Bmf, Hrk and Noxa, which share homology in the BH3 domain (Huang and Strasser, 

2000). Apoptotic stimuli upregulate BH3-only proteins Bax and Bak that leads to permeabilization of 

the mitochondrial outer membrane and releases cytochrome c into the cytosol for activation of 

caspases that dismantle cellular structures (Hata et al., 2015; Kuwana and Newmeyer, 2003; Willis et 

al., 2005).  
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Bcl-2 is often overexpressed in AML patients, both at diagnosis as well as at relapse, and can render 

resistance to cytotoxic chemotherapeutics (Andreeff et al., 1999; J.-D. Zhou et al., 2019). A major 

finding by Lagadinou et al. identified high levels of Bcl-2 as a feature of LSC to maintain mitochondrial 

integrity for survival (Lagadinou et al., 2013). LSC were characterized by low levels of ROS and 

displayed overexpression of Bcl-2. Importantly, it was demonstrated that small molecule Bcl-2 

inhibitors reduced oxidative phosphorylation and selectively killed quiescent LSC. Thus, targeting Bcl-

2 may provide a promising therapeutic strategy to effectively target chemoresistant LSC population. 

BH3 mimetic venetoclax (ABT-199) is a specific inhibitor of Bcl-2 and has been approved by the FDA 

for the treatment of CLL. Venetoclax binds to Bcl-2 and prevents pro-apoptotic proteins Bak and Bax 

from binding to Bcl-2. As venetoclax showed potential both in vitro and xenograft models, its efficacy 

was evaluated for AML (Pan et al., 2014; Souers et al., 2013). Konopleva et al. evaluated the efficacy 

of venetoclax as monotherapy in a Phase 2 study in 32 patients with high-risk relapsed/refractory 

AML or unfit for intensive chemotherapy (Konopleva et al., 2016). Although venetoclax had 

acceptable tolerability, the ORR was 19%, of whom 6% achieved CR and 13% achieved CRi.  

Unfortunately, the clinical response of venetoclax was short-lived as all patients relapsed, suggesting 

the rapid development of venetoclax resistance. Myoblast dependence on Mcl-1 and Bcl-xL were 

identified as key players in the intrinsic resistance to venetoclax in AML (Bose et al., 2017; Konopleva 

et al., 2016). In contrast to CLL, which is relatively homogenously dependent on Bcl-2, AML seems 

more heterogeneous and depends on multiple pro-apoptotic proteins (Lin et al., 2016; Xiang et al., 

2010). Significant efforts have been made to overcome this resistance by combining venetoclax with 

DNA damaging agents such as daunorubicin and cytarabine, which reduce Mcl-1 levels and enhance 

venetoclax activity (Konopleva and Letai, 2018; Teh et al., 2018, p. 1). Hypomethylating agent 

azacitidine was also shown to reduce Mcl-1 protein levels, and synergistically induced apoptosis in 

AML cells (Tsao et al., 2012). The FDA approved venetoclax in combination with HMAs or LDAC for 

the treatment of AML patients who are previously untreated and older or unfit for chemotherapy 

(DiNardo et al., 2019, 2018; Wei et al., 2019).  

 

In addition to cytotoxic chemotherapy and hypomethylating agents, PI3K/AKT/mTORi may also 

overcome venetoclax resistance and potentiate LSC targeting. The combination of PI3K/AKT/mTORi 

with Bcl-2 inhibitors has been examined in several preclinical cancer models (Pugazhenthi et al., 

2000; Wang et al., 1999). Results demonstrated that PI3K/AKT/mTORi downregulate Mcl-1, in part 

through GSK3 activation, and upregulate Bim, Bad, Bax and Bak. Although PI3K/AKT/mTOR 

inhibition downregulated Mcl-1, it did not trigger apoptosis, presumably by increased Bim binding to 

Bcl-2 and Bcl-XL. Co-targeting Bcl-2 released Bim from Bcl-2 and Bcl-xL and induced Bax and Bak-

dependent apoptosis in AML LSC, whilst sparing normal hematopoietic progenitor cells (Bose et al., 

2012; Rahmani et al., 2018, 2013; Su et al., 2018; Vachhani et al., 2014). These data support the 

rationale for the evaluation of the combination of PI3K/AKT/mTORi and Bcl-2 inhibitors in AML. 

Currently, there is one study exploring the combination of pan-PI3Ki copalisib and venetoclax in 

relapsed/refractory NHL (NCT03886649) (Choudhary et al., 2015).  
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2.5.3 PI3K/AKT/mTORi in combination with kinase inhibitors 
 

Previously we discussed other signaling pathways that can integrate with the PI3K/AKT/mTOR 

pathway, which can potentially reduce the activity of PI3K/AKT/mTORi.  Parallel pathway inhibition 

may improve sensitivity to PI3K/AKT/mTORi and enhance anti-leukemic effects in AML cells. For 

example, upregulation of PIM was shown to cause resistance to PI3K/AKT/mTORi in AML through a 

mechanism that involves modulation of mTORC1 activity (Okada et al., 2018; Song et al., 2018). 

While pan-PIM inhibitor AZD1897 showed limited activity as monotherapy in AML cell lines and 

primary samples, including FLT3-ITD+ cells, combination of AZD1897 with AKTi AZD5363 displayed 

synergistic anti‐leukemic activity (Meja et al., 2014). This was associated with enhanced inhibition of 

mTORC1 signaling activity and Mcl-1 levels. Importantly, this combination strategy affected both bulk 

cells and LSC subsets.  

 

There are two studies in which PIM inhibitors and PI3Ki have been evaluated as combination therapy 

for hematological malignancies.  Novartis Pharmaceuticals evaluated the safety and effectiveness of 

pan-PIM inhibitor LGH447 and PI3Kα inhibitor BYL719 in patients with relapsed/refractory MM in a 

Phase 1b/2 study, but the trial never made it to Phase 2 (NCT02144038). Incyte Corporation is 

currently examining the combination of NCB053914 (pan-PIM inhibitor) with INCB050465 (PI3Kδ 

inhibitor) in relapsed/refractory diffuse large B-cell lymphoma (DLBCL) in a Phase 1b study 

(NCT03688152) (Koblish et al., 2018). 

 

Co-targeting the PI3K/AKT/mTOR and MAPK/ERK pathways is another combination strategy that has 

been evaluated. In AML, the FLT3-ITD mutation is an important mechanism that feeds growth signals 

into main oncogenic signaling pathways such as PI3K/AKT/mTOR and MAPK/ERK. As crosstalk 

exists between PI3K/AKT/mTOR and MAPK/ERK pathways, inactivation of both pathways may 

interrupt oncogenic signals in AML (Carneiro et al., 2015; Jain et al., 2014). This may be particularly 

beneficial in RAS mutated cases. In fact, several reports have shown in vitro enhanced induction of 

apoptosis when PI3K/AKT/mTORi were combined with MAPK/ERK inhibitors (Sandhöfer et al., 2015). 

Inhibition of MEK suppressed p-Erk level but caused feedback activation of the PI3K/AKT/mTOR 

pathway defined by increased p-mTOR and Mcl-1 levels which could be abrogated by co-targeting 

PI3K/AKT/mTOR (Liu et al., 2010). The MEK inhibitor also resulted in increased expression of Bim 

and Bcl-2, which could not be abrogated by adding the PI3K/AKT/mTORi. It has been suggested that 

the increased Bim was bound to Bcl-2 which prevented induction of cell death and that inhibition of 

Bcl-2 might further sensitize AML cells to apoptotic cell death by the combination of the MEK and 

PI3K/AKT/mTORi (Su et al., 2018). Indeed, simultaneous inhibition of PI3K, mTOR, and MAPK/ERK 

synergistically induced cell death in AML cells, which was further enhanced by the addition of 

venetoclax, while sparing the normal hematopoietic progenitor cells (Liu et al., 2010; Su et al., 2018). 

This triple-drug combination may potentiate the efficacy of venetoclax to target quiescent LSC. There 

is one Phase 1b study that examined the MTD for the combination of PI3Kα inhibitor BYL719 and 

allosteric MEK1/2 inhibitor MEK162 in patients with advanced solid tumors and in adult patients with 
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AML or high risk MDS carrying RAS or BRAF mutations (NCT01449058). However, the preliminary 

safety and efficacy findings warrant further exploration as adverse effects were common and stable 

disease lasting >6 weeks was noted as best response for 31% of patients [284]. 

 

Furthermore, dual inhibition of FLT3 activation and downstream targeting of PI3K/AKT/mTOR may 

have synergistic activity in FLT3 mutated cases. Patients with FLT3-ITD tend to have a high risk of 

relapse and shorter OS compared to patients without the mutation (Daver et al., 2019). In the last few 

years, several FLT3 TKI have been developed, which can be divided into first-generation pan-kinase 

inhibitors such as sorafenib and midostaurin, and next generation inhibitors such as quizartinib and 

gilteritinib, which are more potent and specific for FLT3 (Antar et al., 2020). Although FLT3i were able 

to induce response in AML patients with FLT3 mutations, these responses were often not durable, 

and resistance developed rapidly (Lam and Leung, 2020; Larrosa-Garcia and Baer, 2017). FLT3i are 

currently evaluated in combination with chemotherapy or hypomethylating agents in various settings, 

to overcome resistance and prolong OS respectively (Lam and Leung, 2020; Perl et al., 2019; 

Schlenk et al., 2019). The PI3K/AKT/mTOR pathway is a promising target to overcome resistance to 

FLT3i. Upregulation of PI3K/AKT/mTOR pathway was shown in FLT3i-resistant FLT3-ITD+ AML cells 

despite inhibition of FLT3 activation by FLT3i, suggesting that the resistant cells become FLT3 

independent (Lindblad et al., 2016; Piloto et al., 2007). Inhibition of PI3K/AKT/mTOR in vitro improved 

sensitivity to FLT3i and enhanced inhibition of growth and apoptosis. PI3K/AKT/mTORi may also 

potentially suppress FLT3-ITD-induced LSC survival. It has been reported that FLT3-ITD upregulates 

Mcl-1 to promote survival of AML LSC, which was abrogated by the TKI midostaurin (PKC-412) that 

targets multiple receptors (including FLT3 and c-Kit) (Yoshimoto et al., 2009b). As PI3K/AKT/mTORi 

can induce inhibition of Mcl-1, combination of PI3K/AKT/mTORi with FLT3i may potentiate inhibition 

of LSC survival. Currently, there is one Phase 1 study evaluating the combination of mTORi 

everolimus with midostaurin in patients with relapsed/refractory or poor prognosis AML or MDS 

(NCT00819546).  

 

2.5.4 PI3K/AKT/mTORi in combination with DNA repair inhibitors 
 

In a previous section we briefly highlighted the importance of increased ROS in AML, which can 

promote genomic instability and contributes to chemotherapy resistance. In particular, there is 

increasing evidence associating FLT3 mutations with DNA damage, specifically through increased 

ROS, resulting in double strand breaks (DSBs) and impaired DNA repair (Rebechi and Pratz, 2017; 

Seedhouse et al., 2006). Targeting DNA damage repair mechanisms may provide a novel therapeutic 

opportunity in AML that may reduce repair errors and genomic instability (Gregory et al., 2016). 

Genomic stability is maintained by the DDR, a highly orchestrated signaling cascade that results from 

the induction and detection of DNA damage. At the heart of the DDR are members of the PIKK family 

comprising ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related protein 

(ATR), and DNA-PK, which upon sensing of DNA damage, in particular DSBs, phosphorylate a large 
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number of substrates to effectively repair DNA (Menolfi and Zha, 2020). Although DSB repair in 

normal mammalian cells is primarily dominated by homologous recombination (HR) and DNA-PK-

dependent NHEJ, FLT3-ITD directs DSB repair towards an error-prone, alt-NHEJ pathway, which is 

mediated by poly(ADP-ribose) polymerase-1 (PARP-1) and DNA Lig IIIα (Fan et al., 2010; Scully et 

al., 2019).  

 

In this regard, PARP inhibitors present a putative therapeutic strategy for AML. PARP1, an important 

protein of the DDR pathway, senses single strand breaks (SSBs) and has a crucial role for base 

excision repair (BER). Inhibition of PARP1 leads to accumulation of SSBs which then become DSBs 

that make cells more dependent on HR (Caron et al., 2019; Chen, 2011). However, in cells with 

defective HR, such as those with BRCA deficiency, PARP1 inhibition induced synthetic lethality (Lord 

et al., 2015; Lord and Ashworth, 2017). This concept of synthetic lethality using PARP inhibitors has 

been effectively examined in BRCA1-defective solid tumors, but was also exploited for the treatment 

hematological malignancies like AML (Audeh et al., 2010; Tutt et al., 2010; Zhao and So, 2016). 

Indeed, several in vitro studies in AML reported that PARP inhibitors induced cell cycle arrest and 

apoptosis, and combination with chemotherapy may induce synthetic lethality (Gafencu et al., 2017; 

Gaymes et al., 2009; Ng et al., 2019).  

 

There is ongoing research evaluating the combination of PARP inhibitors with other agents to extend 

the therapeutic potential of these inhibitors beyond tumors with mutations of BRCA or other HR 

deficiencies. As the PI3K/AKT/mTOR pathway contributes to the DDR, combination of 

PI3K/AKT/mTORi with PARP inhibitors was exploited in several solid tumor models (Huang et al., 

2020; Kumar et al., 2010). Inhibition of the PI3K/AKT/mTOR pathway in ovarian, breast, and prostate 

cancers revealed impaired expression of BRCA1/2 and reduced cellular capacity to conduct HR (De 

et al., 2014; González-Billalabeitia et al., 2014; Ibrahim et al., 2012; Wang et al., 2016). Consistent 

with the reduction in the expression of BRCA1/2, PI3K/AKT/mTORi sensitized cells to PARP inhibition 

and synergistically suppressed cell growth. Although these findings support the rationale for the 

combination of PI3K/AKT/mTORi with PARP inhibitors, this combination strategy is yet to be 

evaluated in AML.  
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Figure 2.4 Pie chart presenting the classification of interventions for AML therapy evaluated in 
clinical trials 

Data was obtained from ClinicalTrials.gov and filtered for ‘recruiting’ and ‘active, not recruiting’ status 
in adult and elderly AML and study phase (1b-3) with start date from 1st January 2018 Numbers 
present frequency within 88 studies.  *other= frequency <3 include dihydroorotate dehydrogenase 
(DHODH) inhibitor, proteasome inhibitor, p53 activator, hedgehog signaling inhibitor, CDK inhibitor, E-
selectin inhibitor, nuclein export inhibitor, menin-MLL binding interaction inhibitor, CXCR4 antagonist, 
proteasome inhibitor, corticosteroid, thrombopoietin receptor agonist, and isoprenyl transferase 
inhibitor.  MDM2= mouse double minute 2 homolog, NAE= NEDD8-activating enzyme, Bcl-2= B-cell 
lymphoma 2. 
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2.6 Hypothesis and aims 
 

FLT3 is mutated in approximately 25% of all AML cases with normal karyotype and in spite 

of the development of potent and selective FLT3i, few patients display prolonged remission 

with targeted monotherapy, highlighting a substantial unmet need for effective treatment. 

Emerging evidence has shed light on the critical role of the BM environment protecting AML 

cells from apoptosis and development of resistance to TKI. A major druggable target 

downstream of constitutively activated FLT3 kinase is the PI3K/AKT/mTOR pathway, with 

many mechanistic reports of the importance of its inhibition in the treatment of hematologic 

malignancies. In AML, the PI3K/AKT/mTOR pathway is thought to provide environmental 

pro-survival support to chemoresistant AML LSC, which are capable of sustaining disease 

and give rise to relapse. Combination therapy is a promising strategy to overcome BM niche-

mediated chemoresistance and potentially restore sensitivity to TKI therapy. It was 

hypothesized that combination with PI3Ki may strengthen the efficacy of FLT3i in FLT3-ITD 

AML in a pre-clinical setting.  

 

Aims:  
 

- To uncover the phenotype of FLT3-ITD versus FLT3 wildtype AML cell lines following 

treatment with FLT3i or PI3K/AKT/mTORi.  

- To evaluate the efficacy of combination therapy of FLT3i with PI3K/AKT/mTORi in 

FLT3-ITD AML cell lines and primary AML patient blasts.  

- To assess the contribution of stroma and/or exogenous PGF on the efficacy of 

targeted combination treatment.  

- To elucidate persistent cytokines and phosphoproteins as putative novel targets for 

FLT3-ITD AML therapy.    
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Chapter 3: Material and Methods 

3.1 Materials  

3.1.1 Tissue culture  
3.1.1.1 Tissue culture reagents  

Product Supplier Catalog number 
1% L-glutamine Thermo Fisher Scientific 25030081 
DMEM Thermo Fisher Scientific 21969035 
RPMI 1640 Thermo Fisher Scientific 21875091 
Foetal Bovine Serum (FBS) Thermo Fisher Scientific 10500064 
0.25% Trypsin-EDTA (1x) Thermo Fisher Scientific 25200072 
Trypan blue Sigma-Aldrich 302643 
Resazurin sodium salt Sigma-Aldrich R7017 
Dimethyl sulphoxide (DMSO) Sigma-Aldrich D2650 
Phosphate buffered saline (PBS) Thermo Fisher Scientific BR0014 
DNase I Solution (1 mg/mL) STEMCELL Technologies 7900 
Iscove Modified Dulbecco Media 
(IMDM) 

STEMCELL Technologies 21056023 

StemSpan™ SFEM II Thermo Fisher Scientific 9655 
Recombinant human IL-3 200-03 PeproTech 
Recombinant human TPO 300-18 PeproTech 
Recombinant human G-CSF 300-23 PeproTech 
Recombinant Human SCF  300-07 PeproTech 
Recombinant Human FLT-3 ligand  300-19 PeproTech 
Trifluoroacetic acid T6508 Sigma-Aldrich 
BAY 80-6946 S2802 Selleckchem 
PF-04691502 S2743 Selleckchem 
cytarabine  S1648 Selleckchem 
quizartinib S1526 Selleckchem 
 

 

3.1.1.2 Tissue culture solutions  

3.1.1.2.1 10x Trypan blue (0.4%) 

 Volume 
Trypan Blue 400 mg 
Phosphate-buffered saline (PBS) to 10 mL 
Filter sterilize through 0.45µm filter before use  
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3.1.1.2.2 Freezing solution for cell lines 

 Volume 
10% (v/v) DMSO 1 mL 
50% Fetal Bovine Serum (FBS) 5 mL  
Cell culture media to 10 mL  
 

3.1.1.2.3 Thawing solution of patient samples (DAMP solution) 

 Volume 
DNase I solution (1 mg/mL) 2 mL 
Magnesium chloride (MgCl2) (1M)  1.25 mL 
Trisodium Citrate (0.155M) 53 mL 
20% (v/v) Human Serum Albumin  100 mL  
Dulbecco’s PBS (Mg2+/Cl- free) to 500 mL 
 

3.1.1.2.4 Serum-free expansion media with high growth factor 

 Volume 
StemSpan™ medium 10 mL 
Interleukin 3 (IL-3) (100 µg/mL)  10 ng/mL 
Thrombopoietin (TPO) (100 µg/mL) 10 ng/mL 
Granulocyte colony-stimulating factor (G-CSF) (100 µg/mL) 10 ng/mL 
 

3.1.1.2.5 Serum-free expansion media with physiological growth factor 

 Volume 
StemSpan™ medium 10 mL 
Interleukin 3 (IL-3) (100 µg/mL)  1 ng/mL 
Thrombopoietin (TPO) (100 µg/mL) 1 ng/mL 
Granulocyte colony-stimulating factor (G-CSF) (100 µg/mL) 1 ng/mL 
 

3.1.2 Resazurin assay   
3.1.2.1 Resazurin assay solutions  

3.1.2.1.1 25mM Resazurin solution 

 Volume 
Resazurin sodium salt 0.313 g 
PBS to 50 mL 
Filter sterilize through 0.45µm filter before use  
 



70 

3.1.3 Flow cytometry  
 

3.1.3.1 Flow cytometry reagents 

Product Supplier Catalog 
number 

UltraComp eBeads™ Plus Compensation 
Beads 

Thermo Fisher 
Scientific 

01-3333-41 

Ribonuclease A from bovine pancreas Sigma-Aldrich R5500 
Hank's Balanced Salt Solution (HBSS) (10X) Thermo Fisher 

Scientific 
14065056 

CountBright™ Absolute Counting Beads Thermo Fisher 
Scientific 

C36950 

Phosphate buffered saline (PBS) Thermo Fisher 
Scientific 

BR0014 

Formaldehyde solution Sigma-Aldrich 47608 
 

3.1.3.2 Flow cytometry solutions 

3.1.3.2.1 Propidium Iodide (PI) staining solution 

 Volume 
Propidium iodide (PI) (1 mg/mL) 200 µL 
RNase solution (1 mg/mL) 500 µL 
PBS to 10 mL  
 

3.1.3.2.2 Annexin V/DAPI staining solution 

 Volume 
(per test) 

4′,6-diamidino-2-phenylindole (DAPI) (1 mg/mL) 0.1 µL 
Annexin V FITC 1 µL 
Hanks' Balanced Salt Solution (HBSS) to 100 µL  
 

3.1.3.2.3 Fixing solution 

 Volume 
(per test) 

Formaldehyde solution (≥36.0%) 1 mL 
dH20 to 10 mL 
 

3.1.3.2.4 Flow cytometry antibody panel used in co-culture experiments 

Antibody Fluorophore Volume 
(per test) 
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hCD34 FITC 1 µL 
hCD38 PE-Cy7 1 µL 
hCD33 AmCyan 1 µL 
hCD45 APC-Cy7 1 µL 
mCD45.1* PerCP-Cy5.5 1 µL 
Annexin V PE 1 µL 
DAPI (1 mg/mL) PacBlue 0.1 µL 
Hank's Balanced Salt 
Solution (HBSS) 

 to 100 µL 

*only in PDX samples 

3.1.3.3 Flow cytometry antibodies  

Product Supplier Catalog number 
FITC Annexin V BD Biosciences 556419 
APC-Cy7 Mouse Anti-Human CD45  BD Biosciences 557833 
Propidium iodide solution Sigma-Aldrich P4864 
DAPI Solution BD Biosciences 564907 
APC anti-mouse/human CD11b Antibody Biolegend 101212 
PE Mouse Anti-Human CD13  BD Biosciences 555394 
BV510 Mouse Anti-Human CD33  BD Biosciences 744351 
FITC Mouse Anti-Human CD34  BD Biosciences 555821 
PE-Cy™7 Mouse Anti-Human CD38  BD Biosciences 560677 
PerCP/Cyanine5.5 anti-mouse CD45.1 Antibody Biolegend 110728 
APC-Cy™7 Mouse Anti-Human CD45  BD Biosciences 557833 
PE Annexin V  BD Biosciences 556421 
 

3.1.3.4 Intracellular staining   

Primary Antibody Specie Supplier Catalog  

number 

Dilution 

Phospho-p44/42 MAPK (Erk1/2)  

(Thr202/Tyr204) (197G2) 

Rabbit CST 4377S 1:200 

Phospho-S6 Ribosomal Protein  

(Ser235/236) (D57.2.2E) XP® 

Rabbit CST 4858S 1:50 

Phospho-Akt  

(Ser473) (D9E) XP® 

Rabbit CST 4060S 1:100 

Goat anti-Rabbit IgG (H+L)  

Highly Cross-Adsorbed  

Secondary Antibody, Alexa Fluor 488 

Rabbit Thermo Fisher  

Scientific 

A-11034 1:1000 
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3.1.4 Western blotting  
3.1.4.1 Western blotting reagents  

Product Supplier Catalog 
number 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich D6750 
Trizma base Sigma-Aldrich T6066 
2-Mercaptoethanol Sigma-Aldrich M6250 
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich E9884 
Sodium fluoride Sigma-Aldrich S7920 
Gel Loading Dye, Purple (6X) New England BioLabs B7024S 
Sodium chloride  Merck-Millipore 106404 
Phosphate buffered saline (PBS) Thermo Fisher 

Scientific 
BR0014 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini 
Protein Gel, 10-well 

Thermo Fisher 
Scientific 

NP0321BOX 

NuPAGE™ 4 to 12%, Bis-Tris, 1.5 mm, Mini 
Protein Gel, 15-well 

Thermo Fisher 
Scientific 

NP0336BOX 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini 
Protein Gel, 12-well 

Thermo Fisher 
Scientific 

NP0322PK2 

SuperSignal™ West Pico PLUS 
Chemiluminescent Substrate 

Thermo Fisher 
Scientific 

34577 

Nitrocellulose Membrane, 0.45 µm, 30 cm x 3.5 
m 

Thermo Fisher 
Scientific 

88018 

PageRuler™ Plus Prestained Protein Ladder, 
10 to 250 kDa 

Thermo Fisher 
Scientific 

26619 

NuPAGE™ Sample Reducing Agent (10X) Thermo Fisher 
Scientific 

NP0009 

PhosSTOP™ Sigma-Aldrich 4906837001 
cOmplete™ ULTRA Tablets, 
Mini, EASYpack Protease Inhibitor Cocktail 

Sigma-Aldrich 5892970001 

MOPS SDS Running buffer (20x)  Thermo Fisher 
Scientific 

NP0001 

Tween™ 20 Sigma-Aldrich P2287 
Bovine Serum Albumin Fraction V Sigma-Aldrich 10735086001 
10x ReBlot Plus Strong  Merck-Millipore 2504 
Pierce Coomassie Plus (Bradford) Assay Kit Thermo Fisher 

Scientific 
23236 

NuPAGE™ LDS Sample Buffer (4X) Thermo Fisher 
Scientific 

NP0007 

Ponceau S solution Sigma-Aldrich P7170 
Whatman 3mm CHR GE Healthcare Life 

Sciences 
3030-917 
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3.1.4.2 Western blotting solutions   

3.1.4.2.1 Protein extraction buffer  

 Volume 
20mM Tris (pH 7.4) 20 µL  
2mM ethylenediaminetetraacetic acid (EDTA) 20 µL  
1% Triton X 10 µL  
1mM dithiothreitol (DTT) 10 µL  
1M sodiumfluoride (NaF)  10 µL  
100 mM diisopropyl fluorophosphate (DIFP)  0.1 µL  
10x PhosSTOP™ 100 µL  
10x Protease Inhibitor Cocktail 100 µL  
Deionized H2O (dH2O) to 1 mL 
 

3.1.4.2.2 Sample preparation for gel loading  

 Volume  
Lysate  40 µg  
Invitrogen™ NuPAGE™ Sample Reducing Agent (10x) 1x 
NuPAGE™ LDS Sample Buffer (4X) 1x 
dH2O to 15-25 µL 
 

3.1.4.2.3 1x MOPS running buffer  

 Volume 
20x MOPS ((3-(N-morpholino) propanesulfonic acid) SDS running buffer 50 mL 
dH2O to 1L  
 

3.1.4.2.4 10x transfer buffer 

 Volume 
Tris base (250 mM) 30.3 g  
Glycine (1.9 M) 144.0 g 
dH2O to 1L  
 

3.1.4.2.5 1x transfer buffer 

 Volume 
10x transfer buffer 100 mL  
methanol 100 mL 
dH2O to 1L  
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3.1.4.2.6 10x Tris-Buffered Saline (TBS) pH 7.6 

 Volume 
Tris base 60.6 g 
NaCl (sodium chloride) 87.6 g 
dH2O  to 1L  
pH adjustment to 7.6  
 

3.1.4.2.7 1x TBS  

 Volume 
10x TBS 100 mL 
Tween-20 1 mL 
dH2O  to 1L  
 

3.1.4.2.8 Bovine Serum Albumin (BSA) 5% (w/v) blocking solution 

 Volume 
BSA Fraction V 2.5 g 
1x TBS to 50 mL  
 

3.1.4.3 Western blotting antibodies   

3.1.4.3.1 Primary antibodies used for western blotting  

Primary Antibody Specie Supplier Catalog number Dilution 

Phospho-p44/42 MAPK (Erk1/2)  

(Thr202/Tyr204) (197G2) 

Rabbit CST 4377S 1:1000 

p44/42 MAPK (Erk1/2)  

(137F5) 

Rabbit CST 4695S 1:1000 

S6 Ribosomal Protein 

(54D2) 

Mouse CST 2317S 1:1000 

Phospho-S6 Ribosomal Protein  

(Ser235/236) (D57.2.2E) XP® 

Rabbit CST 4858S 1:1000 

Phospho-Akt  

(Ser473) (D9E) XP® 

Rabbit CST 4060S 1:1000 

Akt (pan) (C67E7) Rabbit CST 4691S 1:1000 

β-Actin (8H10D10) Mouse CST 3700S 1:2000 
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3.1.4.3.2 Secondary antibodies used for western blotting  

Product Supplier Catalog number Dilution 

Anti-rabbit IgG, HRP-linked Antibody CST 7074S 1:1000 

Anti-mouse IgG, HRP-linked Antibody CST 7076S 1:1000 

Polyclonal goat anti-mouse antibody HRP Agilent  PO447 1:10,000 

Polyclonal goat anti-rabbit antibody HRP Agilent  PO448 1:10,000 

 

3.1.5 Polymerase chain reaction (PCR)  
3.1.5.1 PCR reagents  

Product Supplier Catalog 
number 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich E9884 
Nuclease-Free Water Qiagen 129115 
SYBR™ Safe DNA Gel Stain Thermo Fisher 

Scientific 
S33102 

Agarose Sigma-Aldrich A9539 
GelPilot® 50 bp Ladder Qiagen 239025 
DNeasy® Blood & Tissue Kit Qiagen 69504 
RNeasy® Plus Mini Kit Qiagen 74136 
PowerUp™ SYBR™ Green Master Mix Thermo Fisher 

Scientific 
A25743 

SuperScript™ IV Reverse Transcriptase Thermo Fisher 
Scientific 

18090200 

RNaseOUT™ Recombinant Ribonuclease 
Inhibitor 

Thermo Fisher 
Scientific 

10777019 

Nucleotide Triphosphate (dNTPs) Mix (10mM) Thermo Fisher 
Scientific 

18427088 

Random Hexamers (50µM) Thermo Fisher 
Scientific 

N8080127 

MicroAmp™ Optical 384-Well Reaction Plate with 
Barcode 

Thermo Fisher 
Scientific 

4343814 

GoTaq® G2 DNA Polymerase kit Promega M7841 
 

3.1.5.2 PCR solutions  

3.1.5.2.1 10x Tris-acetate-EDTA (TAE)  

 Volume 
Tris base 48.5 g 
glacial acetic acid  11.4 mL 
0.5M EDTA (pH 8.0) 20 mL 
dH2O  to 1L  
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3.1.5.2.2 1x TAE 

 Volume 
10x TAE 100 mL 
dH2O  to 1L  
 

3.1.5.2.3 First strand cDNA synthesis mastermix 

 Volume 
0.5-1 µg RNA 200 µL 
Random hexamers (50 µM) 1 µL 
Deoxynucleotide triphosphate (dNTPs) (10 mM) 1 µL 
nuclease-free H2O to 13 µL 
 

3.1.5.2.4 Reverse transcription mastermix  

 Volume 
Reaction buffer (5x) 4 µL 
Dithiothreitol (DTT) 1 µL 
RNase inhibitor 1 µL 
SuperScript IV reverse transcriptase 1 µL 
 

3.1.5.2.5 Quantitative real time polymerase chain reaction (RT-qPCR) mastermix 

 Volume 
Forward primer (10 µM) 0.4 µL 
Reverse primer (10 µM) 0.4 µL 
SYBR Green 5 µL 
cDNA 2 µL 
Nuclease-free H2O 2.2 µL 
 

3.1.5.2.6 PCR amplification of gDNA mastermix 

 Volume 
Green GoTaq® reaction buffer 5 µL 
Deoxynucleotide triphosphate (dNTPs) (10 mM) 0.5 µL 
Forward primer (10 µM) 0.5 µL 
Reverse primer (10 µM) 0.5 µL 
GoTaq® DNA polymerase 0.125 µL 
Nuclease-free H2O 17.375 µL 
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3.1.5.2.7 PCR primers 

Gene Forward primer sequence (5’ to 3’) Reverse primer sequence (5’ to 3’) 

FLT3-ITD GGTGACCGGCTCCTCAGATA CGGCAACCTGGATTGAGACT 

NFKB1 GCTTAGGAGGGAGAGCCCA GGTATGGGCCATCTGCTGTT 

RPS6KB1 CAGGGAAGCTGAGGACATGG TTCTGGCCCTCTGTTCACAC 

MAP2K1 AATGCCCAAGAAGAAGCCGA AGCTCTAGCTCCTCCAGCTT 

NRAS TCTGTCCAAAGCAGAGGCAG TTTTCCCAACACCACCTGCT 

GAPDH GTCAACGGATTTGGTCGTATT TGTAGTTGAGGTCAATGAAGGG 

ACTB CACAGAGCCTCGCCTTT GCCGCGATATCATCATCCAT 

3.1.6 Cytokine profiling 
3.1.6.1 Cytokine profiling reagents  

Product Supplier Catalog number 
Cytokine 25-Plex Human ProcartaPlex™ 
Panel 1B 

Thermo Fisher 
Scientific  

EPX250-12166-
901  

Magnetic 96-Well Separator Thermo Fisher 
Scientific  

A14179 

 

3.2 Methods  

3.2.1 Drug reconstitution  
Arabinoside cytosine (AraC, cytarabine), PF-04691502, and quizartinib (AC220) was 

reconstituted into stock dilution of 10 mM in DMSO. BAY 80-6946 (copanlisib) was 

reconstituted into stock dilution of 1 mM in 10% trifluoroacetic acid (TFA) (v/v).  Drugs were 

stored at -20 degrees Celsius (°C).  

3.2.2 Cell culture   
3.2.2.1 Culture of cell lines  

Several cell lines were used in this work and are listed in Table 3.1 below. THP-1, MOLM-13 

and MV4-11 were cultured in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine 

serum (FBS) and 2mM L-glutamine. Cells were passaged every 2-3 days, replating cells at 1 

to 2x105 per mL cell density until passage 19. Murine bone marrow-derived stromal cell line 

MS-5 was cultured in Dulbecco's Modified Eagle Medium (DMEM) medium supplemented 

with 10% (v/v) FBS and 2 mM L-glutamine. Cells were passaged 1:2 or 1:3 every 2-3 days 
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until passage 19. Cells were maintained at 37°C, 5% CO2 in a humidified incubator. All cell 

lines used in this work were authenticated by sequencing.  

Table 3.1 Cell line origin and molecular characteristics  

THP-1 Cell line established from the peripheral blood of a 1-year-old boy with 

acute monocytic leukemia at relapse; cells carry MLL-AF9 fusion. 

MOLM-13 Cell line established from the peripheral blood of a 20-year-old man with 

AML FAB M5a at relapse; cells carry internal tandem duplication of FLT3 

and MLL-AF9 fusion. 

MV4-11 Cell line established from the blast cells of a 10-year-old boy with 

biphenotypic B-myelomonocytic leukemia (AML FAB M5); cells carry 

internal tandem duplication of FLT3 and MLL-AF4 fusion. 

MS-5 Cell line established from C3H/HeNSlc mice strain by irradiation of the 

adherent cells in long-term bone marrow cultures. 

 

3.2.2.2 Cryopreservation of cell lines 

For cryopreservation of cell lines, viable cells were counted by Trypan Blue dye exclusion 

and 5x106 cells per cryovial were resuspended in 1 mL of pre-warmed freezing medium, 

constituted of 50% (v/v) FBS, 40% (v/v) cell type-specific culture medium and 10% (v/v) 

dimethyl sulphoxide (DMSO). Cryovials were transferred into a controlled rate freezing 

container and stored at -80 °C overnight. The cryovials were stored in a liquid nitrogen tank 

from the next day.  

3.2.2.3 Recovery of cell lines  

To recover cell lines, the cryovial from the liquid nitrogen storage was thawed by placing in a 

37°C water bath. Thawed cells were resuspended in 5 mL pre-warmed cell medium and 

spun down at 200g for 5 mins to remove DMSO. The cell pellet was resuspended in the 

appropriate cell type-specific culture medium and transferred to an appropriate cell culture 

vessel.  

3.2.2.4 Primary patient and patient-derived xenograft (PDX) collection  

Primary cells were collected at diagnosis from AML patients following informed consent. All 

experimental procedures were performed in compliance with the guidelines of the European 

(86/609/EEC) and the Italian laws (D.L.116/92), and approved by the local ethic committee 

with protocols 4331/CE/AML study. PBMC were purified from a bag of whole blood obtained 

from the Transfusional Center of the Policlinico, Modena, using Ficoll-Paque® Plus. The 
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non-AML sample was obtained with written informed consent, in accordance with the 

declaration of Helsinki and with Greater Glasgow and Clyde NHS Trust Ethics Committee 

approval. Patient-derived xenograft (PDX) were generated thanks to Shaun Patterson.  To 

briefly explain how the PDX model was established, primary patient samples were injected in 

irradiated immunodeficient NOD rag gamma 3GS (NRG-3GS) or NOD scid gamma (NSG) 

mice strain. Mice were monitored physiologically for signs of disease and disease 

development was monitored by analysis of peripheral venous blood post-transplantation. 

Following established development of disease, AML cells were harvested from the spleen 

and long bones of the hind legs. In this thesis work, only spleen cells were used. The use of 

these samples was ethically approved by the Paul O’Gorman Leukaemia Research Centre 

Cell Bank Approval Committee. The samples used in this thesis are listed in Table 3.2. 

 

Table 3.2 Overview of patient samples used, including gender, age, diagnosis, karyotype, 

FLT3/NPM1 status and other mutations if known 

 Sex Age Diagnosis Karyotype FLT3  NPM1  Other 
PDX 
8.3d (AML020) M 67 AML NOS del(20q) ITD wt IDH1 
9.2h (AML009) M 33 AML M4 normal ITD mut  
Primary 
AML003 M 45 AML normal ITD mut  
AML004 F 36 AML normal ITD mut  
AML005 M 73 AML M5 FISH 

negative/ 
karyotype 
not available 

ITD mut, 
type A 

 

AML006 F 55 AML normal ITD mut  
AML008 F 49 AML M4 normal ITD mut  
AML009 M 33 AML NA ITD mut  
AML023 F 78 AML 46, XX ITD mut IDH1 
AML027 F 27 AML FISH 

negative/ 
karyotype 
not available 

ITD mut, 
type 
non-A 

 

AML032 F 72 AML 46, XX ITD mut, 
type A 

IDH2 

 

3.2.2.5 Recovery of primary patient and PDX cells  

Frozen primary patient and PDX cells, were thawed at 37°C in a water bath and the cell 

suspension was gently mixed with 1 mL pre-warmed DAMP solution (Section 3.1.1.2.3.). 

Gradually, an additional 9 mL of DAMP solution was added dropwise over a 10-min period 
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with constant agitation to prevent clumping of cells. The solution was centrifuged at 150g for 

10 mins and supernatant was discarded. Cells were washed a second time with 10 mL 

DAMP followed by a wash with 5 mL 2% (v/v) FBS in PBS.  Finally, the cell pellet was 

resuspended in serum-free expansion medium (SFEM) with high growth factor to maximize 

cell recovery post-thaw (Section 3.1.1.2.4). Cell number and viability was assessed by 

trypan blue exclusion cell count and cells were transferred to an appropriate cell culture 

vessel for 4 hrs incubation at 37°C, 5% CO2 in a humidified incubator.  

3.2.2.6 Culture of primary patient and PDX cells  

Primary and PDX cells that were incubated for 4 hrs at 37°C, 5% CO2 in a humidified 

incubator were collected and washed in 2% (v/v) FBS in PBS. Cells were filtered through a 

70µM filter to obtain a homogenous cell suspension. Cell number and viability was assessed 

by trypan blue exclusion cell count and cell were resuspended in either SFEM or SFEM with 

physiological growth factor (Section 3.1.1.2.5) at a cell density between 3-5x105 cells/ mL. 

Cells were plated either on plastic or in co-culture with MS-5 stromal cells. MS-5 cells were 

seeded the day before at appropriate density in multi-well cell culture plates to reach 

approximately 70% confluency the next day. Following overnight incubation, MS-5 culture 

medium was discarded by aspiration and replaced by primary patient and PDX cells. Cells 

were treated 24 hrs after plating and collected for protein and functional assays as described 

in the experimental design.  
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Figure 3.1 Culture of primary patient and patient-derived xenograft (PDX) cells  

Schematic illustration of the recovery and culture of primary and PDX cells, where cells are 
resuspended in serum-free expansion media (SFEM) with high growth factors and incubated for 4 hrs 
at 37°C, 5% CO2 in a humidified incubator to recover post-thaw. Following recovery, cells are 
resuspended in either SFEM or SFEM supplemented with physiological growth factors and cultured 
on plastic or in co-culture with MS-5 stromal cells, plated the day before. PDX cells were plated in the 
presence or absence (dashed square) of stroma while primary patient cells were always plated with 
stroma.  

 

3.2.3 Trypan blue cell counting and viability assessment  
Cell counting and viability assessment was performed by trypan blue dye exclusion using a 

hematocytometer. The assay is based on the principle that viable cells have intact cell 

membranes that exclude dyes such as trypan blue, whereas dead cells do not. Trypan blue 

stock (0.4%) (Section 3.1.1.2.1) was diluted 10-fold in PBS before use. The working stock 

solution was mixed with cell suspension in a ratio of 1:2 (or higher if necessary) and 10 µL of 

the mix was pipetted in the counting chamber. The following formula was used to calculate 
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the concentration of cells/mL: concentration = number of cells x 10,000 / number of squares, 

corrected for the dilution factor. This formula is based on the fact that 1 mm2 has a volume of 

0.1 uL and the depth of the chamber is 0.1 mm.  

3.2.4 Resazurin assay  
Cell growth was assessed by resazurin assay, which is based on the reduction of oxidized 

non-fluorescent resazurin to fluorescent resorufin by viable cells. The quantity of resorufin 

produced is proportional to the number of viable cells. Cells were seeded at 1x105 cells/mL 

density in appropriate well format.  

Following drug treatment, cell suspension was homogenized by pipetting and 100-200 µL 

volume was transferred in technical triplicates to a clear flat-bottom 96-well plate. At least 

three minus cell controls (consisting of cell medium of equal volume) and empty wells 

(blanks) were included on each plate. Resazurin stock (Section 3.1.2.1.1) was diluted 50-fold 

in pre-warmed serum-free medium (SFM) and 10% (v/v) of working concentration was 

added to each well and mixed. The plates were incubated for 4 h at 37°C, 5% CO2 in a 

humidified incubator to allow for sufficient change in color of the dye. Fluorescence was 

recorded at 535 nm excitation and 590 nm emission in a plate reader (SpectraMax M5). Cell 

proliferation relative to vehicle control was calculated by subtracting the minus cell control 

and blank measurement from the test sample reading.  

3.2.5 Flow cytometry  
Flow cytometry is a useful tool that enables rapid detection, counting and sorting of 

significant number of cells at single cell level. The main principle is based on the passage of 

cells in a liquid stream through a laser beam and when a laser beam hits the cells, scattering 

of light and emission of fluorescence occurs. The flow cytometer measures multiple physical 

characteristics of a single cell such as size and granularity (FSC and SSC), which can be 

used to identify and sort different cell types. Furthermore, flow cytometry can be applied 

measure cell cycle status, and detect intracellular proteins and surface markers using 

specific antibodies.  

3.2.5.1 Apoptosis assay  

Cells were seeded at 1x105 cells/mL density and following drug treatment, cells were 

harvested by centrifugation for 5 mins at 300 g. Cells were washed with Hank's Balanced 

Salt Solution (HBSS) to remove media and subsequently stained in 100 µL annexin V/DAPI 

staining solution (Section 3.1.3.2.2) for 15 mins at room temperate in the dark. Following 

staining, 400 µL HBSS was added to each tube before analysis using the FACSCantoII flow 
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cytometer (BD Biosciences). An unstained control was included to determine 

autofluorescence signal or background staining. In addition, single stain controls were 

included to determine the level of spectral overlap between fluorophores and allows 

compensation. The percentage of viable and apoptotic cells was quantified using the FlowJo 

software (Figure 3.2).  

 

 

Figure 3.2 Representative example of apoptosis analysis               

Apoptosis was assessed using annexinV/DAPI staining. FlowJo software was used to compute the 
percentage of cells in each quadrant using single stained controls and unstained control to set the 
gating.  Viable cells are negative for both annexinV and DAPI, cells in early apoptosis are annexin 
positive but DAPI negative, cells in late apoptosis are double positive for annexinV and DAPI, and 
necrotic cells are annexinV negative and DAPI positive. For calculation of % of apoptosis, the sum of 
% of cells in early and late apoptosis were calculated.  

 

3.2.5.2 Cell cycle analysis  

Flow cytometry was used to assess cell cycle state of cells following drug treatment. Here, 

propidium iodide (PI) was used, a fluorescent vital dye that binds both deoxyribonucleic acid 

(DNA) and ribonucleic acid (RNA). To ensure only DNA is stained, cells were treated with 

ribonuclease.  

Cells were seeded at 1x105 cells/mL density and following drug treatment harvested by 

centrifugation for 5 mins at 300g. Cells were washed with PBS to remove medium and fixed 

by resuspending in 100 µL ice cold 70% (v/v) ethanol in PBS solution. Ethanol allows cells to 

be fixed and permeabilized. Samples were stored overnight at -20°C and were washed twice 
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with PBS to remove ethanol.  Cells were stained in 250 µL PI staining solution for 30 mins in 

the dark at 37˚C before being analyzed using the flow cytometer. An unstained control was 

included to differentiate autofluorescence or background staining. Forward versus and side 

scatter (FSC vs SSC) plots were made to exclude analysis of cellular debris and dead cells. 

Data was acquired using BD FACSDiva software. The percentage of cells in each cell phase: 

G0/G1, S, or G2M was quantified using the FlowJo software (Figure 3.3).  

 

 

 

Figure 3.3 Representative example of cell cycle state analysis                            

Cell cycle status was assessed using propidium iodide (PI)/ ribonuclease staining. Initial gating was 
placed on the forward versus side scatter (FSC vs SSC) plot. FlowJo software was used to compute 
the percentage of cells in each phase of the cell cycle.  
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3.2.5.3 Quantification of protein expression  

Quantification of protein expression by flow cytometry was performed both in cell lines and 

primary patient cells, in which the latter were co-cultured with stromal cells. In the case of 

primary patient samples, collected cells were washed with PBS and stained for 10 mins in 

100 µL 1:100 dilution anti-human CD45 on ice protected from light. After staining for cell 

surface markers where applicable, pelleted cells were resuspended in 100 µL 4% (v/v) 

formaldehyde (Section 3.1.3.2.3) and fixed for 15 mins at room temperature. Following 

fixation, cells were washed twice with PBS and resuspended in their residual volume. Cells 

were permeabilized by slowly adding 1mL of ice-cold absolute methanol whilst vortexing. 

The samples were stored overnight at -20˚C and were washed twice with PBS to remove 

methanol. Following washing, an aliquot of cells was taken as unstained control to set up the 

voltages and gating. Cells were resuspended in 100 µL of primary antibody dilution (Section 

3.1.3.4) diluted in 5% (w/v) BSA in TBS-T and were incubated for 1 hr at room temperature 

protected from light. Cells were washed twice with PBS and resuspended in 100 µL of 

diluted fluorochrome-conjugated secondary antibody prepared in 5% (w/v) BSA in TBS-T. 

After incubation for 30 mins at room temperature protected from light and two washes with 

PBS, cells were analyzed on the flow cytometer. The percentage of inhibition was calculated 

using the following formula: (MFI untreated - MFI treated) / (MFI untreated - MFI unstained) 

*100%, where MFI is the geometric mean fluorescence intensity calculated using the FlowJo 

software (Figure 3.4).  
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Figure 3.4 Representative example of quantitative protein expression analysis 
Representative example of detection and quantification of protein expression by intracellular staining. 
The example presented is from primary patient cells co-cultured with stromal cells. The cell population 
of interest was gated on the forward vs side scatter (FSC vs SSC) plot and doublets were excluded 
from the FSC area vs width plot (FSC-A vs FSC-W). In case of co-cultured primary patient blasts, 
cells were stained for human CD45 to discriminate the AML blasts from stromal cells (dashed 
square). The geometric mean fluorescent intensity (MFI) was calculated using the FlowJo software. 
The percentage of inhibition was calculated from the MFI difference of treated vs untreated cells, 
respective to unstained control and multiplied by 100.  
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3.2.5.4 Flow cytometric analysis of primary patient and PDX sample 

Cells in suspension were collected by pipetting and adherent cells were collected by 

washing with PBS followed by trypsinization. Cells were pelleted by centrifugation for 5 mins 

at 300g, washed with PBS and resuspended in 100 µL antibody staining mix (Section 

3.1.3.2.4) for 10 mins on ice protected from light. To assess cell count in parallel, 50 µL of 

CountBright™ Absolute Counting Beads (further explained in Section 3.2.5.5) was added 

prior to analysis.  

An unstained control was included to differentiate autofluorescence or background staining. 

Fluorescence minus one (FMO) controls were used the first time performing the experiment 

to set up the compensation matrix.  FMO controls are used to identify and gate cells in the 

context of spectral overlap due to the multiple fluorophores in a multi-color panel. Forward 

versus and side scatter (FSC vs SSC) plots were made to exclude analysis of cellular debris 

and dead cells. Data was acquired using BD FACSDiva software. The percentage of surface 

marker expression and viability was quantified using the FlowJo software (Figure 3.5).  
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Figure 3.5 Representative example of primary patient and PDX sample analysis       

A multi-color antibody panel was used to identify and characterize cell populations of interest. Stromal cells were excluded from the forward vs side scatter 
(FSC vs SSC) plot by including a stroma only control, based on the finding that they differ in size from AML cells. Doublets were excluded by gating on the 
FSC-A vs FSC-W plot. In the case of primary-derived xenograft (PDX) cells, murine CD45 positive cells were excluded. Human CD45 positive (hCD45+) 
population was defined using the unstained control. From the hCD45+ cell population, CD33 vs CD38 (myeloid markers), CD34 vs CD38 (markers of the 
stem cell-like population), annexinV vs DAPI (viability), CD33 vs annexinV and CD38 vs annexinV plots were created. The unstained control was used to 
identify the appropriate gating of CD33, CD34, CD38, annexinV and DAPI positive populations. From the stem cell-like population (CD34+CD38-) apoptosis 
was assessed by annexinV/DAPI staining.  
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3.2.5.5 Cell growth assay  

To assess cell growth of co-cultured primary patient and PDX cells, CountBright™ Absolute 

Counting Beads (Thermo Fisher Scientific) were used. The bottle containing the beads were 

vortexed for 30 seconds and 50 µL of beads were transferred in each 5 mL polystyrene 

round-bottom tube. The tube content was mixed by flicking or vortexing and directly 

analyzed by flow cytometry. The forward scatter voltage was set low enough to visualize the 

beads. The bead population was gated using the FSC vs SSC plot and at least 1000 events 

were recorded (Figure 3.6). The concentration of cells in suspension was calculated with the 

following formula: (number of cell events / number of bead events) * (assigned bead count of 

the lot per 50 µL) / (volume of sample in µL) = cell concentration (cells/ µL). Number of cell 

events in this thesis refers to the viable AML blast population, thus hCD45+ and annexinV-

DAPI-.  

 

Figure 3.6 Representative example of cell growth assay using counting beads    

Cell growth was assessed using CountBright™ Absolute Counting Beads. At least 1000 bead events 
were recorded by gating on the bead population using the forward vs side scatter (FSC vs SSC) plot. 
Cell concentration was calculated using the following formula: (number of cell events / number of 
bead events) * (assigned bead count of the lot per 50 µL) / (volume of sample in µL) = cell 
concentration (cells/ µL). 

 

3.2.5.6 Fluorescence activated cell sorting (FACS) of primary human CD45+ cells  

Cell sorting was performed on primary patient samples co-cultured with MS-5 stromal cells 

to isolate and collect viable human CD45+ cells. Cell sorting was performed thanks to 

Jennifer Cassels. Suspension cells were collected by pipetting and adherent cells were 
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collected by washing with PBS followed by trypsinization. Cells were pelleted by 

centrifugation for 5 mins at 300g and washed with PBS to remove cell culture media. Cells 

were stained in 100 µL anti-human CD45 antibody in HBSS buffer for 10 mins in the dark on 

ice. After staining, the volume was adjusted to 500 µL with HBSS buffer and cell suspension 

was passed through a 70 µm filter prior to sorting with a BD FACS Aria with Diva software. 

An unstained control was used to set the voltages and identify the appropriate cell 

population. Gating was performed on human CD45+ population that was viable from the 

forward and side scatter plot. Doublets were excluded from the analysis by plotting height 

against the area for forward scatter. Sorted cells were collected in a 15 mL falcon tube 

containing a few mL of SFEM with physiological growth factors.  

3.2.6 Western blotting  
3.2.6.1 Protein extraction and quantification  

Cells were pelleted by centrifugation for 5 mins at 300g, 4˚C, washed once with 1 mL ice-

cold PBS and stored at -80˚C until further use. Cells were lysed by adding 25 µL protein 

extraction buffer (Section 3.1.4.2.1) l freshly supplemented with phosphatase and protease 

inhibitors per 1x106 cells. The lysate was mixed vigorously by vortexing every 5 mins for a 

period of 30 mins and subsequently centrifuged for 20 mins at 16,000g, 4˚C. The 

supernatant was transferred into a new 1.5 mL Eppendorf tube.  The protein concentration 

was determined using the Pierce Coomassie Plus (Bradford) Assay kit that includes an 

albumin standard curve. The cell lysate was diluted 20-fold in dH2O, 5 µL of each sample 

was pipetted in technical triplicates in a flat-bottom clear 96-well plate and 250 µL of 

Bradford reagent was added. The plate was incubated for 10 mins at room temperature on a 

shaker and absorbance was measured at 595 nm using a plate reader.  

3.2.6.2 Gel electrophoresis and immunodetection  

Samples were prepared according to Section 3.1.4.2.2 and boiled for 10 mins at 70˚C in a 

heating block to denature and reduce proteins. After cooling down on ice, samples were 

briefly centrifuged and loaded on a precast NuPAGE 4-12% Bis-Tris gradient gel. In a 

separate lane, 5 µL of PageRuler Plus Prestained protein ladder was included. Gels were 

run between 80-90 mins at 120 V and transferred onto a nitrocellulose membrane using the 

Mini Blot Module wet transfer device for 60 mins at 10 V. After transfer, membranes were 

stained with Ponceau S protein stain and cut to detect multiple proteins of interest of 

different size from the same membrane. Any residual staining was removed by washing with 

dH2O and subsequently membranes were blocked for 1 hr in blocking solution at room 

temperature. After blocking, membranes were incubated overnight in primary antibody 
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solution diluted in blocking solution at 4˚C. The next day, the membranes were washed three 

times for 5 mins each wash with TBS-T and incubated with appropriate secondary antibody 

diluted in blocking solution at room temperature. To remove unbound secondary antibody, 

the membranes were washed again three times for 5 mins each wash with TBS-T and 

developed by covering the membrane with SuperSignal West Pico PLUS Chemiluminescent 

Substrate. Membranes were analyzed using the Odyssey Fc Imaging System. Band 

intensities were quantified using ImageStudio, the acquisition and analysis software for the 

Odyssey Fc. Ratio phosphorylated to total protein was calculated following normalization to 

loading control.  

3.2.7 Polymerase chain reaction (PCR)  
3.2.7.1 Primer design 

Pubmed NCBI gene database was used to design primers sets specific for the target gene of 

interest. To confirm the specificity of the primers sets for the gene of interest, primers were 

tested on BLAST. Primers were designed to flank exon junctions to avoid amplification of 

contaminating genomic DNA. Other parameters applied included primer melting temperature 

(Tm) of 57 to 63 ˚C, GC content of 50-60% for product stability, and amplicon length < 200 

base pairs (bp). The list of primers used in this thesis can be found in Section 3.1.5.2.7.  

3.2.7.2 RNA extraction 

RNA extraction was performed using the RNeasy® Plus Mini Kit (Qiagen) according to 

manufacturer’s instructions. Briefly, pelleted cells were lysed and homogenized using 

specific buffers to ensure isolation of intact RNA. For optimal homogenization, lysates were 

passed through QIAshredder spin column. Genomic DNA (gDNA) was then removed by 

passing the flowthrough through a gDNA eliminator spin column. The sample was loaded on 

a RNeasy spin column to which RNA binds and after washing out contaminants, RNA was 

eluted.  

The quantity and quality of RNA was determined using the NanoDrop 1000 

Spectophotometer (Labtech). As quality control the ratio of absorbance at 260 and 280 nm 

was measured as purity indicator. A ratio of 2.0 is generally accepted as pure RNA.   

3.2.7.3 cDNA synthesis 

First strand cDNA synthesis was performed by preparing a mastermix containing 0.5-1 µg 

RNA, random hexamers, and deoxynucleotide triphosphate (dNTPs) (Section 3.1.5.2.3). The 

mix was heated at 65°C for 5 mins on the thermocycler (ProFlex PCR System) and 

incubated on ice for at least 1 min. Following brief centrifugation, the reverse transcription 
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mastermix was added, consisting of reaction buffer, dithiothreitol (DTT), RNase inhibitor and 

reverse transcriptase (Section 3.1.5.2.4). A no reverse transcriptase (noRT) control was 

prepared to monitor gDNA contamination. The samples were subjected to the following 

program in the thermocycler: 23°C for 10 mins, 50°C for 10 mins and 80°C for 10 mins. After 

incubating on ice, samples were briefly centrifuged, and the final volume was adjusted to 

100 µL using nuclease-free H2O. Samples were stored at -20°C.  

3.2.7.4 Quantitative real time PCR (RT-qPCR) 

The basic principle of RT-qPCR is the detection and quantification of messenger RNA 

(mRNA) expression. For each reaction, a RT-qPCR mastermix (Section 3.1.5.2.5) was 

prepared and loaded in triplicate on a MicroAmp optical 96-well reaction plate. Primers 

encoding for housekeeping genes GAPDH and ACTB were included to normalize mRNA 

expression between different samples. Beside a noRT control a no template control (NTC) 

was included for each primer pair to monitor contamination and primer-dimer formation. The 

plate was mixed briefly by vortexing and centrifuged for 30 sec at 300g. The qPCR thermal 

cycling conditions were as shown in Table 3.3 (7900HT Fast Real-Time PCR System, 

Thermo Fisher Scientific). After the run completed, the fluorescence data was analyzed 

using the Applied Biosystem’s SDS software to calculate the cycle threshold (Ct) values. To 

determine the expression fold change, first the average Ct value of the two housekeeping 

genes was subtracted from the average Ct value of target gene to calculate the ΔCt value. 

Then, the differences between ΔCt values for each experimental and control condition (i.e., 

no drug control) were calculated to obtain the ΔΔCt value. The expression fold change of the 

target gene when treated relative to untreated control was calculated using the 2-ΔΔCt 

equation. 

Table 3.3 Quantitative real time polymerase chain reaction (RT-qPCR) thermal cycling 

conditions  

Step Temperature 

(˚C) 

Duration 

(mins) 

Cycles 

1 50 2:00  1 

2 95 0:10  1 

3 95 0:15  40 

4 60 1:00 
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3.2.7.5 PCR amplification of gDNA  

Extraction of gDNA was performed using the DNeasy® Blood and Tissue Kit according to 

manufacturer’s instructions. Briefly, pelleted cells were lysed and loaded onto a DNeasy spin 

column to which DNA is bound. Specific washing buffers were used to remove contaminants 

and enzyme inhibitors after which DNA was eluted and quantified using a nanodrop 

spectrophotometer. DNA purity was determined by the 260/280 absorbance ratio where a 

ratio of 1.8 is generally considered pure DNA.  

For PCR, a mastermix was prepared using the GoTaq® G2 DNA Polymerase kit (Promega), 

dNTPs and target-specific primers (Section 3.1.5.2.6). 1 µL gDNA was added to the 

mastermix per reaction and thermal cycling conditions shown in Table 3.4 was programmed 

on the thermocycler. The PCR product was run on a 3% (w/v) agarose gel made with 1x 

TAE buffer (Section 2.1.5.2.2) plus 1:10,000 SYBR™ Safe DNA Gel Stain (Thermo Fisher 

Scientific) for 60 mins at 100 V. In a separate lane, 6 µL DNA ladder was loaded. The gel 

was imaged using the Odyssey Fc Imaging System.  

Table 3.4 PCR amplification of FLT3-ITD DNA thermal cycling conditions  

Step Temperature 

(˚C) 

Duration 

(mins) 

Cycles 

1 95 2:00 1 

2 95 0:30   

30 3 62 0:30  

4 72 0:30 

5 72 2:00 1 

 

3.2.8 Reverse Phase Protein Array (RPPA) 
RPPA is a high-throughput antibody-based proteomic tool, which enables simultaneous 

quantification of multiple proteins in a sample. One great advantage over western blotting is 

the little amount of protein required.  Its principle is based on the spotting of protein lysates 

onto a nitrocellulose-coated glass slide and detection and quantification of proteins using 

specific primary antibodies that bind to the protein of interest.  

Cells were pelleted by centrifugation for 5 mins at 300g (4°C) to remove culture media and 

subsequently washed with PBS. Pellets were stored at -80°C. Protein lysis and 

quantification, spotting of protein lysates, and protein quantification was kindly performed by 

Dr. Valentina Serafin’s laboratory staff. 
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3.2.9 Cytokine profiling  
Cytokine profiling was performed to detect and measure the levels of secreted cytokines 

using the Luminex® Multiplex Assay. The Luminex® Multiplex Assay is a bead-based 

immunoassay that enables rapid high-throughput measurement of multiple analytes in a 

biological sample. The technology utilizes fluorescent magnetic beads that correspond to a 

unique spot on the fluorescent spectrum, or ‘bead region’. The beads are coated with a 

capture antibody specific for one analyte of interest. The captured analyte from a biological 

sample such as cell culture supernatant, is detected using biotinylated detection antibody 

and conjugated reported dye streptavidin-conjugated R-phycoerythrin (SA-RPE). A 

Luminex® instrument is used to measure both the magnetic beads and the corresponding 

analyte of interest, and SA-RPE fluorescence to quantify the amount of analyte bound.  

Cells were plated and treated in technical duplicates. To collect cell culture supernatant, cell 

suspension from co-cultured AML blasts was collected by pipetting. The cell suspension was 

centrifuged for 5 mins at 300g and supernatant was transferred to a new Eppendorf tube. 

Supernatant was stored at -80°C. Frozen samples were thawed on ice, mixed well by 

vortexing, followed by centrifugation at 10,000g for 10 mins to remove particulates. Cytokine 

profiling was performed using the Cytokine 25-Plex Human ProcartaPlex™ Panel 1B 

(Thermo Fisher Scientific) according to manufacturer’s instruction. The MAGPIX® System 

(Luminex® xMAP® Technology) was used to read the plate. ProcartaPlex™ Analyst 

software was used for data analysis.  

3.2.10 Statistical analysis  
In all figures, the data is either shown as individual values or as mean. Error bars represent 

the standard deviation (SD). Statistical analysis was performed using the GraphPad Prism 

software. To compare multiple related groups, paired one-way ANOVA with Dunnett’s or 

Tukey’s multiple comparisons test was performed. Dunnett’s test was perfomed to compare 

the mean difference between multiple experimental groups against a control group mean 

(vehicle control) whereas Tukey’s test was performed to compare all groups (monotherapy 

versus combination therapy).  

To compare multiple groups that have been divided into two independent variables, two-way 

ANOVA was used followed by Tukey’s or Holm-Šidák’s multiple comparisons test. A p-value 

of <0.05 was considered significant.  

Combination index (CI) was calculated to assess whether combination of two drugs has a 

synergistic effect. In this thesis work, where indicated, two methods were used to calculate 

synergy: Chou-Talalay and Bliss Independence. Chou-Talalay method is based on the 
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median-effect equation derived from the mass-action law principle. CompuSyn software was 

used to calculate synergy scores where CI<1 indicates synergism, CI=1 additive effect, and 

CI>1 antagonism. The Bliss Independence model uses a probabilistic interpretation and 

stipulates that drugs acts independently, but each of them contribute to a common result. 

The Bliss Independence score was calculated using SynergyFinder 2.0 or the formula: CI = 

(EA + EB − EA × EB)/EAB where EA is the effect of drug A, EB the effect of drug B and EAB the 

combined effect of drug A and B. CI <0, =0, and >0 indicates synergism, additive effect, and 

antagonism, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 

Chapter 4: Phenotypic profiling of FLT3-ITD versus FLT3 
wildtype AML cell lines following treatment with FLT3 or 
PI3K/AKT/mTOR inhibitors 
 

AML is a genetically heterogeneous clonal malignancy, characterized by recurrent genetic 

abnormalities involving FLT3, NPM1, DNMT3A, and IDH among others, leading to the 

proliferation and aberrant differentiation of immature clonal myeloid cells and impaired 

normal hematopoiesis (Arber et al., 2016; Döhner et al., 2017; Kumar, 2011; Saultz and 

Garzon, 2016). Mutations in FLT3, detected in approximately one-third of newly diagnosed 

patients, represent the most common genetic alteration, and is associated with increased 

risk of relapse and poorer survival (Daver et al., 2019; Döhner et al., 2017). The FLT3 

tyrosine kinase receptor represents a putative therapeutic target and accordingly several 

small molecule inhibitors targeted against FLT3 have been developed and reached clinical 

investigation (Daver et al., 2019; Grafone et al., 2012). In physiological conditions, FLT3 is 

activated by its ligand, driving several downstream signaling pathways such as 

PI3K/AKT/mTOR and Ras/Raf/MEK/ERK (Takahashi, 2011). Mutations of FLT3 are caused 

either by ITD or point mutations of the TKD, of which FLT3-ITD mutations are more 

prevalent (Mead et al., 2007). Oncogenic activation of FLT3 by ITD mutation leads to ligand-

independent activation of FLT3 and its downstream signaling pathways. In contrast to FLT3 

wildtype, FLT3-ITD induces aberrant activation of STAT5 (Choudhary et al., 2007). 

FLT3i can be characterized as first generation and second-generation inhibitors. While first 

generation FLT3i refer to multi-kinase inhibitors, second generation FLT3i, including 

quizartinib, have more specificity and higher potency against FLT3. Quizartinib was clinically 

evaluated for the treatment of relapsed and refractory FLT3-ITD AML in Phase I/II/III trials in 

which quizartinib showed clinical efficacy with a median overall survival of approximately 6 

months (Cortes et al., 2019, 2018, 2013). Despite favorable clinical outcomes using FLT3i 

for the treatment of FLT3-ITD AML, the duration of composite complete remission (CRc) was 

12.1 weeks, due to rapid development of drug resistance (Cortes et al., 2019; Gebru and 

Wang, 2020; Lam and Leung, 2020). Several mechanisms of acquired resistance to FLT3i 

have been proposed including emerging mutations, activation of alternative signaling 

pathways and microenvironmental protection (Ghiaur and Levis, 2017; Lam and Leung, 

2020; Smith, 2020). To potentiate the clinical outcome of quizartinib, combination strategies 

are under study combining FLT3i with conventional chemotherapy and other targeted 

therapies, such as venetoclax and azacitidine (Swaminathan et al., 2021; Yilmaz et al., 
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2020). Because PI3K/AKT/mTOR is often hyperactivated in FLT3-ITD AML, it was 

hypothesized that combination of PI3K/AKT/mTORi with FLT3 targeted therapy might 

improve clinical outcomes. 

The PI3K/AKT/mTOR pathway has a key role in various cellular processes and is frequently 

deregulated in human cancers, which led to the discovery of multiple small molecule 

inhibitors targeted against key nodes of the pathway, some of which have been granted FDA 

approval (J. Yang et al., 2019). However, PI3K/AKT/mTORi have been unsuccessful in 

clinical trials in AML with adverse clinical outcome due to compensatory signaling, causing 

pathway reactivation (Darici et al., 2020; Nepstad et al., 2020). Combination treatment with 

PI3K/AKT/mTORi may potentiate the efficacy of FLT3i and display prolonged beneficial 

clinical outcome and prevent relapse. As such, aberrant activation of the PI3K/AKT/mTOR 

pathway is reported in AML blasts resistant to FLT3i (Lindblad et al., 2016) and concomitant 

inhibition of the PI3K/AKT/mTOR pathway and FLT3 displayed synergistic anti-leukemic 

effects in preclinical studies (Mohi et al., 2004; Wang et al., 2015; Weisberg et al., 2013). A 

Phase I study evaluating midostaurin plus everolimus is currently ongoing, but not recruiting 

(NCT00819546).  

In this chapter it was aimed to uncover the phenotypic profile of FLT3-ITD versus FLT3 

wildtype cells following treatment with the FLT3i, quizartinib, or PI3K/AKT/mTORi BAY-

806946 and PF-04691502. BAY-806946 is a pan-PI3Ki, predominantly against PI3K-α and 

PI3K-δ isoforms, which has been used clinically in the treatment of adults with relapsed 

follicular lymphoma (Markham, 2017). PF-04691502 is a potent and selective inhibitor of 

PI3K (α/β/δ/γ) and mTOR that exhibited potent anticancer activity in advanced cancers, such 

as endometrial cancer and B-cell NHL (B-NHL) (Blunt et al., 2015; Fang et al., 2013; Latuske 

et al., 2017). Preliminary screen of a panel of reported inhibitors evaluated in our lab on 

FLT3-ITD AML confirmed that these inhibitors possess significant cytotoxic activity (Darici et 

al., 2021).   
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4.1 Confirmation of FLT3-ITD mutational status of AML cell lines 
In this thesis work, two FLT3-ITD positive AML cell lines, namely MOLM-13 and MV4-11 

have been used. To confirm ITD mutation of FLT3 gene, a single multiplex polymerase chain 

reaction (PCR) assay was performed on genomic DNA. Following amplification, the PCR 

products were separated by gel electrophoresis. THP-1 cells were included as FLT3 wildtype 

control. As shown in Figure 4.1, the PCR product from the FLT3-ITD AML cell lines were 

greater in size than the FLT3 wildtype cell line. These results confirm the expected 21 base 

pairs (bp) insertion (MOLM-13) and 30 bp insertion (MV4-11) (Table 4.1) (Quentmeier et al., 

2003). While MV4-11 express exclusively the mutated allele, MOLM-13 express both 

mutated and wildtype allele, which is the reason a second band is detected for the latter.  

 

 

Figure 4.1 Detection of FLT3-ITD in AML cell lines               

Human AML-derived cell lines MOLM-13 and MV4-11 express FLT3-ITD as assessed by PCR. AML 
cell line THP-1 was included as FLT3 wildtype control.  

 

Table 4.1 FLT3 status of AML cell lines 

Cell line FLT3 status Notes 

THP-1 WT/WT  

MOLM-13 WT/ITD 21 bp insertion 

MV4-11 ITD/ITD 30 bp insertion 
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4.2 FLT3 or PI3K/AKT/mTOR inhibitors inhibit growth of AML cell 
lines  
The growth inhibitory activity of quizartinib (FLT3i), BAY-806946 (pan-PI3Ki), PF-04691502 

(dual PI3K/mTORi), as well as cytarabine (cytosine arabinoside, AraC; standard 

chemotherapy), was examined on both FLT3 wildtype (THP-1) and FLT3-ITD (MOLM-13 

and MV4-11) AML cell lines. Growth inhibitory effect was assessed at 24, 48 and 72 hrs by 

resazurin-based metabolic assay and IC50 concentrations determined from the cell growth 

curves (Figure 4.2-4.4; Table 4.2).  

Quizartinib induced growth inhibition in both FLT3-ITD AML cells with IC50 values of 0.7 

(MOLM-13) and 0.6 nM (MV4-11) following 48 hrs drug treatment, respectively, but had no 

effect on the growth on THP-1 cells in the concentration range tested. This suggests that 

quizartinib-induced growth inhibition is selective for FLT3-ITD AML. Both BAY-806946 and 

PF-04691502 treatment caused growth inhibition in all three cell lines, irrespective of FLT3 

status. As such, IC50 values obtained following 48 hrs BAY-806946 treatment were 117.5 

nM (THP-1), 145.9 nM (MOLM-13), and 59.2 nM (MV4-11), respectively. PF-04691502 

induced growth inhibition with IC50 values of 508.3 nM (THP-1), 160.9 nM (MOLM-13), and 

195.4 nM (MV4-11). AraC was also evaluated as a standard chemotherapy drug that is 

currently used for AML treatment. AraC also exerted growth inhibition in all three cell lines 

with IC50 values of 2500 nM (THP-1), 245.2 nM (MOLM-13), and 12.5 nM (MV4-11). 

Comparison of IC50 concentrations shows that MOLM-13 and MV4-11 have the same 

sensitivity to quizartinib. MV4-11 seems more sensitive to AraC and BAY-806946 compared 

to THP-1 or MOLM-13. THP-1 is the least sensitive to AraC, however because only a single 

FLT3 wildtype cell line was evaluated it cannot be stated whether this difference is 

associated to the FLT3 status. It is worth noting that growth inhibition was not further 

enhanced by extending drug treatment time based on comparable IC50 concentrations 

obtained at 48 hrs versus 72 hrs.  
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Figure 4.2 FLT3i or PI3K/AKT/mTORi induce growth inhibition in AML cell lines                

THP-1 (FLT3 wildtype), MOLM-13 and MV4-11 (FLT3-ITD) cells were exposed to increasing concentrations of AraC (standard chemotherapy), BAY-806946 
(pan-PI3Ki), PF-04691502 (dual PI3K/mTORi) or quizartinib (FLT3i). Growth inhibition was assessed at 24, 48 or 72 hrs by resazurin-based metabolic assay. 
Cell growth curves represent the averages of three independent replicates. Error bars represent average ± SD for each drug concentration. Published in 
(Darici et al., 2021). 
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Table 4.2 Summary of IC50 values of FLT3 wildtype (THP-1) and FLT3-ITD (MOLM-13 and MV4-
11) AML cell lines treated with FLT3i, PI3K/AKT/mTORi, or standard chemotherapy.  

Stated IC50 values (nM) for quizartinib (FLT3i), BAY-806946 and PF-04691502 (PI3K/AKT/mTORi), 
or cytosine arabinoside (AraC; standard chemotherapy) represent average of three independent 
replicates. Published in (Darici et al., 2021). 

Cell line Compound 24 hrs 48 hrs 72 hrs 

THP-1 AraC 4400 2500 2200 

 BAY-806946 1801.3 117.5 17.98 

 PF-04691502 2252.6 508.3 497.8 

 quizartinib not reached* not reached* not reached* 

MOLM-13 AraC 5200 245.2 169.3 

 BAY-806946 273.2 145.9 155.9 

 PF-04691502 304.8 160.9 111.1 

 quizartinib 0.7 0.7 0.8 

MV4-11 AraC 186.7 12.5 14.33 

 BAY-806946 267.3 59.2 110.9 

 PF-04691502 233.9 195.4 206.8 

 quizartinib 0.6 0.6 0.7 

* ‘not reached’ > 10,000nM quizartinib 
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4.3 PI3K/AKT/mTOR inhibitors induce G1 cell cycle arrest in AML 
cell lines 
The above results suggested that quizartinib exerts growth inhibition on FLT3-ITD AML cell 

lines specifically, whilst BAY-806946 and PF-04691502 exert growth inhibition in both FLT3-

ITD and FLT3 wildtype AML cell lines irrespective of FLT3 status. This effect was observed 

between 24 and 72 hrs drug treatment. The observed reduction of cell growth following drug 

treatment can be a manifestation of the balance between cell cycle arrest and cell death. 

Therefore, cell cycle status and apoptosis were assessed by flow cytometry (Section 4.4). 

THP-1, MOLM-13 and MV4-11 cells were treated with increasing concentrations of AraC, 

BAY-806946, PF-04691502 or quizartinib around the respective IC50 concentration for 24 or 

48 hrs. In all three cell lines, increasing drug concentration caused accumulation of cells in 

the G1 phase of the cell cycle as measured by PI staining, suggesting G1-phase arrest. This 

was observed as early as 24 hrs after drug treatment. The G1 to (S+G2M) ratio was plotted 

as a measure of the proportion of cells in the G1 phase of the cell cycle.  

In THP-1, no significant difference in this ratio respective to vehicle control was detected 

following 24 hrs drug treatment even at the highest drug concentrations tested (Figure 4.3). 

Following 48 hrs treatment with 2 µM BAY-806946, a statistically significant difference to 

vehicle control was observed (p≤ 0.0001). In MOLM-13, BAY-806946 and PF-04691502, but 

not quizartinib, induced G1 cell cycle arrest (Figure 4.4). For example, treatment with 1 µM 

PF-04691502 (48 hrs) led to 9.71 times increased G1 to (S+G2M) ratio, which was 

significantly different from vehicle control (1.33; p=0.0052). In MV4-11, 1 µM PF-04691502 

(48 hrs) led to a ratio of 7.44 respective to 0.41 ratio observed with vehicle control (p=0.0011) 

(Figure 4.5).  Quizartinib was also evaluated on THP-1 to demonstrate that there is no off-

target effect. Indeed, quizartinib did not induce cell cycle arrest in FLT3 wildtype cells (Figure 

4.3). 
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Figure 4.3 PI3K/AKT/mTORi induce G1 cell cycle arrest in THP-1 cells                                                                                         

THP-1 (FLT3 wildtype) cells were exposed to increasing concentrations of AraC, BAY-806946, PF-04691502, and quizartinib for 24 or 48 hrs. THP-1 cells 
were treated with quizartinib to show there is no detectable off-target effect. Cell cycle state was measured by staining with propidium iodide, detected by flow 
cytometry. Each bar in the left graph represents the average fraction ± SD in each cell cycle phase and bars in graphs on the right represent the ratio of G1 to 
(S+G2M) of three independent replicates. Statistical analysis was performed by one-way ANOVA followed by Dunnett's multiple comparisons test (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). Published in (Darici et al., 2021). 
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Figure 4.4 PI3K/AKT/mTORi induce G1 cell cycle arrest in MOLM-13 cells                                                          

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentrations of AraC, BAY-806946, PF-04691502, and quizartinib for 24 or 48 hrs. Cell cycle state 
was measured by staining with propidium iodide, detected by flow cytometry. Each bar in the left graph represents the average fraction ± SD in each cell 
cycle phase and bars in graphs on the right represent the ratio of G1 to (S+G2M) of three independent replicates. Statistical analysis was performed by one-
way ANOVA followed by Dunnett's multiple comparisons test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). Published in (Darici et al., 2021). 

0.1
% D

MSO

0.0
04

% TFA

0.1
 µM
0.5

 µM
1 µ

M

0.0
25

 µM
0.2

 µM
0.4

 µM

0.0
5 µ

M

0.2
5 µ

M
1 µ

M
0.1

 nM
0.5

 nM
1 n

M
0

25

50

75

100

24 hrs

C
el

l c
yc

le
 p

ha
se

 (%
)

G1
S
G2M

BAY-806946 PF-04691502 AraC quizartinib

0.1
% D

MSO

0.0
04

% TFA

0.1
 µM
0.5

 µM
1 µ

M

0.0
25

 µM
0.2

 µM
0.4

 µM

0.0
5 µ

M

0.2
5 µ

M
1 µ

M
0.1

 nM
0.5

 nM
1 n

M
0

25

50

75

100

48 hrs

C
el

l c
yc

le
 p

ha
se

 (%
)

G1
S
G2M

BAY-806946 PF-04691502 AraC quizartinib

0.1
% D

MSO

0.0
04

% TFA

0.1
 µM

0.5
 µM

1 µ
M

0.0
25

 µM
0.2

 µM
0.4

 µM

0.0
5 µ

M

0.2
5 µ

M
1 µ

M
0.1

 nM
0.5

 nM
1 n

M
0

2

4

6

8

10

24 hrs

ce
ll 

cy
cl

e 
ra

tio
 G

1 
to

 (S
+G

2M
)

BAY-806946 PF-04691502 AraC quizartinib

**
****

*
*

****

0.1
% D

MSO

0.0
04

% TFA

0.1
 µM

0.5
 µM

1 µ
M

0.0
25

 µM
0.2

 µM
0.4

 µM

0.0
5 µ

M

0.2
5 µ

M
1 µ

M
0.1

 nM
0.5

 nM
1 n

M
0

2

4

6

8

10
15
20
25

48 hrs

ce
ll 

cy
cl

e 
ra

tio
 G

1 
to

 (S
+G

2M
)

BAY-806946 PF-04691502 AraC quizartinib

*
*



105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 PI3K/AKT/mTORi induce G1 cell cycle arrest in MV4-11 cells                                                     

MV4-11 (FLT3-ITD) cells were exposed to increasing range of concentrations of AraC, BAY-806946, PF-04691502, and quizartinib for 24 or 48 hrs. Cell cycle 
state was measured by staining with propidium iodide, detected by flow cytometry. Each bar in the left graph represents the average fraction ± SD in each cell 
cycle phase and bars in graphs on the right represent the ratio of G1 to (S+G2M) of three independent replicates. Statistical analysis was performed by one-
way ANOVA followed by Dunnett's multiple comparisons test (*p ≤ 0.05). Published in (Darici et al., 2021). 
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4.4 FLT3 or PI3K/AKT/mTOR inhibitors induce apoptosis in AML 
cell lines            
Cells response to drug treatment signals growth arrest to allow DNA damage repair or other 

rescue mechanisms. However, if the damage cannot be repaired, this can cause the cell to 

undergo apoptosis. Based on the results above that suggest that PI3K/AKT/mTORi induce 

G1 cell cycle arrest, it was also assessed whether quizartinib, BAY-806946 and PF-

04691502 induce apoptosis in THP-1, MOLM-13 and MV4-11 cells. As a positive control, 

AraC was included since it is well known that it induces cell death by apoptosis.  

Cells were treated for 24 or 48 hrs and apoptosis was measured by annexinV/DAPI staining, 

detected by flow cytometry (Figures 4.6-4.8). In THP-1 cells, following 24 hrs of AraC 

treatment more than 50% of cells underwent apoptosis, which was further increased at 

higher concentrations. This confirmed that AraC is indeed cytotoxic.  Treatment with 

quizartinib did not induce off-target cytotoxicity in FLT3 wildtype THP-1 cells. Between the 

two PI3K/AKT/mTORi evaluated, BAY-806946 had greater cytotoxic effects, where the 

highest concentration tested (2 µM) induced more than 50% apoptosis compared to vehicle 

control. In MOLM-13 and MV4-11 cells, only the highest test concentration of BAY-806946 

and PF-04691502 induced apoptotic effects that were significantly different from vehicle 

control after 48 hrs drug treatment. Quizartinib induced a significant apoptotic effect in MV4-

11 at 1 nM concentration following 48 hrs drug treatment. Collectively, these results suggest 

BAY-806946, PF-04691502 and quizartinib induce apoptosis, but not as efficiently as 

standard chemotherapy.  
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Figure 4.6 PI3K/AKT/mTORi induce apoptosis in THP-1 cells but not as efficiently as 
chemotherapy                                   

THP-1 (FLT3 wildtype) cells were exposed to increasing concentrations of AraC, BAY-806946, PF-
04691502, and quizartinib for 24 or 48 hrs. THP-1 cells were treated with quizartinib to show there is 
no detectable off-target effect. Apoptosis was measured by annexinV/DAPI staining, detected by flow 
cytometry. Each bar represents the average ± SD percentages of apoptotic cells of three independent 
replicates. Statistical analysis was performed by one-way ANOVA followed by Dunnett's multiple 
comparisons (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). Published in (Darici et al., 2021). 
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Figure 4.7 PI3K/AKT/mTORi induce apoptosis in MOLM-13 cells but not as efficiently as 
chemotherapy                   

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentrations of AraC, BAY-806946, PF-
04691502, and quizartinib for 24 or 48 hrs. Apoptosis was measured by annexinV/DAPI staining, 
detected by flow cytometry. Each bar represents the average ± SD percentages of apoptotic cells of 
three independent replicates. Statistical analysis was performed by one-way ANOVA followed by 
Dunnett's multiple comparisons (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).  Published in 
(Darici et al., 2021). 
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Figure 4.8 FLT3i or PI3K/AKT/mTORi induce apoptosis in MV4-11 cells but not as efficiently as 
chemotherapy                   

MV4-11 (FLT3-ITD) cells were exposed to increasing concentrations of AraC, BAY-806946, PF-
04691502, and quizartinib for 24 or 48 hrs. Apoptosis was measured by annexinV/DAPI staining, 
detected by flow cytometry. Each bar represents the average ± SD percentages of apoptotic cells of 
three independent replicates. Statistical analysis was performed by one-way ANOVA followed by 
Dunnett's multiple comparisons (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). Published in 
(Darici et al., 2021). 
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4.5 On-target inhibition confirmed at the protein expression level in 
AML cell lines 
Following identification of IC50 drug concentrations, it was sought to confirm that the drugs 

indeed inhibited their target at the protein expression level by western blotting. MOLM-13 

and THP-1 cells were treated for 2 hrs at the respective IC50 drug concentration and 

inhibition of PI3K/AKT/mTOR and FLT3-ITD signaling was determined by detection of 

phosphorylated AKT (at S473), phosphorylated rpS6 (at S235/236) and phosphorylated ERK 

[Threonine 202/ Tyrosine 204 (T202/Y204)] (Liao and Hung, 2010; Roskoski, 2012; 

Ruvinsky and Meyuhas, 2006). The time point was selected based on a study in which it was 

shown that 2 hrs quizartinib treatment effectively inhibited phosphorylation of AKT and ERK 

in MV4-11 (FLT3-ITD) cells (Aikawa et al., 2020).  

Results obtained in MOLM-13 cells show that treatment with BAY-806946 or PF-04691502 

significantly inhibited phosphorylation of AKT (p=0.0004; p=0.0001) and mTOR (p=0.0006; 

p=0.0002) respective to control, but not phosphorylation of ERK (Figure 4.9). Quizartinib 

treatment only inhibited phosphorylation of rpS6 at the tested concentration (p=0.0068).  

In THP-1, BAY-806946 significantly inhibited phosphorylation of AKT (p<0.0001), ERK 

(p=0.02) and rpS6 (p<0.0001) respective to control. Similarly, PF-04691502 also inhibited 

phosphorylation of AKT (p<0.0001) and rpS6 (p<0.0001), but not ERK (Figure 4.10). THP-1 

(FLT3 wildtype) cells were also treated with quizartinib to confirm that quizartinib selectively 

inhibits FLT3-ITD downstream signaling. Interestingly, higher basal activation level of AKT 

was observed in THP-1 cells compared to MOLM-13, which could be attributed to the NRAS 

mutation (Muñoz-Maldonado et al., 2019). 

In this experiment instead of a vehicle control, a NDC was included. It is conceivable that the 

vehicle diluent may have some cytotoxic effect at higher concentrations, which may alter 

protein phosphorylation levels. To demonstrate that the vehicle does not affect 

phosphorylation levels of detected proteins, cells were exposed to DMSO (0.0012%; PF-

04691502 and quizartinib vehicle, at highest concentration evaluated) and TFA (0.0011%; 

BAY-806946 vehicle) for 2 hrs. Whereas marginal differences were observed for 

phosphorylated rpS6 respective to NDC, differences were large for phosphorylated AKT and 

ERK levels. However, since this is based on a single measurement, it could be that the 

average of repeated measurements is statistically indifferent from NDC (Figure 4.11). 
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Figure 4.9 Inhibition of FLT3-ITD or PI3K/AKT/mTOR signaling pathway following 
treatment with FLT3i or PI3K/AKT/mTORi in MOLM-13 cells                             

MOLM-13 (FLT3-ITD) cells were treated at the indicated concentrations for 2 hrs. Western blot 
analysis was performed on cell lysates using antibodies against indicated (phospho) proteins. 
One representative western blot is shown. Bar graphs represent the ratio phosphorylated/total 
proteins normalized to no drug control (NDC) of four independent replicates ± SD. Statistical 
analysis was performed by one-way ANOVA followed by Dunnett's multiple comparisons test 
(**p ≤ 0.01, ***p ≤ 0.001).  
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Figure 4.10 Inhibition of FLT3-ITD or PI3K/AKT/mTOR signaling pathway following treatment 
with FLT3i or PI3K/AKT/mTORi in THP-1 cells     

THP-1 (FLT3 wildtype) cells were treated at the indicated concentrations for 2 hrs. Western blot 
analysis was performed on cell lysates using antibodies against indicated (phospho) proteins. THP-1 
cells were treated with quizartinib once to show there is no detectable off-target effect. One 
representative western blot is shown. Bar graphs represent the ratio phosphorylated/total proteins 
normalized to no drug control (NDC) of four independent replicates ± SD. Statistical analysis was 
performed by one-way ANOVA followed by Dunnett's multiple comparisons test (*p ≤ 0.05, ****p ≤ 
0.0001).   
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Figure 4.11 Exposure to vehicle controls affect protein expression levels                 

MOLM-13 and THP-1 cells were exposed to vehicle controls DMSO (0.0012%) and TFA (0.0011%) 
for 2 hrs (n=1). Western blot analysis was performed on cell lysates using antibodies against indicated 
proteins. Bar graphs represent quantification of western blot shown.  
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4.6 Inhibition of FLT3-ITD or PI3K/AKT/mTOR-related genes in AML 
cell lines 
To assess whether FLT3 or PI3K/AKT/mTOR inhibition causes changes at the gene 

expression level, the mRNA expression of targets of pathway activity, NRAS, RPS6KB1, 

MAPK1, and NFKB1 were measured by RT-qPCR. MOLM-13 and THP-1 cells were treated 

with PF-04691502 or quizartinib for 24 hrs. It was aimed to measure changes at the gene 

expression at the concentration at which anti-leukemic sequelae is known to happen but at 

time point before cell death is not yet induced. As 1 µM PF-04691502 was known to cause 

cell death at 48 hrs in MOLM-13, 24 hrs timepoint was chosen. Cells were treated at the 

respective IC50 concentration. mRNA expression of the measured targets following 

treatment with PF-04691502 or quizartinib for 24 hrs in both MOLM-13 and THP-1 was 

indifferent from untreated (Figure 4.12). There was no statistically significant difference 

observed respective to NDC (p>0.05).  
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Figure 4.12 Expression levels of FLT3-ITD and PI3K/AKT/mTOR target genes are not affected 
by treatment with PF-04691502 or quizartinib                      

MOLM-13 (FLT3-ITD) and THP-1 (FLT3 wildtype) cells were treated with A) PF-04691502 (120 nM 
and 470 nM) or B) quizartinib (0.72 nM) for 24 hrs. mRNA expression of NRAS, RPS6KB1, MAPK1, 
and NFKB1 were determined relative to control (0.1% DMSO) using the average of two housekeeping 
genes as reference genes. Only FLT3-ITD positive cell line MOLM-13 was treated with FLT3i 
quizartinib. Bar graphs represent relative gene expression ± SD of three independent replicates. 
Statistical analysis was performed by two-way ANOVA followed by Holm-Šidák’s multiple 
comparisons test.   

NRAS

RPS6K
B1

MAP2K
1

NFKB1
0.125

0.25

0.5

1

2

4
Fo

ld
 c

ha
ng

e 
re

la
tiv

e 
to

 c
on

tro
l

MOLM-13

NRAS

RPS6K
B1

MAP2K
1

NFKB1
0.125

0.25

0.5

1

2

4

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 c

on
tro

l

THP-1

NRAS

RPS6K
B1

MAP2K
1

NFKB1
0.125

0.25

0.5

1

2

4

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 c

on
tro

l
MOLM-13



 
 

116 

4.7 Discussion   
 

FLT3 receptor mutations have been reported in approximately 30% of AML patients with 

normal karyotype (Stirewalt and Radich, 2003). Internal tandem duplications are the most 

common FLT3 mutations leading to constitutive receptor activation that is associated with 

high leukemic burden and poor prognosis (Arber et al., 2016). Therefore, targeting FLT3 is 

regarded an attractive strategy for AML treatment. However, despite favorable anti-leukemic 

effects observed in preclinical studies, clinical outcomes using FLT3i as monotherapy have 

been disappointing so far due to a lack of durable efficacy and disease relapse caused by 

drug resistance (Fletcher et al., 2020). Increasing efforts are underway to improve clinical 

outcomes by combining FLT3is with other therapeutic agents. The PI3K/AKT/mTOR 

signaling pathway is regarded as a putative target in human cancers due to its prominent 

role in numerous cellular processes including hematopoiesis and is often hyperactivated in 

FLT3-ITD, which led to the development of numerous small molecule inhibitors targeting key 

nodes of this pathway. However, the use of these inhibitors for AML has been hampered by 

pathway reactivation. There is evidence supporting the rationale of combining FLT3is with 

PI3K/AKT/mTORi that may induce synergistic effects, but this combination remains to be 

fully exploited (Darici et al., 2021; Mohi et al., 2004; Wang et al., 2015; Weisberg et al., 

2013). 

In this chapter it was aimed to uncover the phenotypic profile of FLT3-ITD (MOLM-13 and 

MV4-11) versus FLT3 wildtype (THP-1) cells following treatment with the FLT3i, quizartinib, 

or PI3K/AKT/mTORi BAY-806946 and PF-04691502. We know that MOLM-13 has both 

wildtype and ITD alleles, whereas MV4-11 are homozygous for the FLT3-ITD mutation. 

These differences may be associated with varying sensitivity to drug treatment. To compare 

the efficacy of FLT3i and PI3K/AKT/mTORi on FLT3-ITD versus FLT3 wildtype cells, first the 

growth inhibitory activity of the inhibitors was examined by resazurin-based metabolic assay 

from which the drug IC50 concentrations were determined. In this thesis work, FLT3i 

quizartinib, and PI3K/AKT/mTORi BAY-806946 and PF-04691502 were evaluated. Standard 

chemotherapy AraC was included as a reference drug. Quizartinib is an example of second-

generation FLT3is, respectively, whereas BAY-806946 is a pan PI3Ki and PF-04691502 a 

dual PI3K/mTORi. Only the FLT3-ITD cells (MOLM-13 and MV4-11) were sensitive to 

quizartinib and did not induce growth inhibition in the FLT3 wildtype THP-1 cells. This 

suggests that the antileukemic effect induced by quizartinib was selective for FLT3-ITD AML. 

PI3K/AKT/mTORi and standard chemotherapy reduced cell growth, irrespective of FLT3 

status, but with varying sensitivity.  
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Sensitivity to small molecule inhibitors and/or chemotherapy could be attributed to various 

factors, including but not limited to genetic background. For instance, THP-1 and MOLM-13 

carry MLL-AF9 fusion whereas MV4-11 carries MLL-AF4 fusion. A study by Sandhöfer et al., 

in which the effectiveness of PI3K/AKT/mTORi in cell lines and primary patient cells was 

analyzed revealed high sensitivity in cells carrying a MLL rearrangement (Sandhöfer et al., 

2015). In addition to MLL fusion, THP-1 is reported to carry mutations in NRAS and TP53, 

which could be associated to decreased sensitivity to PI3K/AKT/mTORi and/or 

chemotherapy (Mazumdar et al., 2014).  

It was further sought to confirm the selectivity of the drugs by confirmation of target inhibition 

at the protein expression level (by western blotting) and gene expression (by RT-qPCR). 

Results showed that FLT3i and PI3K/AKT/mTORi, inhibit their target at the protein 

expression level, but do not affect pathway activity at the gene expression level. In FLT3-ITD 

expressing MOLM-13 cells, basal activation of AKT, rpS6 and ERK1/2 was observed which 

is consistent with constitutively active MAPK and PI3K/AKT/mTOR signaling. Results 

confirmed that quizartinib is selective against FLT3-ITD AML, as downstream signaling 

target rpS6 was inhibited following treatment in MOLM-13 cells but not in THP-1. In contrast 

to a previous report by Aikawa et al., at the tested concentration and time point, quizartinib 

did not inhibit phosphorylation of AKT and ERK (Aikawa et al., 2020). It was also confirmed 

that BAY-806946 and PF-04691502 selectively inhibited PI3K/AKT/mTOR signaling. 

Unexpectedly, BAY-806946 inhibited ERK in THP-1 cells, which may be an off-target effect.  

Next the underlying mechanism of growth inhibition was investigated by measuring cell cycle 

state and apoptosis. It has been reported that pharmacological inhibition of PI3K/AKT/mTOR 

pathway prevents G1 cell cycle progression into S (G1 cell cycle arrest) and induced 

expression of CDK inhibitor p27 (Chang et al., 2003). PI3K/AKT/mTORi have also been 

reported to potentially induce apoptosis, however PI3K inhibition in vitro is rarely cytotoxic, 

but more often cytostatic (Bertacchini et al., 2018; Okkenhaug et al., 2016; Xu et al., 2003). 

Two studies evaluated quizartinib in vitro in FLT3-ITD AML cell lines and demonstrated that 

quizartinib potentially induces apoptosis following 48 hrs drug treatment (Gunawardane et al., 

2013; Kampa-Schittenhelm et al., 2013). Furthermore, PARP cleavage, an indicator of 

apoptosis, was observed as early as 8 hours following quizartinib treatment (Gunawardane 

et al., 2013). Indeed, concentration-dependent increase of apoptosis following 24 hrs 

quizartinib treatment was found, but this effect was not as efficient compared to 

chemotherapy. Cell death by apoptosis was reported at concentrations exceeding 1 nM test 

concentration, which could explain why quizartinib induced modest apoptosis.  
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In summary, the sensitivity of FLT3-ITD AML versus FLT3 wildtype AML cells to BAY-

806946, PF-04691502 and quizartinib treatment has been demonstrated. BAY-806946 and 

PF-04691502 exerted growth inhibition caused by G1 cell cycle arrest and apoptosis, and 

this effect was irrespective of FLT3 status. Quizartinib selectively inhibited cell growth in 

FLT3-ITD AML and this effect was mainly caused by apoptosis. The observed drug-induced 

apoptotic effect was however not as efficient as chemotherapy. In the next chapter, the 

efficacy of combination treatment consisting of quizartinib with BAY-806946 or PF-04691502 

in FLT3-ITD AML cell lines was evaluated.  
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Chapter 5: Evaluating the efficacy of combination therapy 
of FLT3 inhibitor with PI3K/AKT/mTOR inhibitors in FLT3-
ITD AML cell lines 
 

In the previous chapter the phenotypic profile of FLT3-ITD versus FLT3 wildtype AML cell 

lines following treatment with FLT3i or PI3K/AKT/mTORi was uncovered. Based on the 

results obtained, in this chapter, it was aimed to investigate whether the efficacy of the FLT3i 

quizartinib could be enhanced with PI3Ki BAY-806946 (pan-PI3Ki) or PF-04691502 (dual 

PI3K/mTORi) in human FLT3-ITD AML cell lines.  

 

5.1 Combination of quizartinib with BAY-806946 or PF-04691502 
synergistically inhibits FLT3-ITD AML cell growth  
 

To investigate whether the efficacy of quizartinib could be enhanced with BAY-806946 or 

PF-04691502 in FLT3-ITD AML cell lines, first it was assessed whether drug combination 

displays enhanced growth inhibition compared to monotherapy. In this regard, MOLM-13 

cells were exposed to increasing concentrations of the inhibitors around their respective 

IC50 drug concentration (c.f. Figure 4.2). These concentrations ranged from ¼, ½, 1, 2, 4x 

respective IC50 (referred to as “combo” 1-5), where 1x respective IC50 concentrations were 

110 nM (BAY-806946), 60 nM (PF-04691502), and 0.72 nM (quizartinib). The inhibitors were 

added simultaneously and cells were treated for 48 hrs.  

Combination of quizartinib with either BAY-806946 or PF-04691502 exerted enhanced 

growth inhibition in MOLM-13 cells and this effect was statistically significant compared to 

quizartinib treatment alone [combo 2: p<0.0001 (BAY); p<0.0001 (PF)] (Figure 5.1 and 5.3). 

It is worth noting that this is true even at the lowest test concentrations at which the inhibitors 

were combined (referred to as “combo 1”). Furthermore, in the heatmaps displaying the 

percentage of growth inhibition of all 25 drug combinations, it is apparent that enhanced 

growth inhibition is observed at higher concentrations of both inhibitors. It was further 

questioned whether the observed effect of combination treatment while statistically different 

from monotherapy, was also synergistic. The Chou-Talalay and Bliss Independence 

methods were used to determine synergy. Combination index (CI) derived from the Chou-

Talalay method is based on the median-effect equation, and defines synergy (CI<1), additive 
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effect (CI=1), and antagonism (CI>1) (Chou, 2010). CI by Bliss Independence method 

assumes two drugs elicit their effects independently and compares the observed 

combination response with the predicted combination response (Zhao et al., 2014). Indeed, 

combination of quizartinib with either BAY-806946 or PF-04691502 elicits a synergistic 

growth inhibition in MOLM-13 cells (Figure 5.2 and 5.4). The most synergistic area using the 

Bliss Independence method seems to overlap with the synergistic area determined using the 

Chou-Talalay method. These results collectively demonstrated that treatment with either 

BAY-806946 or PF-04691502 enhances the growth inhibition of quizartinib in FLT3-ITD AML 

cell lines, and that this effect is truly synergistic.  
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Figure 5.1 Combination of quizartinib with BAY-806946 inhibits cell growth in FLT3-ITD cell 
lines                                    

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentrations of quizartinib (quiz) and BAY-
806946 (BAY) around their respective drug IC50 concentrations for 48 hrs, either alone or in 
combination. 1x IC50 were 110 nM (BAY) and 0.72 nM (quiz). Growth inhibition was measured by 
resazurin-based cell metabolism assay. Heatmap and bar graph represent the average percentage of 
inhibition of cell growth (normalized to vehicle control) of four independent replicates. Bar graphs 
represent average ± SD for each drug concentration. Statistical analysis was performed by one-way 
ANOVA followed by Tukey’s multiple comparisons. (*p ≤ 0.05, ****p ≤ 0.0001).   
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Figure 5.2 Cell growth inhibition induced by combination of quizartinib with BAY-806946 in FLT3-ITD cell lines is synergistic                    

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentrations of quizartinib (quiz) and BAY-806946 (BAY) around their respective drug IC50 
concentrations for 48 hrs, either alone or in combination. 1x IC50 were 110 nM (BAY) and 0.72 nM (quiz). Growth inhibition was measured by resazurin-
based cell metabolism assay. Combination index (CI) was calculated by A) Chou-Talalay and B) Bliss Independence methods. CI by Chou-Talalay method 
was calculated using CompuSyn software where CI<1 indicates synergism, CI=1 additive effect, and CI>1 antagonism. CI by Bliss independence method was 
calculated using SynergyFinder (version 2.0). In the synergy heatmap, synergistic (dark) and antagonistic (light) concentration regions are highlighted.  
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Figure 5.3 Combination of quizartinib with PF-04691502 inhibits cell growth in FLT3-ITD cell 
lines                                    

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentrations of quizartinib (quiz) and PF-
04691502 (PF) around their respective drug IC50 concentrations for 48 hrs, either alone or in 
combination. 1x IC50 were 60 nM (PF) and 0.72 nM (quiz). Growth inhibition was measured by 
resazurin-based cell metabolism assay. Heatmap and bar graph represent the average percentage of 
inhibition of cell growth (normalized to vehicle control) of four independent replicates. Bar graphs 
represent average ± SD for each drug concentration. Statistical analysis was performed by one-way 
ANOVA followed by Tukey’s multiple comparisons. (**p ≤ 0.01, ****p ≤ 0.0001). Published in (Darici et 
al., 2021). 
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Figure 5.4 Cell growth inhibition induced by combination of quizartinib with PF-04691502 in FLT3-ITD cell lines is synergistic        

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentrations of quizartinib (quiz) and PF-04691502 (PF) around their respective drug IC50 
concentrations for 48 hrs, either alone or in combination. 1x IC50 were 60 nM (PF) and 0.72 nM (quiz). Growth inhibition was measured by resazurin-based 
cell metabolism assay. Combination index (CI) was calculated by A) Chou-Talalay and B) Bliss Independence methods. CI by Chou-Talalay method was 
calculated using CompuSyn software where CI<1 indicates synergism, CI=1 additive effect, and CI>1 antagonism. CI by Bliss independence method was 
calculated using SynergyFinder (version 2.0). In the synergy heatmap, synergistic (dark) and antagonistic (light) concentration regions are highlighted. 
Published in (Darici et al., 2021). 
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5.2 Combination of quizartinib with BAY-806946 or PF-04691502 
exerts enhanced cytostatic and cytotoxic effects  
 

To further exploit whether the enhanced growth inhibition following combination of FLT3i and 

PI3K/AKT/mTORi was through increased cytostatic and/or cytotoxic effects, cell cycle status 

(measured by PI staining) and apoptosis (measured by annexinV/DAPI staining) was 

assessed by cytometry.  

MOLM-13 cells were treated with increasing concentrations of quizartinib and BAY-806946 

or PF-04691502 alone or in combination for 48 hrs. Assessment of cell cycle status suggests 

enhanced G1-phase arrest when cells were treated with combination treatment respective to 

quizartinib treatment alone. For instance, combination of 0.72 nM quizartinib and 110 nM 

BAY-806946 caused 4.82 times increased G1 to (S+G2M) ratio, which was markedly 

different from monotherapy with quizartinib (1.88; p>0.05) (Figure 5.5). Combination index 

determined by Bliss Independence method indicates that this effect was synergistic 

(CI=0.53). As for combination with PF-04691502, treatment with 1.44 nM quizartinib and 120 

nM PF-04691502 displayed 2.45 times increased G1 to (S+G2M) ratio compared to 

quizartinib alone (5.28, p=0.0102) (Figure 5.6). Also this effect was found to be synergistic, 

based on a CI score of 0.89. Combination of the highest test concentrations of the FLT3i and 

PI3K/AKT/mTORi caused most accumulation of cells in the sub-G0 area, comprised of cell 

fragments, often resulting from apoptosis. For this reason, in the bar charts, the cell cycle 

status of “combo 5” (4x respective IC50s) is not shown as this combination caused highest 

levels of frank toxicity.  

Beside cell cycle status, apoptosis was also measured and results indicate a significant 

incremental uplift of apoptotic levels upon combination treatment with quizartinib with BAY-

806946 or PF-04691502 for 48 hrs. As such, combination of quizartinib and BAY-806946 

induced a significant increase of apoptosis compared to quizartinib monotherapy, which was 

observed for combinations #3 (p<0.0001), #4 (p<0.0001) and #5 (p=0.0049) (Figure 5.7 A-B). 

This effect was synergistic for combinations #3 (CI=0.55) and #4 (CI=0.89), but not for #5 

(CI=1.06). Combination of quizartinib and PF-04691502, similarly induced a significant 

increase of apoptotic levels for combinations #4 (p<0.0001), #5 (p=0.0018) (Figure 5.7 A). 

This effect was determined to be synergistic for all three combinations (CI: #3=0.21, #4=0.68, 

#5=0.98).  In summary, these results indicate that combination treatment of quizartinib with 

either BAY-806946 or PF-04691502 displays enhanced efficacy as compared to 

monotherapy and that this effect is synergistic.  
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Figure 5.5 Combination of quizartinib with BAY-806946 induces enhanced G1 cell cycle arrest 
in FLT3-ITD AML cell lines 

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentrations of quizartinib (quiz) and BAY-
806946 (BAY) around their respective IC50 concentrations for 48 hrs either alone or in combination. 
1x IC50 were 110 nM (BAY) and 0.72 nM (quiz). Cell cycle state was measured by staining with 
propidium iodide, detected by flow cytometry. A) Stacked bar graphs represents the average fraction 
in each cell cycle phase ± SD and bars in B) represent the ratio of G1 to (S+G2M) of four independent 
replicates ± SD. The highest drug concentration combination was toxic and therefore not included 
(n.d.). Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple 
comparisons test.  
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Figure 5.6 Combination of quizartinib with PF-04691502 induces enhanced G1 cell cycle arrest 
in FLT3-ITD AML cell lines 

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentrations of quizartinib (quiz) and PF-
04691502 (PF) around their respective IC50 concentrations for 48 hrs either alone or in combination. 
1x IC50 were 60 nM (PF) and 0.72 nM (quiz). Cell cycle state was measured by staining with 
propidium iodide, detected by flow cytometry. A) Stacked bar graphs represents the average fraction 
in each cell cycle phase ± SD and bars in B) represent the ratio of G1 to (S+G2M) of four independent 
replicates ± SD. The highest drug concentration combination was toxic and therefore not included 
(n.d.). Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple 
comparisons test. (*p ≤ 0.05). Published in (Darici et al., 2021). 
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Figure 5.7 Combination of quizartinib with BAY-806946 or PF-04691502 exerts enhanced 
apoptotic effects                 

MOLM-13 (FLT3-ITD) cells were exposed to increasing concentration of quizartinib (quiz), BAY-
806946 (BAY) or PF-04691502 (PF), around their respective IC50 concentrations for 48 hrs, either 
alone or in combination. 1x IC50 were 110 nM (BAY), 60 nM (PF) and 0.72 nM (quiz). Apoptosis was 
measured by annexinV/DAPI staining, detected by flow cytometry. A) Each bar represents the 
average percentages of apoptotic cells ± SD of four independent replicates. Statistical analysis was 
performed by one-way ANOVA followed by Tukey’s multiple comparisons test. (**p ≤ 0.01, ****p ≤ 
0.0001). B) Dot plots representing an example of apoptosis measurement following treatment with 
quizartinib and BAY-806946 alone or in combination. Published in (Darici et al., 2021). 
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5.3 Combination of quizartinib with BAY-806946 or PF-04691502 
displays prolonged inhibition of mTOR signaling 
 

Besides exploring the efficacy of quizartinib in combination with BAY-806946 or PF-

04691502, it was sought to investigate whether combination treatment enhances signaling 

pathway inhibition at the protein expression level by western blot. As pathway reactivation by 

feedback mechanisms is a major drawback for FLT3i and PI3K/AKT/mTORi, the pathway 

activity was assessed following short-term (2 hrs) and long-term (24 hrs) drug exposure.  

Levels of phosphorylated AKT (S473), rpS6 (S235/236) and ERK (T202/Y204) respective to 

total protein was determined as an indication of PI3K/AKT/mTOR and FLT3-ITD activation 

status.  The lowest concentration of both inhibitors that induced a synergistic drug response 

was chosen for combination treatment on MOLM-13 cells.  

Results confirm that after 2 hrs of treatment, both BAY-806946 and PF-04691502 inhibit 

phosphorylation of AKT at S473 (BAY-806946: 0.3-fold difference; PF-04691502: 0.2-fold 

difference) and rpS6 at S235/236 (BAY-806946: 0.3-fold difference; PF-04691502: 0.2-fold 

difference). Further, quizartinib – but not the PI3Ki, inhibited phosphorylation of ERK at 

T202/Y204 (0.51-fold difference) (Figure 5.8 A-B). While it was anticipated that combination 

treatment might further enhance signaling blockade, inhibition of AKT and ERK following 

combination treatment was within the effect seen with either monotherapies.  Combination 

treatment appeared to enhance inhibition of rpS6 respective to monotherapy, but this was 

not significantly different.  

Surprisingly, following 24 hrs of treatment, quizartinib (2.5-fold difference) and BAY-806946 

(1.6-fold difference) led to upregulation of p-AKT, which was abrogated by drug combination 

(0.9-fold difference). PF-04691502 sustained inhibition of AKT activity (0.3-fold difference), 

but this was not further enhanced by combination with quizartinib (0.8-fold difference). With 

regards to ERK activity, only quizartinib inhibited p-ERK (0.6-fold difference), but 

combination treatment with either PI3Ki did not strengthen this effect. Both PI3Ki (BAY-

806946: 0.3-fold difference; PF-04691502: 0.3-fold difference) and quizartinib (0.3-fold 

difference) effectively inhibited phosphorylation of rpS6, which was stronger with drug 

combination (0.1-fold difference for both PI3Ki). However, this effect was not significantly 

different from either monotherapy.  

For western blotting, instead of vehicle, an untreated control (NDC) was included. To 

demonstrate that the vehicle does not affect phosphorylation levels of detected proteins, 

cells were exposed to DMSO (0.0012% (v/v); PF-04691502 and quizartinib vehicle, at 
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highest concentration evaluated) and TFA (0.0011% (v/v); BAY-806946 vehicle) alone in 

combination for 2 or 24 hrs. Large variations were found when cells were exposed to the 

vehicle controls respective to NDC, which may negate any observed effects following drug 

treatment. It is possible that the vehicles at the evaluated concentration affects 

phosphorylation levels of the proteins detected, but since this is based on a single 

measurement, repeated measurements should be performed to confirm this (Figure 5.9). 

Based on indications that rebound signaling occurs following long-term drug treatment, it 

was sought to elucidate persistent protein targets following combination treatment by RPPA 

analysis. Phosphoproteomic profiling by RPPA is a powerful tool that enables high-

throughput detection and quantification of numerous downstream effectors of several 

signaling pathways. RPPA analysis may give some understanding of the underlying 

mechanism of pathway reactivation.  

MOLM-13 cells were treated with either BAY-806946 or quizartinib alone or in combination. 

AKT activity was determined by phosphorylation status of its downstream target GSK-3α/β 

that is phosphorylated at two residues, S21 and S9, respectively (McCubrey et al., 2014). 

While either monotherapies did not alter levels of phosphorylated GSK-3α/β, combination 

treatment caused a reduction (0.9-fold difference) respective to vehicle control (Figure 5.10). 

Rebound activation of PI3K signaling was detected by phosphorylation of IRS-1 (S612) 

(Andreozzi et al., 2004). Surprisingly, whilst quizartinib reduced phosphorylation of IRS-1 

(0.8-fold difference), combination treatment paradoxically caused an upregulation (1.1-fold 

difference) respective to vehicle control.  

mTOR activity was assessed by phosphorylation status of its downstream targets rpS6 

(S240/244) and 4E-BP1 (S65); and p-mTOR (S2448) which is key to its activity (Abraham 

and Eng, 2008; Gingras et al., 1999; Holz and Blenis, 2005; Hutchinson et al., 2011; Sekulić 

et al., 2000). With regards to rpS6, both BAY-806946 (0.3-fold difference) and quizartinib 

(0.3-fold difference) inhibited p-rpS6, which was enhanced with drug combination (0.2-fold 

difference). Similarly, drug combination displayed stronger inhibition of p-4E-BP1 and p-

mTOR respective to either monotherapies. These results suggest that combination of BAY-

806946 with quizartinib potentiates inhibition of mTOR, which is in line with western blot 

results.  

Further, levels of phosphorylated STAT5 (Y694) and ERK (T202/Y204) were detected 

indicative of FLT3-ITD activation status. Whereas quizartinib was shown to inhibit p-ERK up 

to 24 hrs of treatment by western blot, this effect was not observed in the RPPA analysis. 

Combination treatment caused upregulation of p-ERK and p-STAT5 levels respective to 

vehicle control. Lastly, cleaved PARP levels – a hallmark of apoptosis, were measured to 



 
 

132 

confirm that drug combination indeed induces apoptosis in MOLM-13 cells (Kaufmann et al., 

1993). Combination treatment induced a 2-fold increase of cleaved PARP respective to 

vehicle control, whereas this was only marginal with either monotherapies (BAY-806946: 

1.2-fold difference; quizartinib: 1.1-fold difference). This is in line with results showing that 

combination treatment synergistically induces cytotoxic in FLT3-ITD AML cell lines 

measured by flow cytometry.  

In summary, these results demonstrated that combination treatment of BAY-806946 or PF-

04691502 with quizartinib enhances inhibition of mTOR which is sustained up to 24 hrs 

following drug treatment. However, concomitant combination treatment is unable to sustain 

inhibition of downstream signaling of FLT3-ITD, leading to upregulation of AKT, STAT5 and 

ERK signaling.  
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Figure 5.8 Long-term treatment with combination of quizartinib and BAY-806946 leads to rebound activation of AKT, but sustains inhibition of 
mTOR in FLT3-ITD AML cell lines       

A) MOLM-13 (FLT3-ITD) cells were treated with quizartinib (quiz), BAY-806946 (BAY) and PF-04691502 (PF) alone or in combination at the indicated 
concentrations for 2 or 24 hrs. Western blot analysis was performed on cell lysates using antibodies against indicated proteins. Bar graphs represent the 
average quantification of four independent replicates ± SD. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparisons 
test. B) One representative western blot for each time point is shown. 
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Figure 5.9 Vehicle control affects phosphorylation levels of detected proteins in FLT3-ITD AML 
cell lines       

To demonstrate that the vehicle controls do not affect protein expression levels respective to no drug 
control, MOLM-13 cells were exposed to vehicle controls DMSO (0.0012%), TFA (0.0011%) or 
combination for 2 or 24 hrs in a single measurement. Western blot analysis was performed on cell 
lysates using antibodies against indicated proteins. Bar graphs represent the quantification of the 
western blot shown. 
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Figure 5.10 Rebound activation of AKT following combination treatment may involve 
upregulation of STAT5 and/or IRS-1 activity in FLT3-ITD AML cell lines 

MOLM-13 (FLT3-ITD) cells were treated with quizartinib (quiz) (0.72 nM) and BAY-806946 (BAY) (110 
nM) alone or in combination (0.36 nM quiz + 110 nM BAY) for 24 hrs. The expression of the proteins 
indicated was analyzed by reverse phase protein array (RPPA). Bar graphs depict the fold change 
relative to vehicle control of a single measurement.  
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5.4 Discussion  
 

Acquired resistance mechanisms leading to disease relapse with selective FLT3i 

monotherapy has resulted in a need to evaluate combination approaches with 

chemotherapeutic agents or targeted therapies. Upregulation of PI3K/AKT/mTOR was 

shown in FLT3i-resistant FLT3-ITD AML cells, and concomitant inhibition of 

PI3K/AKT/mTOR potentiated the antileukemic effects of FLT3i in vitro (Darici et al., 2021; 

Lindblad et al., 2016; Piloto et al., 2007). The main aim of this pre-clinical research was to 

validate whether combination of quizartinib with PI3K/AKT/mTORi was worthy of translation 

into the clinic. First, the efficacy of selected inhibitors was profiled in FLT3-ITD AML cell lines 

(c.f. Chapter 4). The main observations were that FLT3i or PI3K/AKT/mTORi induce growth 

inhibition as monotherapies, and in the case of PI3K/AKT/mTORi this was mainly through 

cell cycle arrest. In this chapter it was further investigated whether the combination of 

quizartinib with either BAY-806946 or PF-04691502 can potentiate the efficacy of quizartinib 

in FLT3-ITD AML cell line, MOLM-13.  

First, it was assessed whether combination treatment enhances growth inhibition compared 

to monotherapy. Indeed, combination of quizartinib with either BAY-806946 or PF-04691502 

displayed enhanced inhibition of cell growth and this effect was synergistic. From the 

obtained observations, a number of drug combinations were selected to further assess cell 

cycle status and apoptosis. Whereas the PI3K/AKT/mTORi as monotherapy were mainly 

cytostatic and only moderately apoptotic, combination treatment of quizartinib with either 

PI3K/AKT/mTORi synergistically induced G1 cell cycle arrest and apoptosis.  

Further, it was also determined whether combination treatment enhances signaling pathway 

inhibition at the protein expression level whilst avoiding pathway reactivation by negative 

feedback mechanisms. It was expected that combination treatment would potentiate 

inhibition of FLT3-ITD and PI3K/AKT/mTOR signaling. Whilst combination treatment 

potentiated inhibition of mTOR signaling which was sustained up to 24 hrs, reactivation of 

ERK and AKT was observed. In an attempt to unveil the underlying mechanism of pathway 

reactivation following combination treatment, RPPA analysis was performed to identify 

persistent protein targets. In line with western blot results, either monotherapies induced 

inhibition of mTOR activity, which was enhanced with drug combination. Also, in agreement 

with cytotoxicity results detected by flow cytometry, drug combination induced apoptosis, 

measured by increased level of cleaved PARP. Combination treatment had a negligible 

effect inhibiting AKT downstream target GSK-3α/β and caused a moderate increase of p-

IRS-1 levels, suggesting inefficient inhibition of the PI3K/AKT axis that may involve IRS-
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mediated feedback activation. In fact, combination treatment counteracted FLT3-ITD 

signaling inhibition, observed by upregulation of ERK and STAT5, which might be avoided 

by modifying the treatment regimen and/or introducing a STAT5-directed targeted treatment.  

There are several studies that confirm adaptive feedback mechanism in FLT3-ITD AML that 

in response to FLT3 TKI caused reactivation of STAT5, ERK, and PI3K/AKT/mTOR 

signaling (Bruner et al., 2017; Lindblad et al., 2016; Patel et al., 2020). Large body of 

evidence had demonstrated that combination treatment with cytotoxic agents such as 

induction chemotherapy and/or other targeted therapies may potentiate the efficacy of 

quizartinib. For instance, combination of quizartinib with dasatinib, a second-generation TKI, 

abolished STAT5 activation and overcame stromal protection in FLT3-ITD AML cells (Patel 

et al., 2020). Another combination includes combination of FLT3i with venetoclax (Bcl-2 

inhibitor), which abrogated MAPK reactivation in FLT3 TKI resistant cells (Zhu et al., 2021). 

Combination of quizartinib with BET inhibitors has also been explored in FLT3-ITD AML (Lee 

et al., 2021). BET inhibitors can suppress pro-survival proteins Bcl-2 and Myc and in 

combination with quizartinib, synergistic cytotoxicity was demonstrated ex vivo. Whilst 

quizartinib and crenolanib are still in late-stage of clinical development for the treatment of 

newly diagnosed and refractory/relapsed AML, FLT3i midostaurin, and gilteritinib have been 

granted FDA approval in combination with chemotherapy (Perl et al., 2019; Stone et al., 

2017). Currently, a triple combination consisting of quizartinib with decitabine and venetoclax 

is under clinical investigation (Phase 1/2) for relapsed/refractory FLT3-ITD AML 

(NCT03661307) (Yilmaz et al., 2021, 2020). The combination of FLT3i and 

PI3K/AKT/mTORi tested here may similarly be potentiated by addition of a third targeted 

therapy that prevents STAT5 activation.  

An important consideration is intermittent dosing regimen may be more tolerable and 

effective (Lai et al., 2019). This approach that may not only reduce the minimal cytotoxic 

concentration, but also sustain FLT3-ITD and PI3K/AKT/mTOR signaling inhibition (Luedtke 

et al., 2020). To evaluate quizartinib with BAY-806946 or PF-04691502 by means of 

sequential drug treatment, in vitro studies are required to determine the optimal order of drug 

administration, treatment time between addition of the two inhibitors and the drug 

concentration. Since quizartinib only partially inhibited ERK and PI3K/AKT/mTOR signaling 

which was not further enhanced by simultaneous addition of BAY-806946 or PF-04691502, it 

is hypothesized that adding the PI3Ki second may prevent PI3K/AKT/mTOR rebound 

activation.  

Based on the enhanced cytotoxic effect observed by combining FLT3 TKI with 

PI3K/AKT/mTORi in cell lines, it was aimed to evaluate the combination treatment on FLT3-
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ITD AML primary patient blast to elevate this research in a more clinically relevant setting. 

Ex vivo assays hold great advantage to study primary or acquired resistance mechanisms as 

well as AML treatment options (Cucchi et al., 2020; Sontakke et al., 2014). However, many 

pre-clinical findings failed to successfully translate into a clinical setting due to genetic and 

clonal heterogeneity in addition to the protective role of the BM microenvironment in vivo. 

Although cell lines offer several advantages over primary cells such as that they have an 

indefinite lifespan, cost-effective and easy to use, they are biologically distinct from primary 

cells. Primary cells require stromal support for survival, without which AML primary cells 

rapidly undergo differentiation and apoptosis in ex vivo cultures (Azadniv et al., 2020; 

Garrido et al., 2001). Furthermore, cell lines originate from selected patients and are often 

dependent on a driver mutation (van Alphen et al., 2020). Over long periods of culturing, 

they can acquire cytogenetic aberrations (Kasai et al., 2016).  Because cell lines exhibit 

altered physiological properties they are not representative of the in vivo state unlike primary 

cells. Thus, ex vivo assays using primary cells are needed to demonstrate that the drug 

combination is also effective in a more clinically relevant setting.   

 

 

 

 

 

 

 



 
 

140 

Chapter 6: Combination of quizartinib and BAY-806946 
induces cytotoxicity ex vivo in primary human FLT3-ITD 
AML 
 

Treatment of FLT3-ITD AML remains challenging despite the development of potent and 

selective FLT3i. Drug resistance remains an important determinant of FLT3-ITD AML 

treatment failure. Despite the development of potent next-generation FLT3i, the relapse rate 

remains high, as the remissions are often short-lived (Cortes et al., 2019, 2018). Extensive 

research has identified molecular mechanisms of resistance to FLT3i that can be classified 

in primary or secondary resistance mechanisms (Eguchi et al., 2020; Friedman, 2022; Scholl 

et al., 2020).  

Primary resistance mechanisms may arise from cellular mechanisms including co-occurring 

FLT3-TKD mutations within the FLT3-ITD allele, mutations other than FLT3, activation of 

alternative signaling pathways in leukemic cells or the bone marrow niche involved in 

leukemic cell survival (Kumar et al., 2018; Piloto et al., 2007; Yang et al., 2014; Zeng et al., 

2009). Often FLT3-ITD AML cells also express wildtype FLT3, and since wildtype FLT3 is 

relatively resistant to FLT3i, secretion of FL by the BM niche attenuates anti-leukemic effects 

induced by FLT3i (Sato et al., 2011).  

Secondary resistance mechanisms or acquired resistance to FLT3i are caused by additional 

mutations in FLT3 (“on-target” resistance) or apart from FLT3 (“off-target” resistance) (Daver 

et al., 2021). On-target resistance includes emergence of secondary TKD mutations in 

patients that have received treatment with type II FLT3i such as quizartinib. Quizartinib 

selective targets FLT3-ITD without affecting FLT3-TKD mutations (Chen et al., 2016; Levis 

et al., 2005). Therefore, secondary mutations at D835 and Y842 residues in the activation 

loop as well as the gatekeeper residue F691 in the kinase domain can confer resistance to 

FLT3i (Man et al., 2012; Smith et al., 2015, 2012). Off-target resistance to FLT3i can be 

caused by clonal evolution when the FLT3-ITD mutant clone is lost at relapse after FLT3i-

based therapies (Alotaibi et al., 2021). Gain-of-function mutations in genes other than FLT3 

may also lead to the development of clinical resistance to FLT3i. Recently, distinct patterns 

of resistance in patients with FLT3-ITD AML treated with different FLT3i were studied before 

and after relapse.  Common mutations included NRAS, IDH and less frequently, wilms tumor 

1 (WT1) (Alotaibi et al., 2021; McMahon et al., 2019). Other studies have reported the 

overexpression of PIM, receptor tyrosine kinase AXL, and upregulation of the 

PI3K/AKT/mTOR pathway in FLT3-ITD AML resistant to FLT3i therapy (Dumas et al., 2019; 
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Lindblad et al., 2016; Park et al., 2015; Perl et al., 2019). Unraveling mechanisms of 

resistance might facilitate formulation of strategies to prevent emergence of resistance and 

essentially avoid disease relapse. 

It has been well established that the BM microenvironment that harbor LSC, confers 

resistance to chemotherapy as well as targeted therapies through leukemia-stroma 

interactions, release of extracellular soluble mediators such as cytokines, and adhesion 

molecules (Bolandi et al., 2021; van Gils et al., 2021). Indeed, several studies have 

demonstrated that stromal cells prevent FLT3-ITD AML cells from undergoing apoptosis 

following FLT3i treatment (Dumas et al., 2019; Patel et al., 2020; Sexauer et al., 2012). 

While FLT3 inhibition is able to rapidly eradicate circulating FLT3-ITD AML cells in the 

peripheral blood, BM cells often show little noticeable response (Borthakur et al., 2011; 

Weisberg et al., 2012). This highlights the importance of capturing facets of the BM niche to 

closely mimic human responses, thereby minimizing discrepancies between preclinical and 

clinical studies. Ex vivo studies have enabled creation of a cell culture environment that 

resembles the BM niche that has proven useful to better predict physiological response. Ex 

vivo models can be divided in three categories:  culture with recombinant growth factors, 2D 

co-culture, and 3D co-culture. Stromal co-culture promotes AML cell viability, proliferation 

and colony formation through the release of soluble factors and cell contact-mediated 

pathways (Cucchi et al., 2020; Dhami et al., 2016; Ladikou et al., 2020; Xia et al., 2015). 

Indeed, direct contact of AML cells with stromal cell lines has proven to protect AML cells 

against apoptosis induced by chemotherapy as well as FLT3i (Dumas et al., 2019; Kim et al., 

2020).  

In the previous chapter, it was demonstrated that combination of quizartinib with BAY-

806946 or PF-04691502 synergistically induced cytotoxicity in FLT3-ITD AML cell lines. 

Based on these promising results, it was aimed to assess the efficacy of the drug 

combination ex vivo using primary patient cells. To mimic BM niche-like microenvironment 

and support the growth of AML cells, primary patient cells were co-cultured with stromal cell 

line MS-5 and exogenous physiological growth factors (PGF) (IL-3, G-CSF and TPO) 

(Griessinger et al., 2014). The clinical activity of PI3Ki has been extensively reviewed and it 

has been reported that pan-PI3Ki are clinically more challenging because of a broad toxicity 

profile. PF-04691502 is a dual pan-PI3Ki/mTORi, but BAY-806946 is a pan-PI3Ki with 

predominantly activity against PI3K-α and PI3K-δ isoforms, and is therefore more specific. 

For this reason, from a clinical point of view, it was chosen to evaluate BAY-806946 in 

combination with quizartinib rather than PF-04691502, First, the FLT3-ITD status of primary 

patient material was determined.  
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Next, it was assessed whether BAY-806946 could potentiate the efficacy of quizartinib in co-

cultured FLT3-ITD AML primary patient cells and thus overcome stromal protection. To 

obtain an indication of a potential therapeutic window and detect any drug-related toxicity, 

the drug combination was also evaluated on PBMC from a healthy donor and non-AML cells. 

Finally, it was aimed to unravel the mechanism by which BAY-806946 potentiates the 

efficacy of quizartinib and identify persistent phosphoproteins and secreted cytokines by 

RPPA and Luminex assays, respectively. The clinical success of PI3K and/or FLT3i have 

been hampered by resistance mechanisms caused by incomplete pathway blockade and 

negative feedback mechanisms, which leads to rebound activation of upstream RTKs and 

PI3K signaling pathway activity (Scholl et al., 2020; Wright et al., 2021). AML cells have the 

capacity to constitutively release extracellular soluble factors that may facilitate the survival 

of AML cells through a common signaling pathway (Abdul-Aziz et al., 2017; Brenner et al., 

2017a; Sepehrizadeh et al., 2014). Comparing the phosphoproteomic profile with the 

cytokine release profile following combination treatment may identify putative targets to 

improve current therapeutic strategies for AML.  
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6.1 FLT3-ITD status of primary patient material 
 

In this thesis work, two FLT3-ITD AML PDX samples and nine FLT3-ITD primary patient 

samples were evaluated (Table 2.2). Confirmation of FLT3-ITD mutational status was 

performed by separation of the PCR products by gel electrophoresis. A wildtype FLT3 

sample was included as control (Figure 4.16).  

The evaluated PDX samples 8.3d and 9.2h originate from primary patient samples AML020 

and AML009, respectively. The FLT3-ITD insertion is clearly visible for PDX sample 9.2h, 

whereas the band for 8.3d appears weak (indicated with a circle). Of the nine FLT3-ITD AML 

primary patient samples on which the drug combination was evaluated, gDNA from eight 

patient samples was harvested. Samples AML004, AML005, and AML006 have a higher 

intensity FLT3-ITD band intensity compared to their respective wildtype FLT3 band (~300 

bp), suggesting that these patients potentially have a higher FLT3-ITD allelic ratio. AML003, 

AML008, AML009, and AML027 have a higher intensity wildtype FLT3 band intensity 

respective to FLT3-ITD, meaning that these patients could have a low FLT3-ITD allelic ratio. 

It is also worth noting that the insertion size is variable among the different patient samples. 

In particular, samples AML003, AML006, AML008, and AML027 seem to have the largest 

insertion size.  

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Expression of FLT3-ITD in PDX and primary patient AML cell samples 

FLT3-ITD mutational status of PDX and primary patient samples used in this thesis was confirmed by 
PCR. AML cell line THP-1 was included as FLT3 wildtype control. Circle indicates a weak FLT3-ITD 
insertion.  
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6.2 BM stromal cells prevent apoptosis in FLT3-ITD AML PDX cells 
upon FLT3 inhibition  

 

Primary cells are known to exhibit different drug response to cell lines, in part due to different 

culture conditions and variation in molecular profile among patient samples. Therefore, it is 

necessary to determine at which concentration quizartinib and BAY-806946 should be 

combined when evaluating in combination with FLT3-ITD AML primary patient cells. The 

efficacy of quizartinib was assessed by measurement of cell growth and apoptosis. In a 

recent report, the Marmiroli lab showed that 500 nM BAY-806946 was effective at inducing 

apoptosis in AML primary patient cells as measured by cleaved caspase 7 and PARP (Darici 

et al., 2021). This concentration was selected for evaluation on patients’ cells. FLT3-ITD 

AML PDX cells were cultured either in the absence or presence of murine stromal cell line 

MS-5 and/or exogenous PGF. FLT3-ITD AML cells without MS-5 in serum-free expansion 

medium (SFEM) was not evaluated as it was expected that cells would not be viable in this 

culture condition. It was hypothesized that co-culture with stroma protects FLT3-ITD AML 

cells against FLT3i-induced cytotoxicity.  

Results showed that quizartinib (5 µM) treatment inhibited cell growth in the presence of 

stroma respective to vehicle control (0.6-fold difference), which was attenuated with addition 

of PGF (0.7-fold difference) (Figure 6.2). As expected, stroma promoted the viability of FLT3-

ITD AML cells observed by elevated levels of apoptosis in vehicle control minus MS-5 

versus vehicle control plus MS-5 (Figure 6.3). Stroma also protected FLT3-ITD AML cells 

against quizartinib-induced apoptosis as observed by drastic reduction of apoptotic levels in 

cells cultured with MS-5 plus/minus PGF. As such, FLT3-ITD AML cells minus MS-5 

displayed 60.7% apoptosis following quizartinib (5 µM) treatment, whereas these levels in 

co-cultured cells plus/minus PGF were 13.6% and 7.9%, respectively (Figure 6.3). It was 

predicted that FLT3-ITD AML cells with a lower FLT3-ITD allelic ratio and shorter insertion 

size would be more sensitive to FLT3i treatment (Liu et al., 2019). Sample 8.3d was shown 

to have a low FLT3-ITD allelic ratio, but similar insertion size respective to sample 9.2h. 

Looking more closely at the individual response of the two PDX samples evaluated, it 

appeared indeed that sample 8.3d is more sensitive to quizartinib than sample 9.2h.  
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Figure 6.2 Quizartinib treatment exerts growth inhibitory effects in the presence of stroma in 
FLT3-ITD AML PDX cells                         

FLT3-ITD AML PDX cells were cultured the presence of stroma in serum-free expansion medium 
(SFEM) or SFEM supplemented with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 
ng/mL). Following overnight co-culture, cells were treated with quizartinib at the indicated 
concentrations. Growth inhibition was assessed in human CD45+ population after 48 hrs using 
counting beads detected by flow cytometry. Dots represent individual data points of two individual 
PDX samples normalized to their respective vehicle controls. Flow cytometry was used to measure 
apoptosis in these cells using annexinV/DAPI as shown in Figure 6.3.  Filled and empty circles 
represent PDX samples 8.3d (low FLT3-ITD allelic ratio) and 9.2h (FLT3-ITD allelic ratio ±1), 
respectively.  
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Figure 6.3 Quizartinib-induced apoptotic effects is abrogated in the presence of stroma +/- exogenous physiological growth factors in FLT3-ITD 
AML PDX cells                                                                             

FLT3-ITD AML PDX cells were cultured in serum-free expansion medium (SFEM) or SFEM supplemented with physiological growth factors (PGF) (IL-3, G-
CSF and TPO at 1 ng/mL) in the absence or presence of stroma. Following overnight co-culture, cells were treated with quizartinib at the indicated 
concentrations. Apoptosis was assessed in human CD45+ population after 48 hrs by annexinV/DAPI staining, detected by flow cytometry. Dots represent 
individual data points of two individual PDX samples. Filled and empty circles represent PDX samples 8.3d (low FLT3-ITD allelic ratio) and 9.2h (FLT3-ITD 
allelic ratio ±1), respectively.  
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6.3 Combination treatment induces synergistic growth inhibition 
and cytotoxicity in FLT3-ITD AML primary patient cells ex vivo  
 

Next, it was assessed whether BAY-806946 potentiates the efficacy of quizartinib on FLT3-

ITD AML primary patient cells ex vivo. Primary patient cells from nine different patients with 

distinct patient and molecular characteristics (Table 3.2) were cultured in the presence of 

stroma plus/minus PGF. Cells were treated for 48 hrs with 500 nM BAY-806946 or 

quizartinib as monotherapy, or in combination. Cell growth and cytotoxicity was assessed by 

flow cytometry.  

In cells co-cultured with stroma in SFEM, monotherapy exerted 19.4% (BAY-806946) and 

13.7% (quizartinib) inhibition of cell growth respective to vehicle control, which was 

significantly more pronounced with drug combination (48.3%) (BAY-806946; p=0.0007 and 

quizartinib; p=0.0209) (Figure 6.4). Similarly, with PGF, the drug combination inhibited cell 

growth (41.8%), which was enhanced, but not statistically significant, compared to quizartinib 

(23.4%) and BAY-806946 (29%) treatment alone (Figure 6.4). Combination index as 

determined by Bliss Independence method confirmed that in SFEM, the effect induced by 

the combination treatment was synergistic (CI=0.63) but not in the presence of PGF 

(CI=1.09).  It is also worth noting that as hypothesized, drug response was not uniform 

amongst patient samples. 

In cells co-cultured with MS-5 in SFEM, BAY-806946 and quizartinib induced 36.9% and 

35.4% apoptosis, respectively, which was further enhanced with combination treatment 

(49.4%) (Figure 6.5).  When PGF were added, BAY-806946 and quizartinib induced 33.1% 

and 30% apoptosis, respectively, and similarly this effect was greater with the drug 

combination (41.2%) (Figure 6.5). Furthermore, the apoptotic effect induced by drug 

combination was significantly different from monotherapy with BAY-806946 or quizartinib 

both in SFEM (p=0.0008 and p=0.0136) and with PGF (p=0.0032 and p=0.007). However, 

the combinational effect in either SFEM (CI=1.18) or with PGF (CI=1.17) was not found to be 

synergistic by combination index. Looking closer at the drug response in individual patient’s 

cells, it is evident that the drug-induced cytotoxicity is variable amongst patient samples 

(Table 6.1). While in most patient’s cells sensitivity to BAY-806946 and quizartinib alone or 

in combination is attenuated with the addition of PGF, the opposite was observed for 

samples AML005 and AML027. It is also interesting that the lowest sensitivity was observed 

in samples AML023 and AML032. As such, sample AML023 was not responsive to either 

monotherapies, and combination treatment induced only moderate levels of apoptosis 
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(SFEM: 24.6%; +PGF: 22.8%) and these levels were even lower in sample AML032 (SFEM: 

17.3%; +PGF: 15.7%).  

Apoptosis was also measured more specifically in the myeloid population (Figure 6.6). CD33 

is a common myeloid marker and CD38 is expressed on most AML and myeloma cells. Thus 

detection of apoptosis in CD33/CD38 positive populations can be used to confirm that 

indeed leukemic cells are targeted by the combination treatment. Results show that in AML 

cells co-cultured in SFEM, 39.7% of CD45+ cells were CD33+annexinV+ following 

combination treatment whereas this was 29.5% with BAY-806946 (p=0.0003) and 28.3% 

(p=0.0141) with quizartinib treatment. Also, in co-culture with PGF, a significant increase of 

CD33+annexinV+ population (33.6%) was found respective to monotherapy with BAY-

806946 (26.9%, p=0.0076) or quizartinib (24.8%, p=0.0159).  

In CD38+annexinV+ population (from CD45+ selection), PGF induced a relatively small 

protective effect with respect to co-culture in SFEM. As such, in SFEM, CD38+annexinV+ 

population was 32.6% (BAY-806946, p=0.0013) and 31.3% (quizartinib, p=0.0196) following 

monotherapy and 44% with combination treatment. With PGF, BAY-806946 and quizartinib 

showed 28.9% (p=0.0032) and 26.2% (p=0.0106) CD38+annexinV+ cells, respectively which 

was increased up to 36.8% with the drug combination.  

It was additionally aimed to measure cytotoxicity not only in the bulk leukemic cells, but also 

more specifically in the stem cell-like population, which is often resistant to apoptosis. 

Because LSC are at the apex generating leukemic progeny, it is essential to assess whether 

the drug combination is effective targeting LSC. LSCs were initially considered to reside in 

the CD34+CD38- fraction (Bonnet and Dick, 1997; Lapidot et al., 1994), however this 

remains controversial, as it has been identified that the leukemia-initiating population display 

a heterogeneous immunophenotype that is not restricted to the CD34+CD38- cell fraction 

(Goardon et al., 2011; Horton and Huntly, 2012; Quek et al., 2016). AML LSC may also co-

exist in populations that phenotypically resemble more mature cells. For this reason, the 

CD34+CD38- fraction is referred to as “stem cell-like” population as more accurate functional 

assays are required to capture the frequency and activity of LSC. Of the nine FLT3-ITD AML 

primary patient cells evaluated, only three samples showed measurable CD34+CD38- 

fraction, which was in co-culture with MS-5 plus PGF (Figure 6.7). Results showed that BAY-

806946 induced 3.4% apoptosis and quizartinib 2.4%, which was further enhanced to 11% 

(SD= 6.2) with combination treatment.  The effect of the combination treatment was however 

not significantly different from monotherapy. It should however be considered that the 

sample size is relatively small and that the patient cells’ drug response was variable 

amongst the three samples evaluated. 
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In summary, these results demonstrated that BAY-806946 potentiates the efficacy of 

quizartinib in FLT3-ITD AML primary patient cells co-cultured with MS-5 stroma cells. 

Although the growth inhibitory and cytotoxic effect was attenuated with PGF, the drug 

combination was still able to induce significant apoptosis compared to monotherapy. Drug-

induced apoptosis was detected both in the bulk leukemic cells, but to a lesser extent also in 

the stem cell-like CD34+CD38- subpopulation.  
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Figure 6.4 Combination treatment induces synergistic growth inhibitory effects in FLT3-ITD 
AML primary patient cells co-cultured on stroma but is abrogated in the presence of 
exogenous physiological growth factors 

FLT3-ITD AML primary patient cells were cultured in the presence of stroma in serum-free expansion 
medium (SFEM) or SFEM supplemented with physiological growth factors (PGF) (IL-3, G-CSF and 
TPO at 1 ng/mL). Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-
806946 (BAY) alone or in combination at the indicated concentration. Growth inhibition was assessed 
in human CD45+ population after 48 hrs using counting beads detected by flow cytometry. Box plots 
depict cell count normalized to vehicle control of 9 individual FLT3-ITD AML primary patients. 
Statistical significance was calculated by one-way ANOVA (using Geisser-Greenhouse correction) 
followed by Tukey’s multiple comparisons test (*p ≤ 0.05, ***p ≤ 0.001). Combination Index was 
calculated using the Bliss Independence method, where CI<1 indicates synergism, CI=1 independent, 
and CI>1 antagonism. In SFEM: CI= 0.63 and +PGF: CI= 1.09. Flow cytometry was used to measure 
apoptosis in these cells using annexinV/DAPI as shown in Figure 6.5.   
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Figure 6.5 Combination treatment induces elevated apoptotic effects in FLT3-ITD AML primary 
patient cells co-cultured on stroma +/- exogenous physiological growth factors  
                                         

FLT3-ITD AML primary patient cells were cultured in the presence of stroma in serum-free expansion 
medium (SFEM) or SFEM supplemented with physiological growth factors (PGF) (IL-3, G-CSF and 
TPO at 1 ng/mL). Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-
806946 (BAY) alone or in combination at the indicated concentration. Apoptosis was assessed in 
human CD45+ population after 48 hrs by annexinV/DAPI, detected by flow cytometry. Box plots depict 
the percentage of apoptosis in 9 individual FLT3-ITD AML primary patients. Statistical significance 
was calculated by one-way ANOVA (using Geisser-Greenhouse correction) followed by Tukey’s 
multiple comparisons test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). Combination Index was calculated 
using the Bliss Independence method, where CI<1 indicates synergism, CI=1 independent, and CI>1 
antagonism. In SFEM: CI= 1.18 and +PGF: CI= 1.27. 
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Table 6.1 Overview of genetic abnormalities, FLT3-ITD allelic ratio, and % apoptosis observed in FLT3-ITD AML primary patient cells co-cultured 
with stroma plus/minus exogenous physiological growth factors following combination treatment 

 

n.d. not determined; PGF; physiological growth factors; BAY; BAY-806946; Quiz; quizartinib; * as determined in Figure 6.1  

 

 

% apoptotic cells (CD45+ cells) 

       + stroma  + stroma +PGF 

      vehicle 
control 

500 nM 
BAY 

500 nM 
Quiz Combo 

vehicle 
control 

500 nM 
BAY 

500 nM 
Quiz Combo Sample # Karyotype Mutations 

FLT3-ITD 
allelic ratio* 

  10.5 34.9 42.4 46.3 10.0 25.2 21.3 39.4 AML003 normal FLT3-ITD/NPM1 low 

  
10.4 47.5 39.3 68.9 8.1 21.1 17.3 31.2 AML004 normal FLT3-ITD/NPM1 high 

% apoptotic 
cells 

 25.7 58.1 52.4 74.2 33.0 77.5 55.8 80.4 AML005 n.d. FLT3-ITD/NPM1 high < 10%   

15.0 26.3 24.5 34.9 7.8 18.6 17.9 25.7 AML006 normal FLT3-ITD/NPM1 high 10-25%   

13.4 24.9 26.3 31.0 8.5 17.7 19.1 20.8 AML008 normal FLT3-ITD/NPM1 low 25-50%   

31.6 40.5 50.3 54.2 7.8 30.0 34.2 46.0 AML009 normal FLT3-ITD/NPM1 low 50-75%   

15.0 15.7 7.0 24.6 15.8 19.0 14.6 22.8 AML023 46,XX FLT3-ITD/NPM1 n.d. >75%   

43.1 59.0 55.9 74.6 66.4 68.8 71.7 76.4 AML027 n.d. FLT3-ITD/NPM1 low 

  0.4 13.0 11.6 17.3 3.9 4.9 7.8 15.7 AML032 46,XX FLT3-ITD/NPM1/IDH high 
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Figure 6.6 Combination treatment induces apoptosis in leukemic cells co-cultured on stroma 
with or without physiological growth factors                                

FLT3-ITD AML primary patient cells were cultured in the presence of stroma in serum-free expansion 
medium (SFEM) or SFEM supplemented with physiological growth factors (PGF) (IL-3, G-CSF and 
TPO at 1 ng/mL). Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-
806946 (BAY) alone or in combination at the indicated concentration. After 48 hrs of drug treatment, 
cells were stained with surface markers including CD45, CD33, CD38 and viability markers 
annexinV/DAPI, detected by flow cytometry. Stacked bar graphs represent the percentage of 
CD33/annexinV or CD38/annexinV expression in human CD45+ population in 9 individual FLT3-ITD 
AML primary patients. In the CD33+/annexinV+ and CD38+/annexinV+ populations, statistical 
significance between monotherapy with respective to drug combination was calculated by one-way 
ANOVA (using Geisser-Greenhouse correction) followed by Tukey’s multiple comparisons test (*p ≤ 
0.05, **p ≤ 0.01, ***p ≤ 0.001). 
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Figure 6.7 Combination treatment induces apoptotic effects in the stem cell-like CD34+CD38- 
subpopulation of FLT3-ITD AML primary cells co-cultured on stroma with exogenous 
physiological growth factors                                                  

FLT3-ITD AML primary patient cells were cultured in the presence of stroma in serum-free expansion 
medium (SFEM) supplemented with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 
ng/mL). Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-806946 
(BAY) alone or in combination at the indicated concentration. Apoptosis was assessed after 48 hrs by 
annexinV/DAPI, detected by flow cytometry. Cells were stained with surface markers such as CD45, 
CD34 and CD38 to measure apoptosis in the CD45+ stem cell-like CD34+CD38- population. 
CD34+CD38- staining was performed on 9 individual FLT3-ITD AML primary patients, but only 3 
patients had a measurable CD34+CD38- population. Box plots depict the mean percentage of 
apoptosis in these 3 individual FLT3-ITD AML primary patients. Statistical significance was calculated 
by one-way ANOVA (using Geisser-Greenhouse correction) followed by Tukey’s multiple 
comparisons test.  
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6.4 Combination treatment spares normal CD34+CD38- cells  

 
To determine if the combination of quizartinib with BAY-806946 induces cytotoxicity 

specifically for AML, the drug combination was also evaluated on non-AML cells and 

peripheral blood mononuclear cells (PBMC) from a healthy donor. Here, the non-AML cells 

are referring to the cells derived from a patient diagnosed with a different hematological 

malignancy such as lymphoma where unlike AML the CD34+ cells are not considered to be 

part of the cancer clone, so are ‘normal’. Cells were co-cultured with MS-5 stroma cells 

plus/minus PGF and exposed to quizartinib or BAY-806946 as monotherapy or in 

combination for 48 hrs.  

Results show that in PBMC, quizartinib treatment (500 nM) caused a 0.29-fold decrease of 

cell growth in SFEM and this effect was similar to that observed with BAY-806946 (500nM) 

(0.23-fold decrease) (Figure 6.8 A). The drug combination displayed similar growth inhibition 

(0.32-fold decrease). With PGF, this growth inhibitory effect was however almost completely 

relieved. The drug combination displayed only 0.1-fold decrease of cell growth. This 

concentration is below the Cmax of quizartinib (376 ng/mL) following 60mg/day dosing for 

the treatment of refractory/relapsed FLT3-ITD AML patients. 

In non-AML cells, the growth inhibition induced by BAY-806946 was far more pronounced 

compared to PBMC (Figure 6.8 B). As such, in SFEM, BAY-806946 led to a 0.55-fold 

decrease of growth compared to vehicle control, whilst cells were not affected by quizartinib 

treatment (0.03-fold increase). Drug combination showed a 0.48-fold decrease of cell growth, 

which is most likely caused by BAY-806946. In non-AML cells with PGF, the drug 

combination had a similar response (0.48-fold decrease) respective to non-AML cells in 

SFEM (Figure 6.8 B). 

Besides the effect on cell growth, the apoptotic effect of the drug combination was also 

evaluated on PBMC and non-AML cells. In PBMC, both in SFEM or PGF, BAY-806946 and 

quizartinib alone or in combination were negligible cytotoxic. As such, the drug combination 

induced only an increase of 4.2% apoptosis in SFEM and 3.4% with PGF respective to 

vehicle control (Figure 6.9 A). In non-AML cells, both inhibitors induced apoptosis, which 

was further enhanced with the drug combination (Figure 6.9 B). In SFEM, BAY-806946 

induced an increase of 20.6% apoptosis respective to vehicle control, quizartinib 10.2%, and 

the combination 29.9%. This effect was partly abrogated in the presence of PGF, where 

apoptotic levels respective to vehicle control were 9.4% (BAY-806946), 5.2% (quizartinib) 

and 14.3% (combination). Based on these observations, it was assessed whether the 

combination treatment spares the CD34+CD38- fraction in the non-AML cells (Figure 6.10). 
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While quizartinib induced only marginal increase of apoptotic levels respective to vehicle 

control (3.16% in SFEM and 0% with PGF), BAY-806946 induced a 15.9% increase in 

SFEM, which was abrogated in the presence of PGF. Combination treatment induced only 

1.1% increased apoptosis respective to vehicle control in the CD34+CD38- fraction in the 

presence of PGF. In summary, BAY-806946 induced cytotoxicity to a relative small extent in 

PBMC but primarily in non-AML cells, which was partly abrogated in the presence of PGF.  
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Figure 6.8 BAY-806946 exerts growth inhibitory effects in non-AML CD45+ cells, but spares 
normal peripheral blood mononuclear cells         
                    

A) Peripheral blood mononuclear cells (PBMC) from a healthy donor and B) non-AML cells were 
cultured in the presence of stroma in serum-free expansion medium (SFEM) or SFEM supplemented 
with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 ng/mL). Following overnight co-
culture, cells were treated with quizartinib (Quiz) and BAY-806946 (BAY) alone or in combination at 
the indicated concentration. Growth inhibition was assessed in human CD45+ population after 48 hrs 
using counting beads detected by flow cytometry. Bars represent cell count normalized to vehicle 
control of a single donor. Flow cytometry was used to measure apoptosis in a single replicate in these 
cells using annexinV/DAPI as shown in Figure 6.9.   
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Figure 6.9 Combination treatment induces apoptotic effects in non-AML cells, but spares 
normal peripheral blood mononuclear cells         
                     

A) Peripheral blood mononuclear cells (PBMC) from a healthy donor and B) non-AML cells were 
cultured in the presence of stroma in serum-free expansion medium (SFEM) or SFEM supplemented 
with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 ng/mL). Following overnight co-
culture, cells were treated with quizartinib (Quiz) and BAY-806946 (BAY) alone or in combination at 
the indicated concentration. Apoptosis was assessed in human CD45+ population after 48 hrs by 
annexinV/DAPI, detected by flow cytometry. Bars represent the percentage of apoptosis of a single 
donor.  
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Figure 6.10 BAY-806946 induces apoptotic effects in CD34+CD38- population of non-AML cells 
in the absence of exogenous physiological growth factors                                                                                                  

Non-AML cells were cultured in the presence of stroma in serum-free expansion medium (SFEM) or B) 
SFEM supplemented with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 ng/mL). 
Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-806946 (BAY) 
alone or in combination at the indicated concentration. Apoptosis was assessed after 48 hrs by 
annexinV/DAPI, detected by flow cytometry. Cells were stained with surface markers such as CD45, 
CD34 and CD38 to measure apoptosis in the hCD45+ CD34+CD38- population. Bars represent the 
percentage of apoptosis of a single donor. 
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6.5 Assessment of the activation status of PI3K/AKT/mTOR and 
FLT3-ITD signaling upon combination treatment in FLT3-ITD AML 
primary patient cells 
 

Besides assessing whether BAY-806946 could potentiate the efficacy of quizartinib in FLT3-

ITD AML primary patient cells, it was additionally sought to elucidate persistent protein 

targets following combination treatment by RPPA analysis. Primary patient cells were co-

cultured with MS-5 cells in the presence of PGF to more closely resemble the BM 

microenvironment and cells were treated for 24 hrs with BAY-806946 or quizartinib alone or 

in combination.  

The phosphorylation status of a number of effectors downstream of PI3K/AKT/mTOR and 

FLT3-ITD was determined, including GSK-3α/β (S9/21), p-mTOR (S2448), p-rpS6 

(S240/244), p-4E-BP1 (S65), p-STAT5 (Y694), and p-ERK (T202/Y204). GSK-3α/β is an 

important component of the Wnt pathway and the PI3K/AKT pathway are entwined by AKT-

mediated phosphorylation of GSK-3α at S21 and phosphorylation of GSK-3β at S9 

(McCubrey et al., 2014). Phosphorylation of GSK-3α/β was unaffected by quizartinib, but 

upregulated by BAY-806946 (1.3-fold difference) respective to vehicle control; and this 

upregulation was also observed with combination treatment (1.2-fold difference) (Figure 

6.11). Although it was anticipated that combination treatment would exert enhanced 

inhibition of AKT (and thus phosphorylation of its downstream targets), upregulation of AKT 

target GSK-3α/β following combination treatment was in fact observed.  

mTOR activity was assessed by phosphorylation of its downstream targets 4E-BP1 (at S65) 

and p70S6K1 (at S240/244), of which the latter subsequently phosphorylates and activates 

rpS6 (Gingras et al., 1999; Hutchinson et al., 2011). mTOR is phosphorylated at S2448 by 

p70S6K as part of a feedback loop (Abraham and Eng, 2008; Holz and Blenis, 2005). Whilst 

quizartinib inhibited phosphorylation of rpS6 (0.9-fold difference) – but not BAY-806946; the 

effect observed following combination treatment was within the effect of either monotherapy 

(0.9-fold difference). Both BAY-806946 (0.9-fold difference) and quizartinib (0.8-fold 

difference) inhibited phosphorylation of 4E-BP1, but this effect was reversed by drug 

combination (1.0-fold difference). Combination treatment also upregulated phosphorylation 

levels of mTOR at S2488 (1.3-fold difference), which could be an indication of upregulation 

of p70S6K activity. Rebound activation of PI3K signaling was detected by phosphorylation of 

IRS-1 (S612) (Andreozzi et al., 2004). In spite of indications that PI3K/AKT/mTOR signaling 

is not effectively inhibited and some downstream effectors are in fact upregulated, 
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phosphorylation of IRS-1 at S612 was unaffected by either monotherapies or combination 

treatment. Activity of FLT3-ITD signaling was assessed by phosphorylation of STAT5 at 

Y694 and ERK at T202/Y204. Unexpectedly, quizartinib was unable to inhibit STAT5 (1.0-

fold difference) and combination treatment (1.5-fold difference) led to augmentation of p-

STAT5 respective to BAY-806946 monotherapy (1.4-fold difference). ERK activity was 

reduced with BAY-806946 (0.9-fold difference) – but interestingly not with quizartinib 

monotherapy or in combination. Besides activation status of PI3K/AKT/mTOR and FLT3-ITD, 

the expression of cleaved PARP, an apoptosis marker, was measured. Increased level of 

cleaved PARP was found with BAY-806946 (1.2-fold difference), but not with quizartinib; and 

although not statistically significant this effect was stronger with drug combination (1.44-fold 

difference; p>0.05; SD=2.5).  

In addition to RPPA analysis, activation status of FLT3-ITD and PI3K/AKT/mTOR 

downstream signaling was confirmed by intracellular staining, detected by flow cytometry. 

Downstream targets assessed included phosphorylated ERK, AKT and rpS6. Results show 

that although quizartinib (36.1%) and BAY-806946 (21.8%) inhibit p-ERK, the combination 

(25.9%) seems to reverse some of this inhibition seen with quizartinib (Figure 6.12). 

Combination treatment displayed weaker inhibition of ERK compared to quizartinib 

monotherapy (25.9%) A similar outcome was observed for p-AKT where BAY-806946 

induced 17.7% inhibition, quizartinib 25.1% and the combination 21.1% respective to vehicle 

control. With regards to rpS6, both BAY-806946 (76.6%) and quizartinib (44.7%) inhibited 

rpS6. While it was anticipated that the combination (56.0%) would further inhibit S6 

phosphorylation, in fact the level of inhibition of rpS6 was between that observed with either  

These results obtained by RPPA analysis and intracellular staining collectively suggest that 

simultaneous addition of the inhibitors does not further enhance pathway inhibition, but on 

the contrary may potentially reverse or antagonize signaling blockade, possibly by 

mechanisms involving STAT5 upregulation.  
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Figure 6.11 Combination of quizartinib and BAY-806946 elicits cleavage of PARP, but is unable 
to cooperatively inhibit PI3K/AKT/mTOR and FLT3-ITD signaling in FLT3-ITD AML primary 
patient cells co-cultured +stroma +PGF 

FLT3-ITD AML primary patient cells were cultured in the presence of stroma in serum-free expansion 
medium (SFEM) supplemented with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 
ng/mL). Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-806946 
(BAY) alone or in combination at the indicated concentration. After 24 hrs drug treatment, cells were 
stained with surface marker CD45 and CD45+ cells were collected by fluorescence-activated cell 
sorting (FACS). Cells were collected following 1 hr recovery in a cell incubator. The expression of the 
proteins indicated was analyzed by reverse phase protein array (RPPA). Box plots depict the fold 
change relative to vehicle control of 4 individual FLT3-ITD AML primary patients. Statistical 
significance was calculated by two-way ANOVA followed by Tukey’s multiple comparisons test.  
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Figure 6.12 Quizartinib and BAY-806946 inhibit PI3K/AKT/mTOR and FLT3-ITD signaling in FLT3-ITD AML primary patient cells but the combination 
does not act cooperatively at the level of inhibition of the phosphoprotein                                                                 

FLT3-ITD AML primary patient cells were cultured in the presence of stroma in serum-free expansion medium (SFEM) supplemented with physiological 
growth factors (PGF) (IL-3, G-CSF and TPO at 1 ng/mL). Following overnight co-culture, cells were treated with quizartinib (quiz) and BAY-806946 (BAY) 
alone or in combination at the indicated concentration. After 24 hrs drug treatment, cells were stained with surface marker CD45 and subsequently fixed and 
permeabilized. Protein expression of p-AKT [Serine 473 (S473)], p-rpS6 (S235/236) and p-ERK [Threonine 202/ Tyrosine 204 (T202/Y204)] was detected by 
intracellular flow cytometric analysis. Samples were gated on human CD45+ population. Box plots depict percentage of protein inhibition normalized to 
vehicle control of 5 individual FLT3-ITD AML primary patients. Statistical significance was calculated by one-way ANOVA (using Geisser-Greenhouse 
correction) followed by Tukey’s multiple comparisons test. 
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6.6 Combination treatment and/or addition of exogenous 
physiological growth factors alters the cytokine release profile of 
FLT3-ITD AML primary patient cells 
 

Molecules secreted by AML cells are considered to play a role in autocrine and paracrine 

regulation of AML growth and survival (Behrmann et al., 2018). Considering that co-culture 

with stromal cells and addition of exogenous PGF was shown to attenuate response to 

combination treatment in FLT3-ITD AML primary patient cells, it was investigated whether 

the media conditioned by AML cells is altered in cytokine secretion profile. Cells from nine 

primary patients and one PDX were co-cultured with MS-5 cells plus/minus PGF and treated 

for 48 hrs with BAY-806946 and quizartinib alone or in combination. In total, the 

concentration of 25 different cytokines was measured and the results are summarized in 

heatmaps (Figure 6.13-6.15) and in tables (Table 6.2 and 6.3).  

Of the cytokines chosen for study, only a small number of cytokines were detectable in the 

culture media using Luminex platform, which were: granulocyte-macrophage colony-

stimulating factor (GM-CSF) (2/9), IL-1β (7/9), IL-1RA (8/9), and IL-6 (2/9). Other cytokines 

were either below detection limit or <1 pg/mL. It should be noted that the cytokine levels 

were variable amongst patient samples, reflecting the heterogeneity of AML.  Results show 

that IL-RA levels are higher in co-cultured AML cells plus PGF (vehicle control: 132.8 pg/mL) 

respective to SFEM (vehicle control: 114.9 pg/mL) (Figure 6.13 & 6.14). Furthermore, IL-

1RA level following combination treatment was increased respective to vehicle control (in 

SFEM: 133.1 pg/mL; +PGF: 142.1 pg/mL). In particular sample AML005 showed striking 

levels of IL-1RA compared to the other evaluated patient samples (Figure 6.14; cross mark). 

With regards to IL-1β, secretion levels were reduced in the presence of PGF (vehicle control: 

0.7 pg/mL) compared to SFEM (vehicle control: 2 pg/mL), and following combination 

treatment; these levels were further reduced (in SFEM: 1.9 pg/mL; +PGF: 0.5 pg/mL). This 

effect was particularly pronounced with sample AML009 (Figure 6.14; square shape). A 

similar pattern was observed with GM-CSF and IL-6 where co-culture in the presence of 

PGF reduced cytokine levels respective to co-culture in SFEM. Interestingly, in SFEM, both 

BAY-806946 and quizartinib as monotherapy increased IL-6 levels respective to vehicle 

control (33.3 pg/mL (BAY), 30.7 pg/mL (quiz) versus 19.4 pg/mL (vehicle), which was further 

elevated with the drug combination (42 pg/mL). The opposite effect was observed in the 

presence of PGF where drug treatment decreased IL-6 levels, most strikingly with sample 

AML009 (Figure 6.14; square shape) Notably, the level of GM-CSF levels was only 
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measurable in samples AML006 and AML023 (Figure 6.14; diamond shape and plus sign, 

respectively). 

The cytokine secretion profile was also assessed in FLT3-ITD AML PDX cells co-cultured 

with/without MS-5 and plus/minus PGF following 48 hrs combination treatment. Three 

secreted cytokines were detectable: GM-CSF, IL-1β and IL-7. However, only marginal 

differences amongst culture conditions and drug treatments were observed, as the cytokine 

concentrations were relatively low (<1 pg/mL) (Figure 6.15).  
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Figure 6.13 Cytokine secretion levels in media harvested from FLT3-ITD AML primary patient 
cells co-cultured in +stroma or +stroma +PGF following combination treatment 

FLT3-ITD AML cells were cultured in the presence of stroma in serum-free expansion medium (SFEM) 
or SFEM supplemented with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 ng/mL). 
Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-806946 (BAY) 
alone or in combination at the indicated concentration in technical duplicates. After 48 hrs of drug 
treatment, supernatant was collected for detection and quantification of the indicated cytokines. Heat 
map represents the mean concentration (pg/mL) of the indicated cytokines measured in nine 
individual FLT3-ITD AML primary patients.  
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Figure 6.14 FLT3-ITD AML primary patient cells co-cultured with stromal cells display an 
altered cytokine secretion profile following combination treatment plus/minus exogenous 
physiological growth factors 

FLT3-ITD AML cells were cultured in the presence of stroma in serum-free expansion medium (SFEM) 
or SFEM supplemented with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 ng/mL). 
Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-806946 (BAY) 
alone or in combination at the indicated concentration in technical duplicates. After 48 hrs of drug 
treatment, supernatant was collected for detection and quantification of the indicated cytokines. Bars 
represents the mean concentration of the indicated cytokines measured in nine individual FLT3-ITD 
AML primary patients. Statistical analysis was performed by one-way ANOVA followed by Tukey’s 
multiple comparisons test. Cross mark= AML005, diamond shape= AML006, square shape= AML009, 
and plus sign= AML023.  
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Table 6.2 Cytokine secretion levels for nine FLT3-ITD AML primary patient cells co-cultured with stromal cells in serum-free expansion medium 
(SFEM) following combination treatment  

  
vehicle control  BAY-806946 Quizartinib Combination 

 

cytokine #N 
Range 

(pg/mL) 

Mean 
conc. 

(pg/mL) SD 
Range 

(pg/mL) 

Mean 
conc. 

(pg/mL) SD 
Range 

(pg/mL) 

Mean 
conc. 

(pg/mL) SD 
Range 

(pg/mL) 

Mean 
conc. 

(pg/mL) SD p-value  
GM-CSF 9 0–19.2 3.4 7.0 0–27.4 4.2 9.4 0–15.0 3.1 6.1 0–13.3 2.8 5.5 n.s. 

IFN-α 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IFN-γ 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-1α 9 0–0.1 0.0 0.0 0–0.2 0.1 0.1 0–0.2 0.1 0.1 0–0.2 0.1 0.1 n.s. 
IL-1β 9 0–7.2 2.0 2.4 0–7.0 1.9 2.4 0–9.1 2.1 2.9 0–8.7 1.9 2.7 n.s. 

IL-1RA 9 0–464.3 114.9 151.7 0–452.3 121.1 151.6 0–514.0 136.7 171.0 0–510.4 133.1 170.9 n.s. 
IL-2 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-4 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-5 9 0 0.0 0.0 0–0.1 0.1 0.3 0–0.9 0.1 0.3 0 0.0 0.0 n.s. 
IL-6 9 0–131.4 19.4 44.3 0–218.2 33.3 72.2 0–214.9 30.7 70.7 0–294.7 42.0 97.0 n.s. 
IL-7 9 0–0.5 0.2 0.2 0–0.5 0.2 0.2 0–0.6 0.2 0.2 0–0.5 0.2 0.2 n.s. 

IL-9 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-10 9 0–0.8 0.1 0.3 0–0.7 0.1 0.2 0–0.7 0.1 0.3 0–0.7 0.1 0.2 n.s. 

IL-12p70 9 0 0.0 0.0 0–0.1 0.0 0.0 0 0.0 0.0 0–0.1 0.0 0.0 n.s. 
IL-13 9 0 0.0 0.0 0–1.4 0.2 0.5 0–5.1 0.6 1.7 0–2.4 0.3 0.8 n.s. 
IL-15 9 0 0.2 0.2 0–0.1 0.0 0.0 0–0.3 0.1 0.1 0–0.2 0.0 0.1 n.s. 

IL-17A 
(CTLA-8) 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 

IL-18 9 0 0.0 0.0 0–3.8 0.4 1.3 0–5.3 0.6 1.8 0–3.2 0.4 1.1 n.s. 
IL-21 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-22 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 

IL-23 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-27 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-31 9 0–0.4 0.0 0.1 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 

TNF-α 9 0 0.0 0.0 0–1.2 0.1 0.4 0 0.0 0.0 0–1.8 0.2 0.6 n.s. 

TNF-β 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
LOD; limit of detection; n.s.; not significant; PGF; physiological growth factors; p-values (two-way ANOVA) for monotherapy with quizartinib versus 
combination therapy are represented in the right column.  
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Table 6.3 Cytokine secretion levels for nine FLT3-ITD AML primary patient cells co-cultured with stromal cells in the presence of exogenous 
physiological growth factors following combination treatment 

  
vehicle control  BAY-806946 Quizartinib Combination 

 

cytokine #N 
Range 

(pg/mL) 

Mean 
conc. 

(pg/mL) SD 
Range 

(pg/mL) 

Mean 
conc. 

(pg/mL) SD 
Range 

(pg/mL) 

Mean 
conc. 

(pg/mL) SD 
Range 

(pg/mL) 

Mean 
conc. 

(pg/mL) SD p-value  
GM-CSF 9 0–7.5 1.6 3.2 0–7.9 1.5 3.1 0–8.4 1.7 3.3 0–6.5 1.4 2.8 n.s. 

IFN-α 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IFN-γ 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-1α 9 0 0.0 0.0 0–0.1 0.0 0.0 0–0.1 0.0 0.0 0–0.1 0.0 0.0 n.s. 
IL-1β 9 0–1.9 0.7 0.7 0–2.9 0.6 0.9 0–2.9 0.9 1.0 0–2.6 0.5 0.9 n.s. 

IL-1RA 9 0–533.2 132.8 176.0 0–505.8 145.0 173.0 0–553.1 152.1 189.4 0–505.3 142.1 174.6 n.s. 
IL-2 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-4 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-5 9 0–0.9 0.1 0.3 0–1.3 0.1 0.4 0–0.9 0.1 0.3 0 0.0 0.0 n.s. 
IL-6 9 0–18.0 3.7 6.7 0–26.9 4.3 9.3 0–16.0 3.2 6.4 0–18.4 2.6 6.1 n.s. 
IL-7 9 0–0.3 0.1 0.1 0–0.4 0.2 0.2 0–0.4 0.2 0.2 0–0.4 0.2 0.2 n.s. 

IL-9 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-10 9 0–0.9 0.2 0.3 0–0.1 0.0 0.0 0–0.7 0.1 0.2 0–0.7 0.1 0.2 n.s. 

IL-12p70 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-13 9 0–1.2 0.1 0.4 0 0.0 0.0 0–2.2 0.2 0.7 0 0.0 0.0 n.s. 
IL-15 9 0–0.5 0.2 0.2 0–0.1 0.0 0.0 0–0.2 0.0 0.1 0 0.0 0.0 n.s. 

IL-17A 
(CTLA-8) 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 

IL-18 9 0–5.3 0.6 1.8 0 0.0 0.0 0–5.3 0.6 1.8 0–2.1 0.2 0.7 n.s. 
IL-21 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-22 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 

IL-23 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-27 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
IL-31 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 

TNF-α 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 

TNF-β 9 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 0 0.0 0.0 n.s. 
“0” indicates below limit of detection; n.s.; not significant; PGF; physiological growth factors; p-values (two-way ANOVA) for monotherapy with quizartinib 
versus combination therapy are represented in the right column.
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Figure 6.15 Cytokine secretion levels in FLT3-ITD AML PDX cells co-cultured in +PGF, +stroma, 
+stroma +PGF following combination treatment  

FLT3-ITD AML PDX cells were cultured alone or in the presence of stroma in serum-free expansion medium 
(SFEM) or SFEM supplemented with physiological growth factors (PGF) (IL-3, G-CSF and TPO at 1 ng/mL). 
Following overnight co-culture, cells were treated with quizartinib (Quiz) and BAY-806946 (BAY) alone or in 
combination at the indicated concentration in technical duplicates. After 48 hrs of drug treatment, 
supernatant was collected for detection and quantification of the indicated cytokines. Heat map represents 
the concentration (pg/mL) of the indicated cytokines measured in a single FLT3-ITD AML PDX sample. 
Sample 9.2h had a FLT3-ITD allelic ratio ±1 and was sensitive to quizartinib treatment in the presence of 
PGF but was insensitive in co-culture with stroma (+/- PGF).  
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6.7 Discussion 
 

The protective BM microenvironment is regarded as an important contributor to therapy failure in 

vivo therefore recapitulating the BM niche ex vivo holds great translational value. The most 

commonly used ex vivo approaches include suspension cultures, stromal 2D co-culture and 3D 

culture systems (Cucchi et al., 2020). Several studies have investigated optimal cytokine 

combinations that are known to regulate survival and expansion of hematopoietic stem cells based 

on the physiological function of the BM. In this research, the 2D co-culture system was adapted 

from a study by Griessinger et al. that described a niche-like culture method to maintain LSC ex 

vivo whilst promoting their self-renewal capacity as efficiently as in vivo assays (Griessinger et al., 

2014). This involved culturing AML on MS-5 stromal cells with the addition of a cytokine cocktail 

comprised of TPO, IL-3 and G-CSF.  

The aim of this chapter was to assess the efficacy of combination therapy consisting of quizartinib 

and BAY-806946 on FLT3-ITD AML primary patient cells in co-culture with MS-5 stromal cells and 

exogenous PGF.  

First, the FLT3-ITD mutational status of patient material was confirmed by PCR. It was shown that 

amongst patients a great variability of insertion size and band intensity (indicative of FLT3-ITD 

allelic ratio) is present. To not only detect but also quantify FLT3-ITD mutations, quantitative 

fragment analysis may be considered that could be correlated to individual patient drug response. 

The FLT3 mutant to wild-type allelic ratio, ITD length and FLT3-ITD insertion site have been 

reported to have prognostic importance in newly diagnosed AML. As such, a high allelic ratio and 

increasing insertion size was associated with shorter OS and disease-free survival (DFS) (Daver et 

al., 2019; Liu et al., 2019; Stirewalt et al., 2006). While the great majority (70%) of the ITD insertion 

is localized in the juxtamembrane domain (JMD), ITDs are also detected in the TKD1 (30%). 

Several studies have shown that ITDs in the TKD1 displayed chemoresistance and significant 

inferior outcome, as well as altered sensitivity to TKIs (Arreba-Tutusaus et al., 2016; Rücker et al., 

2021). A study by Liu et al., demonstrated that longer insertion size was associated with lower 

sensitivity to FLT3i including quizartinib in FLT3-ITD transduced 32D cell strains (Liu et al., 2019). 

Although a number of studies reported that high FLT3-ITD allelic ratio is associated with poorer 

prognosis, the impact of allelic burden remains controversial and further studies are needed to 

elucidate the prognostic value of allelic burden (Döhner et al., 2017; Linch et al., 2014; Yalniz et al., 

2019).   

Next, the ex vivo system was evaluated for its ability to support the survival of FLT3-ITD AML cells, 

and in parallel to determine the appropriate concentration of the inhibitors for combination 

treatment. From assessment of the efficacy of quizartinib on FLT3-ITD AML PDX cells cultured in 

+PGF, +stroma or +PGF +stroma, it was evident that AML primary cells have a better viability in 
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the presence of stroma and/or PGF. This is in agreement with previous studies that demonstrated 

that primary cells require stromal support for survival and that addition of physiological cytokines or 

growth factors are necessary to maintain AML blasts in ex vivo culture (Garrido et al., 2001; 

Rashidi and DiPersio, 2016; Villatoro et al., 2020).   

Xenotransplantation of human primary AML cells in immunodeficient animals is regarded as a 

critical platform for functional assessment of AML biology and to define drug-resistant LSC 

populations, making PDX models the best in vivo preclinical model (Almosailleakh and Schwaller, 

2019; Bonnet, 2017).  PDX AML cells resemble the primary sample to high extent since they 

possess similar disease heterogeneity and stability of molecular, genetic and epigenetic landscape. 

Here, PDX cells were used solely with the purpose of determining the optimal drug concentration 

for combination therapy, but it should be noted that the drug response observed using PDX cells 

might differ from ex vivo primary cells that haven’t been expanded in a murine host. While the PDX 

model holds great advantage, its use for AML research is limited by poor engraftment rate and 

time required to detect disease which can take up to six months (Hassan et al., 2020; Mambet et 

al., 2018). It should be considered that the murine BM niche might be different from that of the 

human BM niche, which may, in turn, be associated with a different drug response.   

After determining the appropriate drug concentrations to evaluate in combination, cell growth and 

viability following combination treatment was assessed. Results showed that combination 

treatment efficiently induced growth inhibition and apoptosis in AML cells cultured on MS-5, but 

this effect was attenuated by addition of the PGF cocktail. The combination results were 

significantly different from monotherapy, meaning that the drug combination potentially overcomes 

BM niche-induced protection. Indeed, the cells affected by combination treatment were likely 

leukemic cells as they were double positive for myeloid blast markers CD33 and CD38. It was 

expected that patient sample with a low FLT3-ITD allelic ratio would be more sensitive to drug 

treatment than samples with a high FLT3-ITD allelic ratio, however patient’s cells were responsive 

irrespective of a low allelic ratio. Interestingly, amongst the patient samples where either 

monotherapy or drug combination induced <25% apoptosis included samples AML023 and 

AML032 that have a 46,XX karyotype.  

In a number of patient samples, detectable CD34+CD38- populations were measured representing 

the ‘LSC-like’ population since AML LSC may also be CD34 negative (Kreso and Dick, 2014). 

Although there was no statistically significant difference due to variable drug response amongst 

patient samples, there seems to be a trend towards increased apoptosis following combination 

therapy in the CD34+CD38- cell fraction respective to monotherapy. This may suggest that the 

combination treatment effectively targets LSC but more accurate functional assays are required to 

identify LSC. Several methodologies that have been studied to monitor LSC activity include long-
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term culture initiating cell (LTC-IC) assay, xenotransplantation assays, and clonal tracking from 

single-cell transcriptomics (Griessinger et al., 2016; Velten et al., 2021; Zhou and Chng, 2014).   

Besides assessing whether combination treatment potentially targets AML LSC-like cells, the 

specificity of the inhibitors was determined by evaluating the drug combination on PBMC from a 

healthy donor and non-AML cells. Whilst the drug combination had little effect on the viability of 

PBMC from a healthy donor, the drug treatment induced growth inhibition and apoptosis in the 

CD45+ fraction of non-AML cells. This was not surprising as the PI3K/AKT/mTOR pathway has 

also an active role in normal cellular processes, so this effect might still be on-target but not 

specific for AML. In the non-AML sample, cytotoxicity following combination treatment was also 

assessed in the CD34+CD38- fraction that is not considered to be part of the cancer clone. 

Although combination treatment induced cytotoxicity in the CD34+CD38- fraction of non-AML cells 

co-cultured on stroma in SFEM, this effect was attenuated in PGF. Thus, in a culture condition 

more closely mimicking the BM niche, the drug combination was only marginally apoptotic.  

Drug-related toxicities is a major obstacle in the clinical development of PI3Ki as the 

PI3K/AKT/mTOR signaling pathway plays also a critical for normal HSC function. Toxicity from 

PI3Ki depends on their isoform specificity. As such, pan-PI3K and dual PI3Ki have a broader 

toxicity profile than isoform-specific PI3Ki (Hanker et al., 2019). Another challenge with PI3Ki is 

rebound pathway activity caused by negative feedback mechanisms. These negative feedback 

loops include upregulation of RTK, STAT5, MAPK/ERK signaling (Nepstad et al., 2020; S. Park et 

al., 2010; Wander et al., 2014). To investigate whether combination of quizartinib with BAY-806946 

can surpass rebound signaling, phosphoproteomic analysis was performed that may identify 

persistent targets.  

RPPA analysis showed that BAY-806946 and quizartinib as monotherapy was unable to effectively 

block PI3K/AKT/mTOR and FLT3-ITD AML signaling and that drug combination potentially has an 

antagonistic effect. Similar findings were observed with intracellular staining where combination 

therapy reversed the signaling inhibitory effect of monotherapy. Surprisingly, although 

PI3K/AKT/mTOR reactivation was shown, IRS-1 phosphorylation level at S612 was not 

upregulated, indicative of reactivation of PI3K/AKT/mTOR. It may be worth investigating other 

PI3K/mTOR-binding residues on IRS-1 such as S270, or it is possible that PI3K/AKT/mTOR 

reactivation occurred through mechanisms independent of IRS-1 (Zhang et al., 2008). One well-

known mechanism of resistance to PI3K/AKT/mTORi is the JAK2/STAT5-mediated positive 

feedback loop that was circumvented by JAK2/STAT5 inhibition in solid cancers (Britschgi et al., 

2012; Choudhary et al., 2007; Dumas et al., 2019).. Indeed, it was observed that combination 

treatment caused upregulation of p-STAT5 at Y694, which may be promoted by exogenous 

addition of IL-3, G-CSF and TPO, known to activate JAK2/STAT5 (Bacon et al., 1995; Dong et al., 

1998; Sung et al., 2019). In an ex vivo FLT3-ITD AML model sustained STAT5 phosphorylation 
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was shown in quizartinib-treated cells, which consequently upregulated AXL expression (Dumas et 

al., 2019). AXL is a RTK that belongs to the Tyro3-Axl-Mer (TAM) receptor family and is known to 

activate PI3K/AKT/mTOR in AML. AXL has been recognized to mediate drug resistance in several 

types of cancers, including FLT3-ITD AML, and has gained increasing interest as a putative 

therapeutic target (Dumas et al., 2019; Liu et al., 2021; Park et al., 2015). There is ongoing clinical 

research combining AXLi-directed therapies like the multikinase inhibitor, gilteritinib with other 

targeted therapies and/or chemotherapy in relapsed or refractory FLT3-ITD AML (Levis and Perl, 

2020; Perl et al., 2019). Inefficient blockage of FLT3-ITD signaling was confirmed not only by p-

STAT5 but also by p-ERK.  

To confirm that combination treatment triggers apoptosis, cleaved PARP expression was 

determined. In line with results obtained by flow cytometry, combination treatment caused a trend 

toward increased expression of cleaved PARP. A great addition to these results would be the 

expression profile of other proteins involved cell death such as the BH3-only Bcl-2 family proteins 

to understand the mechanism by which combination treatment synergistically induces apoptosis. 

The activation status of the PI3K/AKT/mTOR and FLT3-ITD signaling was confirmed by 

intracellular staining. Indeed, it was demonstrated that combination treatment does not further 

enhance blockade of the FLT3-ITD and PI3K/AKT/mTOR signaling pathways, but may even 

counteract pathway inhibition, possibly by antagonism. And yet the drug combination acts 

synergistically for biological outcomes. These results collectively imply that an alternative strategy 

is needed to achieve effective and sustained PI3K/AKT/mTOR and FLT3-ITD AML signaling. Such 

a putative strategy to achieve complete and sustained pathway blockade as well as to reduce 

drug-related toxicity include intermittent treatment schedules (Hanker et al., 2019). However, it 

should be noted that the best timing and optimal dosing for this assessment is not clear and 

requires further investigation.  

In addition to the phosphoproteomic profile, it was assessed whether combination treatment on 

FLT3-ITD AML primary cells ex vivo alters the cytokine release profile. Conditioned media (SFEM 

versus PGF) was evaluated for released cytokines, but unexpectedly relative low concentrations 

were detected and these levels were variable amongst patient samples. Assessment on a larger 

subset of patient samples and using a broader panel of soluble factors (e.g. chemokines, growth 

factors and proteases) may obtain a more complex release profile that could identify a subset of 

patients with a signature mediator release profile. Investigation of the constitutive release of 24 

cytokines identified drug-related and/or culture condition-related alteration of cytokine release for 

IL-1RA, IL1-β, IL-6 and GM-CSF.  

Over the recent years, a number of comprehensive studies have reported pro-inflammatory and 

anti-inflammatory cytokines that exert profound effects on the progression of AML (Chakraborty et 

al., 2021; Kiyatkin et al., 2006; Sanchez-Correa et al., 2013). Deregulation of the release of 
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inflammatory cytokines is believed to promote such an environment that promotes leukemic cell 

proliferation, survival and drug-resistance. As such, in a number of studies it has been 

demonstrated that AML patients constitutively express cytokines including IL-1, IL-6, IL-8, GM-CSF, 

G-CSF, tumor necrosis factor α (TNF-α), and SCF, which is thought to stimulate AML cell growth 

(Carey et al., 2017; Hoang et al., 1989; Kassem et al., 2018; Sanchez-Correa et al., 2013). In a 

report by Brenner et al., hierarchical clustering was able to subclassify patients based on their 

constitutive cytokine release profile, which could be associated with overall survival after intensive 

anti-leukemic therapy (Brenner et al., 2017b). The biological role of the highlighted cytokines from 

the cytokine release analysis in normal hematopoiesis and AML pathology is discussed in short 

below.  

The IL-1 family plays a central role in the regulation of inflammatory and innate immune responses 

as well as hematopoiesis. IL-1β is the best characterized of the IL-1 family and is secreted by 

various cell types of the immune system including monocytes and macrophages (Netea et al., 

2009). High expression of IL-1β has been reported in hematological malignancies including AML 

where its expression was associated with poor patient prognosis and resistant of AML cells to 

apoptosis (Grauers Wiktorin et al., 2021; Turzanski et al., 2004; Wang et al., 2020).  IL-1β has 

been ascribed a profound role in expansion of myeloid progenitors, whilst paradoxically 

suppressing the growth of normal progenitors (Carey et al., 2017). The mechanism by which IL-1 

promoted cell growth involved elevated p38MAPK phosphorylation and secretion of other 

inflammatory cytokines and growth factors such as GM-CSF. IL-1β (as well as TNF-α) is reported 

to potentially promote inflammation by canonical activation of the transcription factor NF-κB that 

has a critical role in the development of AML (Xu et al., 2009; Zhou et al., 2015). Further research 

has revealed that AML blasts secrete IL-1β and TNF-α to promote adhesion to the vascular 

endothelium that may have relevant implications for metastasis and tissue infiltration by leukemic 

blasts (Stucki et al., 2001). Body of evidence highlighted the therapeutic value of targeting IL-1β in 

AML, using for example IL-1 receptor antagonist (IL-RA), which negatively regulates IL-1β 

signaling (Arranz et al., 2017). IL-1RA, another member of the IL-1 family, is an endogenous 

antagonist of IL-1β and negatively modulates the effects of IL-1β by competitive binding to IL-1R 

(Schreuder et al., 1997). In the context of AML, patients with high levels of IL-1RA and low levels 

of IL-1β had reduced risk of leukemic relapse (Grauers Wiktorin et al., 2021).   

GM-CSF is a hematopoietic growth factor that promotes the growth, differentiation, and function of 

myeloid progenitors and generation of dendritic cells (Egea et al., 2010; Fleetwood et al., 2005). It 

can be produced by a various cell types, including T cells, macrophages, epithelial cells, and 

endothelial cells in response to proinflammatory stimuli, such as IL-3, IL-6, and TNF-α (Shi et al., 

2006). GM-CSF can stimulate the proliferation of leukemic blasts, thereby driving malignant cells 

into cell cycle. A number of studies have attempted to evaluate GM-CSF concomitant or sequential 
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with S-phase specific chemotherapeutics such as cytarabine, with the idea that it may sensitize 

leukemic blasts to chemotherapy-induced cytotoxicity, and thus reduce relapse rate. There are 

indications that priming with GM-CSF might improve survival and treatment responses of 

previously untreated AML patients (Büchner et al., 1993; Feng et al., 2018; Rossi et al., 2002).  

Pro-inflammatory cytokine IL-6 has pleiotropic functions in immunity, tissue regeneration, and 

metabolism. Produced mainly by T-cells, monocytes and macrophages; IL-6 expression is induced 

by inflammatory stimuli like IL-1β and TNF-α (Confalone et al., 2010). Further, IL-6 has a 

prominent role in hematopoiesis, as it is involved in the survival, self-renewal, or both of 

hematopoietic stem cells and early progenitors (Bernad et al., 1994). In the context of AML, IL-6 

may act as a co-stimulator to enhance CSF-induced clonogenicity of AML blast cells (Beauchemin 

et al., 1991; Sugiyama et al., 1996). A prognostic significance of IL-6 production in AML blasts has 

been addressed where high levels of IL-6 was associated with higher percentage of blasts in the 

peripheral blood and BM; and inferior event-free survival (Stevens et al., 2017; Thomas et al., 

1997).  

Considering that IL-1β, IL-6, and GM-CSF are reported to promote growth of AML cells, it would be 

expected that secretion levels of these cytokines would be higher in the presence of PGF – in 

which cells were shown to be more viable, with respect to AML culture in SFEM. Furthermore, 

since enhanced growth inhibition following combination therapy was demonstrated in both SFEM 

and PGF, it was anticipated that combination treatment would reduce IL-1β, IL-6, and GM-CSF 

levels respective to either monotherapies. However, opposite effects were observed. As such, 

cytokine secretion analysis revealed that addition of PGF to culture media of FLT3-ITD AML cells 

co-cultured with stroma decreased basal levels of IL-1β, IL-6, and GM-CSF respective to co-

culture in SFEM, whilst a relative small increase was observed for IL-1RA. These alterations were 

however observed only in a couple of patients’ cells, reflecting the heterogeneity of the disease.  

IL-1β and IL-6 levels were most pronounced in sample AML009 cultured in SFEM, which was 

sensitive to either monotherapies and drug combination. Highest levels of IL-1RA were observed in 

sample AML005, which was the most sensitive to either monotherapy, and where the combination 

therapy had the most pronounced cytotoxic effect. Since IL-1RA antagonizes the binding of IL-1β 

to its receptor, increased levels of IL-1RA was expected following drug treatment. This was 

however only true for BAY-806946 treatment. GM-CSF was detected only in samples AML006 and 

AML023, of which AML006 was sensitive and AML023 was insensitive to combination treatment. 

Although not statistically significant, there seems to be a trend towards decreased GM-CSF levels 

following combination treatment in both culture conditions, which is in line with the expected results. 

Cytokines are known to activate a plethora of signaling cascades such as NF-κB, p38MAPK, and 

PI3K/AKT/mTOR signaling (Carey et al., 2017; Hayden and Ghosh, 2014; Kim et al., 2019; Sabio 

and Davis, 2014). Thus, elucidating the cytokine profile of FLT3-ITD AML patient cells may identify 
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subgroups of patients that are predicted to be sensitive or resistant to targeted therapies. However, 

not only should the sample size be increased to unravel such signatures, functional assays are 

required to confirm these findings. For instance, in addition to measuring the constitutive secretion, 

expression of these cytokines in FLT3-ITD AML cells could be determined by qPCR and the 

activity of particular cytokines could be studied by assessing the colony-formation ability of AML 

cells.  

In this work, only a handful of patient samples were selected carrying the FLT3-ITD mutation but 

as expected the drug response observed was not uniform amongst patient samples. In order to 

correlate drug response to patient characteristics (e.g., gender and age) and disease 

characteristics (e.g., previous treatment, mutational profile, diagnosis) a larger set of patient 

samples should be evaluated. Other aspects to consider include improvement of the ex vivo 

culture model and in vivo testing. Co-culture with stromal layer and addition of PGF is one step 

closer to resembling BM niche conditions, but in reality this microenvironment is far more complex 

and other component should be considered to further optimize the ex vivo model to better predict 

clinical response. More advanced ex vivo models include 3D culture models using hydrogels or 

scaffold and co-culture with mesenchymal stromal cells and endothelial cells to mimic the vascular 

niche (Bray et al., 2017; Dhami et al., 2016). Also the effects of hypoxia on cell culture have been 

addressed. As such, drug responses of primary AML cells co-culture on MS-5 with exogenous 

growth factors IL-3, G-CSF and TPO in hypoxic condition (3% O2) was comparable to in vivo drug 

response in mice (Griessinger et al., 2014).  

In conclusion, it has been demonstrated ex vivo that BAY-806946 has potential to enhance the 

efficacy of quizartinib on FLT3-ITD AML cells. Combination treatment effectively induced 

cytotoxicity in FLT3-ITD AML leukemic cells and possibly in LSC. However, both inhibitors alone 

and in combination induced cytotoxicity in the bulk CD45+ cells of non-AML cells, but that was only 

marginal in the CD34+CD38- cell fraction. Concomitant targeting of FLT3-ITD and 

PI3K/AKT/mTOR failed to sustain pathway blockade, leading to rebound signaling, which may be 

circumvented by intermitted treatment schedules. Finally, combination treatment and/or exogenous 

PGF altered the cytokine release profile, which may be a useful tool to subclassify patients that are 

predicted to be responsive to targeted therapies.  
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Chapter 7: Thesis summary and future directions 
 
This study investigated whether combination with PI3K/AKT/mTORi may potentiate the efficacy of 

FLT3i in FLT3-ITD AML in a pre-clinical setting. Further to this, validate whether this combination is 

worthy of translation into the clinic. To this end, first, phenotypic characterization of FLT3-ITD 

versus FLT3 wildtype AML cell lines following FLT3i or PI3K/AKT/mTORi was performed. Inhibitors 

tested included selective and potent FLT3i quizartinib, which is currently under clinical investigation 

in combination with chemotherapy and/or targeted therapies such as Bcl-2 inhibitor (e.g. 

venetoclax, NCT03735875), or hypomethylating agents (e.g. azacitidine; NCT01892371). The 

evaluated PI3Ki included BAY-806946 and PF-04691502. BAY-806946 is a pan-PI3Ki with potent 

p110α and p110δ activities that has been widely explored for the treatment of B-cell malignancies 

(Krause et al., 2018). PF-04691502 is a dual pan-PI3K/mTORi that has shown promising anti-

tumor activity in solid cancers harboring a PIK3CA mutation, but clinical investigation for the 

treatment of recurrent endometrial cancer was terminated due to lack of clinical beneficial 

response (Fang et al., 2013) (NCT01420081).  

 

It has been demonstrated that quizartinib induced cell growth inhibition, mainly though G1 cell 

cycle arrest and these anti-leukemic effects were selective for FLT3-ITD AML. BAY-806946 and 

PF-04691502 also induced growth inhibition irrespective of FLT3 status, yet it seemed that FLT3-

ITD AML cell lines were more sensitive to PI3Ki. This is in agreement with a recent report by the 

Marmiroli lab, which revealed that PI3K/AKT/mTORi display greater anti-leukemic effects in FLT3-

ITD AML in vitro (Darici et al., 2021). Further, inhibition of PI3K/AKT/mTOR by either BAY-806946 

or PF-04691502 was only moderately cytotoxic, instead rather cytostatic. This is also in line with 

existing literature, underscoring the importance of combination treatment strategies to potentiate 

cytotoxicity (Okkenhaug et al., 2016). In the FLT3-ITD AML cell line, MOLM-13, constitutively 

active MAPK and PI3K/AKT/mTOR signaling was inhibited at the protein expression level by either 

monotherapies. Based on these observations, the efficacy of combination treatment consisting of 

quizartinib with BAY-806946 or PF-04691502 in FLT3-ITD AML cell lines was next evaluated.  

 

Combination of quizartinib with either BAY-806946 or PF-04691502 synergistically inhibited cell 

growth, and induced enhanced cytostatic and cytotoxic effects in MOLM-13 cells. Since 

combination treatment enhanced anti-leukemic effects, it was hypothesized that combination 

treatment would exert stronger inhibition of FLT3-ITD and PI3K/AKT/mTOR signaling. Whilst 

combination treatment potentiated inhibition of mTOR, sustained up to 24 hrs, reactivation of AKT 

and ERK was shown. To uncover persistent protein targets, RPPA analysis was performed, which 

not only confirmed inefficient blockage of FLT3-ITD and PI3K/AKT/mTOR signaling, but also 

indicated upregulation of IRS-1 and STAT5. These findings suggest that concomitant inhibition of 
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FLT3-ITD and PI3K/AKT/mTOR exerts enhanced biological response, but fails to avoid negative 

feedback mechanisms causing pathway reactivation. Modifying the treatment regimen by 

sequential drug administration may be more efficient to sustain pathway inhibition. Downstream of 

FLT3-ITD signaling, STAT5 is known to be involved in resistance to chemotherapy and 

PI3K/AKT/mTOR inhibition. Combination of TKIs have shown to be effective in suppressing 

downstream effectors of FLT3-ITD, including STAT5 and MAPK ex vivo (Dumas et al., 2019; Patel 

et al., 2020).  Therefore, a TKI combination or dual TK inhibitor such as midostaurin and gilteritinib 

could be explored in combination with PI3Ki to overcome STAT5-mediated drug resistance. Other 

targeted therapies such as Bcl-2 inhibitors or PARP inhibitors may also be considered as they 

have been shown to abrogate STAT5 activation in FLT3-ITD AML (Dellomo et al., 2022; Zhu et al., 

2021). 

 

The efficacy of the drug combination was then assessed ex vivo using human FLT3-ITD AML 

primary patient cells, elevating this research in a more clinically relevant setting. To more closely 

mimic BM niche conditions, primary cells were co-cultured with stromal cells plus/minus 

exogenous PGF. FLT3-ITD AML PDX cells were shown to have a better viability in the presence of 

supporting stroma and/or physiological growth factors, and were protected against FLT3 inhibition. 

These findings confirm the protective effect of the BM niche (Parmar et al., 2011; Patel et al., 2020; 

Yang et al., 2014, p. 3). Evaluation of combination treatment (consisting of BAY-806946 and 

quizartinib) on FLT3-ITD AML primary cells cultured with stroma exerted synergistic growth 

inhibition and apoptosis. Although still enhanced respective to either monotherapies, this effect 

was attenuated with PGF. The affected cells were indeed leukemic as they were double positive 

for myeloid markers CD33 and CD38. These results demonstrate that BAY-806946 potentiated the 

efficacy of quizartinib and was able to overcome stromal protection.  

More importantly, it was assessed whether the combination treatment specifically targeted AML 

LSC, whilst sparing the CD34+CD38- fraction of normal cells. AML LSC represents a rare cell 

population, which was only measurable in three patient samples. Combination treatment showed a 

trend towards increased cytotoxicity in the stem cell-like CD34+CD38- cell fraction, however a 

larger sample size and more accurate assays to detect LSC activity (e.g., LTC-IC) should be 

considered in future experiments to confirm this. The drug combination was evaluated on PBMC 

from a healthy donor and non-AML patient as an indication of a potential therapeutic window. 

Whilst the drug combination exerted negligible cytotoxicity in PBMC, relatively small induction of 

cytotoxicity was observed in the CD34+CD38- fraction of non-AML cells. This effect was mainly 

caused by BAY-806946 rather than quizartinib, and was abrogated in the presence of PGF. It was 

not surprising that BAY-806946 had such an effect on non-AML cells as the PI3K/AKT/mTOR 

signaling pathway is also active in normal hematopoiesis.  
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In cell line work, it came to light that although combination treatment enhanced drug-induced 

cytotoxicity, persistent proteins were upregulated that may relate to PI3K/AKT/mTOR and FLT3-

ITD pathway reactivation.  To this end, pathway activation status and phosphoproteomic analysis 

by RPPA was assessed on FLT3-ITD AML primary cells co-cultured with stroma plus PGF. 

Comparable with cell line work, following 24 hrs drug treatment sustained inhibition of mTOR, but 

reactivation of ERK and AKT was found. In addition, upregulation of STAT5 was detected; 

underscoring that further optimization of this combined targeted treatment strategy is needed in 

future experiments before moving on to in vivo testing.  

 

In the final part of this thesis work, it was investigated whether combination treatment and/or 

culture with PGF alters the cytokine secretion profile of FLT3-ITD AML primary cells. The 

constitutive release of 25 cytokines was determined of FLT3-ITD AML primary cells (n=9) co-

cultured with stroma plus/minus PGF following combination treatment. Only four cytokines were 

above detection limit: GM-CSF (2/9), IL-1β (7/9), IL-1RA (8/9), and IL-6 (2/9). This was surprising 

considering that relative higher levels of these cytokines and others were detected in related 

studies (Brenner et al., 2017b; Kornblau et al., 2010; Reikvam et al., 2019).  A wide variation for 

each individual cytokine was measured, reflecting the patient heterogeneity. Since GM-CSF, IL-1β, 

and IL-6 have a stimulatory role on AML cell growth, proliferation, differentiation and survival it was 

expected that secretion levels of these cytokines would be higher with PGF and consequently 

reduced following drug treatment. This would support the enhanced cytotoxicity observed following 

combination treatment.  Paradoxically, addition of PGF decreased basal levels of IL-1β, IL-6, and 

GM-CSF respective to co-culture in SFEM. Combination treatment was shown to only reduce 

secretion of GM-CSF. Since cytokines are known to activate various signaling cascades, cytokine-

based stratification may be predictive of patient responsiveness to drug treatment. However, based 

on the observed discrepancies between biological outcome (i.e. drug-induced cytotoxicity) and 

cytokine release profile, further studies are required to identify such a cytokine signature. First of 

all, a larger subset of patients should be evaluated since a wide variation for each released 

cytokine was found amongst patient samples. Subsequently, upon elucidating putative cytokines, 

functional studies are required to confirm the pro-inflammatory role of cytokines in FLT3-ITD AML.  

 

In summary, it has been demonstrated that PI3Ki can potentiate the efficacy of FLT3i in FLT3-ITD 

AML. Using an ex vivo model to mimic BM niche conditions consisting of co-culture with stroma 

and PGF, it has been shown that the drug combination overcomes stromal protection and induces 

enhanced cytotoxicity. Furthermore, there are indications that the drug treatment may eradicate 

AML LSC whilst moderately affecting normal cells that require PI3K/AKT/mTOR activity for normal 

cellular function. A major drawback of concomitant targeting of PI3K/AKT/mTOR and FLT3-ITD 

was the occurrence of pathway reactivation that might be avoided by optimizing the treatment 
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schedule or addition of targeted therapies. RPPA and the secreted cytokine assay have shown to 

be useful tools to elucidate persistent proteins or cytokines. The activation status of additional 

protein kinases and released cytokines may provide further insight into the FLT3-ITD AML cell 

responsiveness to combination treatment. This might create new avenues for understanding the 

mechanism of action of synergy or drug resistance, and potentially predict responsiveness of 

FLT3-ITD AML patient cells.  
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