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Abstract 
Leukaemia is a life-threatening disease driven by excessive activation of growth and 

survival signalling pathways in haematopoietic progenitor and stem cells. FMS-like 

tyrosine kinase 3 (FLT3) signalling is one such pathway, with commonly found 

mutations conferring overactive signalling. FLT3 internal tandem duplication (ITD) 

mutations drive constitutive activation of the receptor and are one of the most frequent 

mutations found in acute myeloid leukaemia (AML). Furthermore, c-Cbl RING finger 

and linker domain mutations, or mixed lineage leukaemia (MLL) fusions, lead to 

enhanced wild type (WT) FLT3 signalling, and are commonly found in chronic/juvenile 

myelomonocytic leukaemia or MLL patients respectively. Prominence of FLT3 

signalling in leukaemia has led to the generation of many small molecule inhibitors 

against FLT3, however the ability of these compounds to effectively treat leukaemia has 

not been fully characterised. 

 

AC220, or quizartinib, is a second-generation FLT3 inhibitor that possesses the most 

favourable pharmacokinetic and pharmacodynamic properties of current FLT3 

inhibitors. AC220 is being investigated in phase II clinical trials for the treatment of 

FLT3-ITD+ AML after demonstrating success in pre-clinical and phase I studies. 

Furthermore, it has been identified that AC220 is an effective treatment for a 

myeloproliferative disease (MPD) driven by enhanced WT FLT3 signalling in a mouse 

expressing a c-Cbl RING finger domain mutation, i.e. the c-CblA/- mouse. However, the 

mechanistic effect AC220 exerts upon the haematopoietic progenitor cells responsible 

for disease development remains unknown. The predominant aim of this thesis was to 

gain insight into the consequences of AC220 exposure upon haematopoiesis in 

leukaemic and WT mouse models. 

 

The dosing of c-CblA/- mice with AC220 caused a rapid reduction of the markedly 

expanded multipotent progenitor (MPP) population. This occurred as a result of a 

transient induction of quiescence in the MPPs, an effect AC220 instigated over the first 

four days of dosing. Interestingly, after 8 days of dosing the quiescence was reversed 

and the remaining MPPs became highly proliferative due to an induction of FLT3 

ligand (FL). The FL-induced proliferative response prevented further loss of MPPs, and 

likely prevented haematopoietic failure. The quiescence induced by AC220 in c-CblA/- 
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MPPs was also evident in WT mice, implicating WT FLT3 signalling as a key driver of 

MPP proliferation.  

 

The transient quiescence induced by AC220 was employed to protect WT MPPs from 

cytotoxic killing by 5-fluorouracil (5-FU). A single priming dose of AC220, 6-12 hours 

prior to a 5-FU injection, was sufficient to increase the survival of MPPs 10-fold. 

Protection of the MPPs by AC220 enabled the haematopoietic system to recover from 

multiple rounds of 5-FU injections, thereby preventing the development of lethal 

myelosuppression. Thus, the findings from this thesis have identified a potential way to 

protect cancer patients from chemotherapy-induced myelosuppression, one of the most 

severe side effects of chemotherapy.  

 

AC220 dosing was also examined in a mutant mouse model of FLT3-ITD MPD and, 

surprisingly, it was found that the MPP population was not induced into quiescence. 

This was later explained by an AC220 resistance-conferring mutation in FLT3 in this 

mouse. Yet, despite the presence of this mutation, AC220 exerted beneficial effects 

upon the WBC counts of FLT3-ITD mice, and this was attributed to the secondary 

inhibitory actions of AC220 upon c-Kit. Furthermore, it was found that a xenograft 

mouse model of human MLL-AF9 driven leukaemia could not be effectively treated 

with AC220, providing some clarification that FLT3 signalling may not be a major 

driver of MLL. 

 

As demonstrated in initial studies with WT and CblA/- mice, a high level of FL is a 

significant barrier to effective inhibition with FLT3 inhibitors such as AC220. Further 

examination of this phenomenon was carried out using FLKO (FLT3 Ligand Knock 

Out):WT chimaeric mice and it was identified that a non-haematopoietic compartment 

is the predominant producer of AC220-induced FL. Future research into the specific 

signalling pathways that promote FL production is warranted as this could ultimately 

identify targets to enhance the effectiveness of FLT3 inhibitors. 

 

Finally, in another avenue of investigation, the role of c-Cbl in regulating FLT3-ITD 

was studied by crossing c-CblA/- and FLT3-ITD mice. c-Cbl has been well characterised 

as an E3 ubiquitin ligase that downregulates WT FLT3, but its role as a negative 

regulator of FLT3-ITD is unclear. The double mutant mice developed a rapidly fatal 

myeloid leukaemia, suggesting strong co-operation between the two mutations. 
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However, there was no evidence for direct regulation of c-Cbl upon FLT3-ITD from 

protein or signalling assays. In fact it was determined that FLT3-ITD signalling 

independently cooperated with c-Cbl RING finger mutant-driven activation of WT 

tyrosine kinases, such as c-Kit, to generate the aggressive myeloid leukaemia. This 

study highlighted that FLT3-ITD protein can escape the negative regulation of c-Cbl. 

Additionally, these findings illuminate the importance of c-Cbl’s negative regulation of 

WT tyrosine kinase signalling in suppressing the development of myeloid leukaemia in 

a FLT3-ITD mouse model. 
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Chapter 1.  Introduction 
 

1.1 Haematopoiesis 

Haematopoiesis refers to the formation of all the various types of blood cells present in 

the bone marrow and blood. The process involves a high turnover, with approximately 

1012 blood cells required each day due to short cellular half-lives (neutrophils 6 hours, 

platelets 5 days, erythrocytes 3 months). Ultimately, the production of all blood cells 

originates from a pool of haematopoietic stem cells (HSCs). These HSCs are relatively 

rare (1 in every 20 million bone marrow [BM] cells) but have the ability to self renew 

and differentiate into a range of downstream progenitors. The production of blood cells 

from the HSC population is highly regulated through various cytokines and growth 

factors produced by cells within haematopoietic BM niches. 

 

Haematopoiesis is thought to follow a hierarchical model, with highly quiescent long 

term (LT-) HSCs proving to be the foundation of the haematopoietic tree (Figure 1.1A). 

It is believed that only a few of these cells are actively contributing to haematopoiesis at 

a single time, with the majority of the cells remaining quiescent in highly protected 

endosteal or perivascular niches (Morrison and Spradling, 2008). In fact, in mice more 

than 90% of LT-HSCs are quiescent at any one time. Following toxic insult or 

haematopoietic shock, the LT-HSCs are driven into activity to help reconstitute the 

damaged haematopoietic system. This leads to the differentiation into short term (ST-) 

HSCs and multipotent progenitors (MPPs), which are the active pluripotent cells that 

are the main drivers of steady state haematopoiesis (Busch et al., 2015; Sun et al., 

2014). Although ST-HSCs and MPPs can reconstitute all lineages they lack the ability 

of long-term reconstitution. In fact, it has been demonstrated that a single LT-HSC can 

reconstitute an entire murine haematopoietic system following transplantation, and this 

can be repeated for multiple transplantations (Osawa et al., 1996; Spangrude et al., 

1995). On the other hand, ST-HSC and MPPs only display short-term haematopoietic 

reconstitution (Kiel et al., 2005). 

 

The unique surface molecular signatures expressed by HSCs facilitate their 

identification with modern scientific protocols. Using flow cytometry, LT-HSCs are 

recognised to reside in the Lineage-, c-Kit+ and Sca-1+ (LSK) compartment of the BM 
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and can be discriminated using SLAM markers such as CD48 and CD150 (Reynaud et 

al., 2011) in the mouse. Thus LT-HSCs are enriched in the LSK CD48- CD150+ 

compartment of the BM. ST-HSCs and MPPs are also found within the LSK population 

and are defined by CD48- CD150- and CD48+ CD150- expression respectively (Figure 

1.1B). Additional markers are also employed to further discriminate HSC populations, 

and these include FLT3, CD34, EPCR, rhodamine, CD229, CD244 and CD41 (Kent et 

al., 2009; Miyawaki et al., 2015; Oguro et al., 2013; Wilson et al., 2008). The recent 

advances in antibody fluorophores and multi-panel flow cytometry have permitted a 

high-powered identification of the haematopoietic stem and progenitor cell hierarchy. 

 

Typically, the MPP population is a poorly defined subset of the LSK compartment 

(most commonly, CD48- CD150+ FLT3+ LSK cells), centred on the ability of the cells 

to reconstitute all lineages of the blood but unable to maintain reconstitution in the long-

term. However, recent evidence suggests that the MPPs have already acquired a certain 

degree of lineage commitment and there exists multiple subsets of lymphoid, myeloid 

or erythroid primed MPPs (MPP2-MPP4) (Figure 1.1A). HSCs independently produce 

the MPP subsets, with production changing under conditions of stress and regeneration 

towards an overall myeloid-biased output. Furthermore, the MPP subsets themselves 

can be reprogrammed to enhance the production of myeloid cells (Pietras et al., 2015). 

Thus, the haematopoietic system is likely more flexible than the currently accepted 

hierarchical model of differentiation. 

 

Following lineage commitment at the MPP level, there is a range of downstream 

differentiation pathways that lead to terminally differentiated blood cells. For example, 

the production of granulocytes involves common myeloid progenitors (CMPs) 

differentiating into granulocyte macrophage progenitors (GMPs), and then further 

through committed granulocyte progenitors eventually reaching mature granulocytes 

(Figure 1.1A). Control of these differentiation pathways occurs via the production of 

cytokines and growth factors from the bone marrow environment. 

 

1.2 Role of FLT3 signalling in haematopoiesis 

FMS-like tyrosine kinase 3 (FLT3), also known as foetal liver tyrosine kinase 2 (Flk2) 

or CD135, is a member of the class III receptor tyrosine kinase family that also includes 

c-Kit, PDGF receptor and CSF-1 receptor. The FLT3 gene is located on chromosome 
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Figure 1.1. Haematopoietic tree and antigen expression of HSCs.  
(A) A schematic of haematopoiesis displaying the hierarchical differentiation pathways, 
from the most immature LT-HSCs to fully functional blood cells; modified from 
(Naveiras et al., 2009). Recent investigations have encouraged the reclassification of the 
MPP subset into MPP2/MPP3/MPP4, which demonstrate bias in differentiation 
potential (Pietras et al., 2015). (B) The surface antigen expression of key 
haematopoietic progenitor cell populations, which enable detection using flow 
cytometry. 
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13q12, covering approximately 96 kb with 24 exons, and when fully translated and 

glycosylated has a molecular weight of 155-160 kDa (Agnes et al., 1994; Rosnet et al., 

1991). The structure consists of four main regions i) a heavily glycosylated N-terminal 

extracellular region involved in binding of FLT3 ligand (FL) and dimerization; ii) a 

transmembrane domain; iii) a juxtamembrane domain, and iv) an intracellular C-

terminal domain with two kinase domains. (Figure 1.2) 

 

Expression of FLT3 is limited to haematopoietic MPPs, immature progenitors from the 

myeloid and lymphoid lineage, dendritic cells (DCs) and DC progenitors. In vivo FLT3 

stimulation leads to a profound expansion of the DC compartment, emphasising the 

importance of the receptor in DC development (Karsunky et al., 2003). There is also 

evidence for FLT3 expression on nerves and neuronal progenitor cells isolated from the 

brain. There is an indication that neuronal FLT3 acts as an adjunct trophic factor, which, 

conversely to the haematopoietic system, does not independently promote proliferation 

of these cells (Brazel et al., 2001; deLapeyriere et al., 1995).  

 

FL is the endogenous activator of FLT3 and exists in both soluble and membrane bound 

forms. FL is expressed in a broad variety of tissues including lung, liver, prostate and 

blood-forming organs (spleen, bone marrow and thymus). The wide expression of FL 

contrasts to the limited expression of FLT3, suggesting that the limiting factor for 

tissue-specificity of FLT3 activation is receptor expression itself rather than FL 

production. FL and FLT3 knockout mice exhibit profound perturbations in 

haematopoietic progenitor and DC populations, highlighting the importance of FLT3 

signalling in controlling DC development. However, these mice possess a normal 

lifespan emphasising the redundancy of FLT3 signalling for essential haematopoiesis 

(Mackarehtschian et al., 1995; McKenna et al., 2000). 

 

FLT3 is activated by its endogenous ligand, FL, which mediates receptor dimerization 

and activation of downstream effectors. The juxtamembrane domain is integral for 

maintaining the inactive conformation of the receptor by forming a wedge structure, 

which stabilises the rest of the molecule (Griffith et al., 2004). Activation of FLT3 leads 

to autophosphorylation of key juxtamembrane residues facilitating a conformational 

change that deconstructs the wedge structure and exposes the tyrosine kinase domains 

for phosphorylation. Following FLT3 autophosphorylation many signalling cascades 

initiate, with the dominant pathways being the phosphatidylinositol-3-kinase (PI3K) and 



  Introduction 

  5 

 
 
 
 
 
 
 

 
 
 
Figure 1.2. FLT3 protein structure. 
FLT3 is a membrane bound RTK, which consists of 4 key domains (extracellular, 
transmembrane, juxtamembrane and intracellular). Locations of common, clinically 
relevant mutations are illustrated in red. 
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RAS pathways (Grafone et al., 2012). The activation of RAS occurs via the interactions 

of adaptor proteins such as GRB2 via its SH2 domains. Signalling via the PI3K arm is 

regulated by interactions between FLT3 and SHC adaptor proteins, SHIP proteins or the 

SLAP/c-CBL complex (Kazi and Ronnstrand, 2012; Marchetto et al., 1999; Zhang et 

al., 1999). Overall, activation of FLT3 leads to the generation of many pro-survival and 

proliferation signals via PI3K and RAS pathways (Figure 1.3A). 

 

FLT3 is rapidly internalised following activation and subsequently degraded in 

lysosomes. Targeting of activated FLT3 for degradation predominantly occurs through 

the action of the E3 ubiquitin ligase c-CBL (Sargin et al., 2007). Activation of FLT3 

results in the phosphorylation of c-CBL, which in turn activates its E3 ligase activity 

leading to receptor ubiquitination and degradation. Another ubiquitin ligase implicated 

in FLT3 targeting for degradation is SIAH1 (Buchwald et al., 2010).  

 

Wild type (WT) FLT3 signalling is strongly implicated in a large array of 

haematopoietic diseases, with 70-100% of AMLs found to involve high expression of 

FLT3 (Carow et al., 1996; Rosnet et al., 1996). In addition, mutations in FLT3 that 

drive constitutive activation are common and are associated with haematopoietic 

neoplasms, e.g. FLT3 internal tandem duplication mutations in acute myeloid 

leukaemia.  

 

1.3 Acute myeloid leukaemia 

Defects in haematopoiesis cause dysregulation of blood cell production, leading to 

conditions such as anaemia, neutropenia and leukaemia. Leukaemia is a life threatening 

disease characterised by an overproduction of white blood cells (WBCs). It is estimated 

1.5% of people will be diagnosed with leukaemia over their lifetime (Howlader et al., 

2015). Classification of leukaemia is based upon the blood lineages involved and the 

genetic abnormalities driving the disease. 

 

Acute myeloid leukaemia (AML) is a severe haematological malignancy characterised 

by an overproduction of myeloid lineage cells with a distinct block in myeloid 

differentiation the presence of greater than 20% blasts in the bone marrow or blood 

(Vardiman et al., 2009). AML is associated with massive tumour burden and often leads 

to a suppression of other blood developmental pathways with patients displaying 
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anaemia, thrombocytopenia and leukopenia. Hence, AML patients are often diagnosed 

in a medical emergency with symptoms of bone marrow failure. 

 

AML is a rare form of cancer (~1% of cases) and most prevalently occurs in adults, 

with 4 per 100,000 adults diagnosed annually in the U.S (Yamamoto and Goodman, 

2008). The incidence for AML has slightly increased over the past 30 years (from 3.42 

to 4.52 per 100 000 per annum) and typically is higher in men than women. Survival is 

poor following AML diagnosis with only 25-35% of patients surviving for 5 years 

(Howlader et al., 2015). Furthermore, age greatly affects survival, with those under 40 

displaying a 5-year survival of 66% compared to those over 70 displaying only 2.5% 

(Zhao and Prosselkova, 2012). 

 

Typically, AML is classified according to the cytogenetic lesions that are present at the 

initial diagnosis. Normal karyotype AML typically exert intermediate prognosis when 

compared to the very poor prognosis associated with monosomy 5, monosomy 7 and 

large chromosomal rearrangements (Mrozek et al., 2001). Within the normal karyotype 

group, there are many molecular mutations that modify the prognosis. The four main 

genes used to help stratify normal karyotype AML patients into favourable or 

unfavourable categories for treatment are CEBPA, NPM1, FLT3 and KIT. NPM1 or 

biallelic CEBPA mutations improve the prognosis, whereas FLT3 or KIT mutations 

worsen the prognosis (Yohe, 2015).	  

	  

1.3.1 Mutant FLT3 driven AML 

The most common mutations that occur within FLT3 are an Internal Tandem 

Duplication (ITD) in the juxtamembrane domain or a point mutation in the tyrosine 

kinase domain (TKD) (Figure 1.2). Both confer constitutive activation of the receptor, 

however only the FLT3-ITD mutation is associated with poorer prognosis. Overall it is 

estimated that approximately 25% of AMLs contain a FLT3-ITD mutation making it the 

second most common genetic lesion in normal karyotype AML after NPM1 mutations 

(Ofran and Rowe, 2013). 

 

Patients possessing an FLT3-ITD mutation often lose heterozygosity of the FLT3 gene, 

leading to two alleles of the FLT3-ITD mutation, an event that is believed to be late in 

disease development (Stirewalt et al., 2014). It has been identified in animal studies that 

there is a profound gene dosage effect of the FLT3-ITD mutation, with WT FLT3 
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exerting a suppressive effect upon disease development (Kharazi et al., 2011). However, 

it has not been clarified whether loss of heterozygosity (LOH) corresponds to poorer 

outcome in patients. The only evidence supporting this idea is that patients with higher 

FLT3-ITD allelic ratios (i.e., patients likely to harbour LOH) are associated with higher 

relapse rates (Schnittger et al., 2011). 

 

Furthermore, FLT3-ITD mutations encompass a range of different sizes, varying from a 

few base pairs to over 1000 (Schnittger et al., 2012c). A correlation between the size of 

the duplication and prognosis remains under debate (Meshinchi et al., 2008; Ponziani et 

al., 2006; Stirewalt et al., 2006). It seems likely that as long as the mutation alters 

receptor conformation to induce constitutive activation the disease will be promoted.  

 

FLT3-ITD mutations disrupt an autoinhibitory function of the juxtamembrane domain 

leading to a constitutively active receptor. The mutant receptor is retained in the 

endoplasmic reticulum or Golgi transport chain, rather than migrating to the plasma 

membrane like WT FLT3 (Koch et al., 2008; Schmidt-Arras et al., 2005). The 

misfolding and premature activation of FLT3-ITD shortly after synthesis prevents the 

correct glycosylation of the receptor. It is thought that both incorrect glycosylation and 

premature activation (and binding of downstream effectors) prevents interactions with 

key shuttling proteins, thus the receptor fails to reach the plasma membrane (Schmidt-

Arras et al., 2005). Furthermore, due to this aberrant localisation and glycosylation, it is 

currently under debate whether effective ubiquitination and degradation of FLT3-ITD 

by c-CBL and SIAH1 can occur (Buchwald et al., 2010; Oshikawa et al., 2011; Sargin 

et al., 2007). 

 

The importance of FL in perpetuating FLT3-ITD disease remains conflicted. It would 

be anticipated that FL/FLT3-ITD interactions would be unlikely due to the ER retention 

of the receptor. However, in vitro studies have identified that elevated concentrations of 

FL increase the levels of phosphorylated FLT3-ITD and lead to a requirement for higher 

concentrations of FLT3 inhibitors to suppress this phosphorylation (Sato et al., 2011; 

Zheng et al., 2011). Furthermore, two studies using FLT3-ITD murine models crossed 

to FLKO mice have identified contrasting effects upon MPD development (Bailey et al., 

2013; Kharazi et al., 2011). Thus, it appears possible that FL and FLT3-ITD can interact 

but further studies are required to clarify the specifics of this phenomenon.  
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1.3.1.1 FLT3-ITD signalling 

The signalling pathways activated by FLT3-ITD differ to that of WT FLT3 (Figure 1.3 

A and B). A well-characterised downstream pathway activated by FLT3-ITD (and not 

WT FLT3) is the STAT5 pathway (Mizuki et al., 2000; Spiekermann et al., 2003). It has 

been demonstrated that STAT5 activation by FLT3-ITD only occurs when it is retained 

in the ER (Choudhary et al., 2009), and is dependent upon the phosphorylation of two 

key tyrosine residues Y589/591 located in the juxtamembrane domain (Rocnik et al., 

2006). The exact mechanism by which ER-retained FLT3-ITD phosphorylates STAT5 

remains under debate. It is has been postulated that activation of STAT5 can occur 

through a direct interaction with FLT3-ITD, but may also be facilitated by other 

signalling mediators including Gab2, SRC and LYN proteins (Choudhary et al., 2007; 

Leischner et al., 2012; Masson et al., 2009; Okamoto et al., 2007).  

 

In addition to STAT5 signalling, the FLT3-ITD protein has been reported to activate 

WT FLT3 signalling pathways of PI3K and RAS (Brandts et al., 2005; Mizuki et al., 

2000) (Figure 1.3B). Arguably, this is dependent upon the cellular localisation of the 

FLT3-ITD receptor (Choudhary et al., 2009). It is thought that the combination of 

constitutive activation along with an expanded repertoire of downstream signalling 

pathways makes FLT3-ITD a powerful transforming mutation. Despite this, it is 

established that the FLT3-ITD mutation is a late stage cytogenetic lesion and, from 

studies in animal models, does not cause AML by itself (Jan et al., 2011; Lee et al., 

2007). It has been identified that cooperating mutations are essential for the 

establishment of AML in this model, and have also been identified in human patients. 

This includes mutations in the transcription factors CBF, CEPBA and HOXD13; the 

histone methyltransferase MLL; the demethylation facilitating enzyme TET2; the 

multifunction protein chaperone NPM1; and the metabolic enzyme IDH2 (Greenblatt et 

al., 2012; Kats et al., 2014; Kim et al., 2008; Mupo et al., 2013; Reckzeh et al., 2012; 

Shih et al., 2015; Stubbs et al., 2008).  

 

1.4 Role of FLT3 in other types of leukaemia 

1.4.1 Mixed Lineage Leukaemia 

Mixed Lineage Leukaemia (MLL) is a unique type of leukaemia in which patients 

exhibit a translocation in chromosome 11 causing a truncation/fusion of the MLL gene. 
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Figure 1.3. Schematic of WT and mutant FLT3 signalling. 
(A) WT FLT3 signals by the PI3-K and RAS pathways via interactions with SHP1/2, 
SHC, the c-CBL/SLAP complex or Grb2. (B) FLT3-ITD is aberrantly retained at the 
endoplasmic reticulum (ER) and arguably signals via similar PI3-K/RAS pathways as 
well as STAT5. STAT5 is activated either directly by FLT3-ITD or through interactions 
with SRC, Gab2 or LYN proteins. 
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MLL is most common in newborns and resembles an acute leukaemia (MLL accounts 

for~80% of newborn acute leukaemia). Despite the common resemblance to AML or 

acute lymphoblastic leukaemia (ALL), MLL causes the expression of a unique 

combination of genes and is classed as a separate subtype of acute leukaemia. 

 

The signalling pathways involved in driving MLL are complex. It is established that the 

MLL gene fusions that occur (e.g. MLL-AF9, MLL-ENL) are powerful transcription 

factors and drive the expression of many genes, including MEIS1 and the HOXA cluster 

genes (most importantly HOXA9) (Armstrong et al., 2002; Eguchi et al., 2003). The 

transcriptional cascade that is mediated by MEIS1 and HOXA involves increased 

expression and/or activity of numerous targets, including Wnt/β-catenin, Trib2, FLT3 

and Ccl3 (Argiropoulos et al., 2008; Armstrong et al., 2002; Wang et al., 2010). In 

particular, excessive FLT3 expression is well documented in MLL leukaemias, but the 

importance of FLT3 signalling in propagating disease remains under debate (Gwin et 

al., 2010; Wang et al., 2006).  

 

MLL-fusion leukaemia cells have demonstrated sensitivity to FLT3 inhibition (with 

PKC412 and CEP-701) when grown in vitro (Brown et al., 2005; Stam et al., 2005). 

However, it is possible that other receptor tyrosine kinases (RTKs) were inhibited due 

to the poor selectivity of these inhibitors. Furthermore, in vivo studies have provided 

mixed results regarding the importance of FLT3 signalling. A study involving a murine 

model of MLL-AF9 leukaemia with sh-RNA knockdown identified an important role of 

FLT3 signalling in disease development (Jiang et al., 2012). In contrast, HSCs from 

FLT3 knockout mice transfected with MLL-AF9, and transplanted into recipient mice, 

recapitulated a similar leukaemia to that of mice repopulated with WT HSCs transfected 

with MLL-AF9 (Kamezaki et al., 2014). Additionally, the FLT3 inhibitor PKC412 

proved ineffective at preventing murine MLL-AF9-induced leukaemia (Stubbs et al., 

2008). The role of FLT3 signalling in MLL leukaemia development needs to be 

clarified through further in vivo studies and clinical trials of second-generation FLT3 

inhibitors. 

 

1.4.2 c-CBL  

c-CBL (Casitas B-cell lymphoma), the cellular homolog of the v-Cbl oncogene, is a 

RING-finger based E3 ubiquitin ligase which regulates the signalling of many receptor 
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tyrosine kinases (RTKs) (Langdon et al., 1989; Thien and Langdon, 2005b). It is 

ubiquitously expressed, but is found at highest concentrations in haematopoietic cells 

and testes. The predominant and evolutionary conserved function of c-CBL is to 

ubiquitinate activated RTKs and target them for degradation (Levkowitz et al., 1999; 

Yoon et al., 1995). This involves an essential interaction of E2-ubiquitin conjugating 

enzymes (including UbcH7, UBC5, UBC5b/c) with c-CBL’s RING-finger/linker 

domains (Figure 1.4A). This complex facilitates the mono- or poly-ubiquitination of the 

receptor, leading to modification of receptor function or targeting for 

lysosomal/proteasomal degradation respectively. 

 

c-CBL also possesses a secondary function as a multi-domain adaptor protein. Upon 

binding to the activated RTK, c-CBL itself is phosphorylated on key tyrosine residues, 

including Y700, Y731 and Y774. This permits binding of SH2-containing signalling 

molecules, including the p85 regulatory unit of PI3K, Vav and CrkL, and this 

propagates additional downstream signals. Realisation of the profound dual 

functionality of c-CBL came about from studying mutations in the RING finger or 

linker domains, which ablate the negative regulatory (ubiquitination) function but 

enhance its ability to activate the PI3K and RAS pathways (Thien et al., 2005; Thien 

and Langdon, 1997). This switches c-CBL from a predominantly negative regulator of 

signalling into a strong positive facilitator of signalling (Figure 1.4B). Thus, it is not 

surprising that c-CBL RING finger/linker mutations have been described in a range of 

neoplasms, including brain, blood and lung cancers (Grand et al., 2009; Seong et al., 

2015; Tan et al., 2010). 

 

Mutations in c-CBL have been described in 5-20% of patients within the WHO 

classification of myelodysplastic syndrome (MDS) or 

myelodysplastic/myeloproliferative neoplasm (MDS/MPN) (Dunbar et al., 2008; Loh et 

al., 2009). The MDS/MPN category includes patients with juvenile myelomonocytic 

leukaemia, chronic myelomonocytic leukaemia and atypical chronic myeloid 

leukaemia. New treatments are required to treat these diseases as there is no 

standardised therapy, and patients have poor prognosis. Furthermore, c-CBL mutations 

have been identified in AML, infant childhood lymphoblastic leukaemia and childhood-

therapy related leukaemia. Typically, mutations are located in the RING-finger or linker 

domains (Figure 1.5), implicating the loss of c-CBL’s E3 ligase activity as the biggest 

driver of disease. 
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Figure 1.4. Functions of c-CBL as an E3-ubiquitin ligase and adaptor. 
(A) WT c-CBL is a predominant negative regulator of RTK signalling (e.g FLT3 
signalling). Primarily, it ubiquitinates an activated receptor through essential 
interactions with an E2 conjugating enzyme and c-CBL’s RING finger and linker 
domains. This marks the receptor for degradation, thus terminating receptor signalling. 
Secondly, c-CBL drives its own signalling pathways after phosphorylation of key 
tyrosine residues, including Y731. (B) Linker or RING-finger mutations in c-CBL 
prevent the interaction with E2 conjugating enzymes, thus abolishing c-CBL’s E3 
ubiquitin ligase activity. Signalling through c-CBL’s tyrosine residues continues 
unhampered. This leads to sustained cell signalling and ultimately disease development.
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It has been identified that oncogenic forms of c-CBL enhance WT FLT3 signalling in 

haematopoietic cells and ascertain a mechanism of leukaemic transformation (Reindl et 

al., 2009; Sargin et al., 2007). This was clarified in murine studies which confirmed that 

dysregulated WT FLT3 signalling in c-CBL RING finger mutant mice was driving the 

development of a myeloproliferative disease MPD (Rathinam et al., 2010). Thus, FLT3 

was deemed to be a potential target for treating c-CBL driven leukaemia.  

 

1.5 Mouse models of FLT3 driven leukaemia 

Murine models have become a mainstay preclinical tool for understanding disease 

development and investigating novel treatment protocols. In the field of leukaemia, 

mouse models initially involved retroviral transfection of HSCs and transplantation into 

healthy donors in an attempt to recapitulate disease. However, the use of exogenous 

promoters (namely the viral promoters in these transplant models) was unlikely to 

accurately reproduce the distribution, timing and levels of expression of the mutant 

proteins seen in leukaemia (Ren, 2004). More recently, advances in gene altering 

technologies have facilitated the development of mouse models with conditional or 

complete gene modifications driven by the endogenous promoter. In particular, a 

number of murine models of leukaemia exist which involve FLT3 signalling in disease 

propagation (summarised in Table 1.1, with the mice used in this thesis highlighted with 

*). 

 

1.5.1 FLT3-ITD mouse models 

Originally, investigation of FLT3-ITD in murine models involved transplantation of 

HSCs that expressFLT3-ITD constructs driven by retroviral or vav promoters (Kelly et 

al., 2002; Lee et al., 2005). More recently, the Gilliland and Small laboratories 

independently developed two ‘knock-in’ murine models of FLT3-ITD, containing either 

a 7 or 18 bp duplication respectively (Lee et al., 2007; Li et al., 2008). Both mouse 

models develop a mild MPD with perturbations in the proportions of peripheral blood 

lineages. In particular, these mice displayed expansions in myeloid and dendritic 

populations, and losses of B-lymphoid cells. Furthermore, it has been identified that 

loss of the WT FLT3 allele perpetuates MPD development in the FLT3-ITD murine 

models (Kharazi et al., 2011), which correlates well with the negative prognosis 

associated with a high FLT3-ITD allelic ratio in human patients (Schnittger et al., 

2011). 
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Table 1.1. Mouse models of perturbed FLT3 signalling. 
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Bone marrow characterisation of FLT3-ITD mutant mice identifies a gross expansion of 

the MPPs, which are the cells believed to be driving disease development (Chu et al., 

2012). In vivo treatment of FLT3-ITD mice with the FLT3 inhibitor sorafenib reverses 

the expansion of the MPPs reducing MPD disease burden (Chu et al., 2012). 

Furthermore, ex vivo treatment of BM cells with another FLT3 inhibitor, lestaurtinib, 

greatly reduced the colony forming potential of FLT3-ITD progenitor cells (Kharazi et 

al., 2011). Thus, FLT3-ITD murine models provide a powerful preclinical tool to 

investigate FLT3-ITD driven leukaemia. 

 

As this thesis was nearing completion, it was discovered that the Gilliland FLT3-ITD 

mouse model contained an additional mutation in FLT3 with a F691L substitution 

(Dovey et al., 2016) (Figure 1.2). This mutation has been documented to confer 

resistance to many FLT3 inhibitors (including AC220) in humans (Albers et al., 2013; 

Smith et al., 2012; Smith et al., 2015b) (For more details of the F691L mutation, see 

section 1.6.3.2). Thus, the presence of this resistance-conferring mutation prevents 

investigation into the mechanistic actions of FLT3 inhibitor treatment in this model. 

However, it does provide a platform to investigate new therapies for this clinically 

relevant mutation. 

 

1.5.2 c-Cbl mouse models of myeloproliferative disease 

There currently exists five different c-Cbl mutant mice: a) c-Cbl knockout mice 

(Murphy et al., 1998; Naramura et al., 1998); b) a loss-of-function mutation in the 

tyrosine kinase binding domain at G304E (Thien et al., 2003); c) a Y731F substitution 

which prevents the binding of p85 and activation of PI3K by c-Cbl (Molero et al., 

2006); d) a substitution in the RING-finger domain at C379A that abolishes the E3 

ligase activity of c-Cbl (Thien et al., 2005); and e) a conditional substitution in the 

linker domain at Q365P (Nakata et al., 2014). The c-Cbl mutant mice that develop the 

most profound myeloproliferative diseases are the RING-finger and linker domain 

mutants. Furthermore, these murine mutations reflect common substitutions found at 

C381 and Q367 in juvenile and chronic myelomonocytic leukaemia (JMML/CMML) 

patients (see Figure 1.5).  
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Figure 1.5. The c-CBL E3-ubiquitin ligase: Protein domains and mutations 
in human MPDs. 
Diagram of the c-CBL protein domains outlining the tyrosine kinase binding (TKB), 
linker (L), RING finger, proline-rich and ubiquitin-associated (UBA) domains. Also 
highlighted are the tyrosine residues that propagate downstream signalling pathways 
(Y700, Y731 and Y774), as well as the 4 helical bundle (4H), EF hand, and SH2 
domain within the TKB domain. The linker and RING finger domains are shown in 
more detail to illustrate the location of some of the reported mutations from patients 
with MPDs (black triangles). The red dots reflect the residues which form the linker 
alpha helix and the * highlights the residue that is mutated in the c-CBL RING finger 
mutant mouse. 
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The C379A RING-finger mutant mouse was originally described for a unique thymic 

phenotype (Thien et al., 2005), but was later identified to develop a severe 

myeloproliferative disease (Rathinam et al., 2010). Homozygous RING finger 

mutations were embryonically lethal, whereas heterozygous mice (termed c-CblA/+) did 

not display a significant phenotype. Hence, c-CblA/+ mice were bred with c-Cbl KO 

mice to generate hemizygous mutant c-Cbl offspring (termed c-CblA/-). Importantly, the 

c-CblA/- mouse only expressed the mutant protein, albeit, at lower than normal levels, 

and displayed a profound phenotype. In fact, the disease phenotype was markedly more 

severe in the c-CblA/- mouse than in the c-Cbl KO mouse, indicating a positive role of 

the defective c-Cbl protein in leukaemogenesis (Rathinam et al., 2010). 

 

The c-CblA/- mouse initially develops an MPD, which later develops into a lethal 

myeloid leukaemia (with average survival of ~ 1 year) (Rathinam et al., 2010). The 

disease is characterised by significantly elevated WBC counts, with an increase in the 

proportion of myeloid cells, gross splenomegaly and an extensive infiltration of 

monocytes into peripheral organs. An additional hallmark of these mice was the 

expansion of FLT3+ MPPs and the dependence of FLT3 signalling for disease 

development (Rathinam et al., 2010). 

 

1.5.3 MLL xenograft mouse model 

Xenograft mouse models of leukaemia have improved over the last 10 years due to 

advancements in the development of immunocompromised mice used as hosts (Shultz 

et al., 2007). Originally, mice containing the Prkdcscid mutation (protein kinase, DNA 

activated, catalytic polypeptide; severe combined immunodeficiency, i.e. SCID mice) 

were described to permit partial transplantation of human haematopoietic tissues due to 

the severe loss of mouse T and B cells (Bosma et al., 1983; Mosier et al., 1988). 

However, the SCID mutation impaired DNA repair, and consequently, these mice were 

highly radiosensitive (Fulop and Phillips, 1990). Targeted knockout of the 

recombination-activating gene 1 (Rag1) also prevented development of lymphoid cells 

without enhancing radiosensitivity, thus was deemed a more viable model. However, 

both the SCID and Rag1-/- mice were limited in their use for transplantation studies by 

the presence of innate immune cells, namely natural killer (NK) cells. 
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Crossing the SCID/Rag mutations onto the non-obese diabetic (NOD) background, 

generating the NOD-SCID mouse (NS) and NOD-Rag-/- (NR), led to further 

improvements in transplantation efficacy due to lower baseline levels of NK cells 

(Christianson et al., 1996). More recently, deletion of the interleukin-2-receptor (IL-2R) 

γ-chain, plus humanisation of stem cell factor (SCF), granulocyte-macrophage colony 

stimulating factor (GM-CSF) and IL-3 in the NS and NR mice (generating NSGS and 

NRGS mice respectively) has permitted the greatest efficiency in xenotransplantation 

(Feuring-Buske et al., 2003; Ito et al., 2002; Nicolini et al., 2004; Wunderlich et al., 

2010). Humanisation of FL has not been investigated in this mouse model because it is 

likely unnecessary due to the high similarity (72% identical amino acid sequence 

between mouse and human) and cross-reactivity between human and mouse FL (Lyman 

et al., 1994). Humanisation of mouse growth factors in the NS/NR mice has facilitated 

the successful transplantation of human AML/MLL, a notoriously difficult disease to 

graft.  

 

The NSGS/NRGS mouse model has been used to successfully recapitulate a range of 

human AML, MDS and pre-leukaemia via transplantation with transfected human 

CD34+ cord blood cells. This includes AML-ETO and MLL-AF9 transfected cells, or 

primary patient leukaemic samples, and has already provided a useful model to 

investigate novel therapies (Agerstam et al., 2015; Goyama et al., 2015; Rhyasen et al., 

2014; Wei et al., 2008). The NSGS/NRGS model of human MLL-AF9 leukaemia 

provides a valuable tool to clarify the role of FLT3 signalling in disease development 

and was investigated within this thesis. 

 

1.6 Treatment of FLT3-driven leukaemia 

1.6.1 Chemotherapy 

Chemotherapy is the mainstream treatment for cancer, which relies upon the 

administration of cytotoxic agents to destroy the tumour cells. The use of chemotherapy 

as a treatment for cancer can be traced back 60 years, to when nitrogen mustard was 

initially used to treat a non-Hodgkin’s lymphoma patient (Gilman, 1963). Over time, 

the development of chemotherapy protocols were modified based, initially on empirical 

observations, and more recently upon an increased understanding of tumour biology. 

This has involved a vast expansion in the arsenal of cytotoxic agents used, as well as in 

the combination and timing of agent administration. Optimisation of chemotherapy for 
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treatment of cancer has progressed slowly, and still today possesses limitations 

associated with tumour resistance and negative side effects.  

 

The treatment of leukaemia, in particular AML, has remained largely unchanged over 

the last 40 years. Despite numerous experimental studies and clinical trials, the most 

common AML treatment regimen involves the “7+3” protocol, originally established in 

the early 1980’s (Rai et al., 1981; Yates et al., 1982).  The “7+3” protocol involves 7 

days of continuous infusion of cytarabine (Ara-C) concurrently with 3 days of an 

anthracycline (usually daunorubicin or idarubicin). It is commonly referred to as 

induction chemotherapy as it induces the production of many haematopoietic growth 

factors, including FL and thrombopoietin, which help sensitise the leukaemia cells to 

the cytotoxic drugs (Bojko et al., 2002; Bruserud et al., 2001; Wodnar-Filipowicz et al., 

1996). The early studies identified complete response rates ranging between 50% and 

70% with induction chemotherapy. Modifications to this dosing schedule examined in 

clinical trials have demonstrated limited or no improvements in overall survival. This 

has included the addition of other agents, such as etoposide or fludarabine, or 

substitutions of the anthracycline with topotecan or fludarabine (Bishop et al., 1990; 

Estey et al., 1999; Kantarjian et al., 2006). Despite the unchanged chemotherapy 

protocol, long-term survival of AML patients has increased from 25% in the 1980’s to 

35% in the 2000’s (Kantarjian et al., 2008). This is due to the improvements in 

prophylactic and supportive treatments (e.g. antibiotics and growth factor therapy) 

rather than improvements in the chemotherapy protocol itself (Othus et al., 2014). 

 

Due to the poor response rate of AML patients to standard induction chemotherapy 

(especially older patients), preference is now often given to enrolling the patient in 

clinical trials investigating new treatment regimes or new agents. Furthermore, 

allogeneic haematopoietic stem cell transplantation following intensive chemotherapy 

has become increasingly common as a treatment option. An example of recent global 

guidelines for the treatment of older patients is displayed in Figure 1.6 (Ossenkoppele 

and Lowenberg, 2015). 

 

1.6.1.1 Chemotherapy-induced myelosuppression 

Chemotherapy is associated with a number of detrimental side effects attributed to the 

lack of selectivity of cytotoxic agents for cancer cells. Cytotoxic agents typically act by 
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Figure 1.6. Algorithm for the treatment of older patients with AML. 
Personalisation of therapy, through cytogenetic testing and enrolment in tailored clinical 
trials, is becoming a priority for AML treatment. Figure modified from (Ossenkoppele 
and Lowenberg, 2015). 
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interrupting processes important for proliferation, e.g. DNA synthesis or mitotic spindle 

formation. Thus, highly active or proliferative cells are destroyed, including non-

neoplastic cells, leading to undesirable side effects including gastrointestinal 

complications from destruction of intestinal epithelium, infertility and 

myelosuppression. 

 

Myelosuppression refers to the loss of circulating blood cells as a result of impairment 

or destruction of the bone marrow. This is the most common limiting side effect of 

chemotherapy, and can prevent the patient receiving the necessary dose of cytotoxic 

drugs to effectively combat the cancer. Common symptoms of chemotherapy-induced 

myelosuppression include fatigue from anaemia, bleeding or bruising from 

thrombocytopenia and infections from neutropenia. 

 

1.6.1.2 Treatment of chemotherapy induced myelosuppression 

There are very few treatments for combatting myelosuppression, with administration of 

less myelosuppressive cytotoxic agents often being the preferred option (however this is 

not always possible, especially in the case of leukaemia where the cancerous cells are 

within the haematopoietic system). Blood and platelet transfusion are administered in 

extreme cases of chemotherapy-induced anaemia or thrombocytopenia, but if complete 

myeloablation is evident then a bone marrow transplant is required (Groopman and Itri, 

1999). Growth factor injection, in particular G-CSF, is administered post-chemotherapy 

to promote differentiation of the remaining haematopoietic progenitors into neutrophils, 

thus combatting neutropenia (Crawford et al., 1991; Kantarjian et al., 1993). However, 

this protocol is dependent upon sufficient bone marrow progenitors surviving 

chemotherapy for therapeutic effect. Furthermore, there are some concerns over the 

safety of G-CSF in regards to  potentiating the development of leukaemia, although this 

has only been documented in cases of congenital neutropenia (Donadieu et al., 2005). 

Thrombopoietin and erythropoietin stimulating agents are under investigation for their 

ability to promote platelet and red blood cell production, and therefore help combat 

myelosuppression. However, concerns remain over their safety, with a number of 

studies demonstrating that these agents can promote the survival of cancer cells 

(Bohlius et al., 2006; Hayes et al., 2013; Kellum et al., 2010; Pradeep et al., 2015). 
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A number of agents, when administered before or concomitantly with chemotherapy, 

instil protection from myelosuppression. However, these agents are predominantly 

broad-acting with a range of targets, and include the insulin-sensitiser rosiglitazone, the 

neurotransmitter dopamine and the antioxidant curcumin (Djazayeri et al., 2005; Papiez 

and Krzysciak, 2014; Sarkar et al., 2015). Consequently, there are issues with the ability 

of these compounds to mediate selective protection of native haematopoiesis without 

protecting the cancerous cells or exerting unwanted side effects. Aceytl-N-Ser-Asp-Lys-

Pro (AcSDKP or goralatide), an endogenously produced peptide, was a promising 

myeloprotective agent which exerted selective protection of native haematopoietic cells 

over leukaemic cells by inhibiting cell proliferation (Bogden et al., 1991; Lenfant et al., 

1989). Unfortunately, AcSDKP is rapidly degraded by angiotensin I-converting enzyme 

(mean half-life of 4.5min) and is not orally bioavailable, making dosing problematic 

and expensive (Ezan et al., 1994). Overall, there is a dire requirement for effective 

treatment regimens that can reduce chemotherapy-induced myelosuppression and 

improve bone marrow function. A promising study involving SPARC gene KO mice 

has outlined a potential role of SPARC inhibition in preventing death of haematopoietic 

progenitors (Ehninger et al., 2014). Further investigation of this protective effect is 

warranted and could include the use of small molecule inhibitors of SPARC to combat 

myelosuppression 

 

1.6.2 Small molecule FLT3 inhibitors 

Selective inhibition of aberrant tyrosine kinases using small molecule inhibitors has 

gained significant attention following the success with imatinib in treating Philadelphia 

chromosome-positive CML (Druker et al., 1996). Currently, there exist many inhibitors 

designed to target an array of RTKs implicated in human disease. With the involvement 

of FLT3 in AML small molecule inhibitor development has been in the spotlight for 

many years. In particular, it is hoped that a FLT3 inhibitor may be developed that will 

facilitate the reversal of FLT3-ITD driven AML in a similar monotherapy-style manner 

to imatinib. To date there have been more than 10 FLT3 inhibitors investigated, or 

under investigation, in clinical trials (Grunwald and Levis, 2015). 

 

Initial trials of FLT3 inhibitors used small molecules that were originally developed to 

treat solid tumours. Examples of earlier agents tested include MLN-518 (tandutinib), 

sorafenib, sunitinib, PKC-412 (midostaurin) and CEP-701 (lestaurtinib). These agents 
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demonstrated a broad spectrum of targets, for example sorafenib targets RAF, VEGF 

and c-Kit with higher potency than that of FLT3. Despite demonstrating some efficacy 

in clinical trials for treating FLT3-driven AML these compounds also had significant 

side effect profiles and resulted in substantial toxicity (Boudou-Rouquette et al., 2012; 

Knapper et al., 2006; Strati et al., 2015). This prompted the development of the “second 

generation” of FLT3 inhibitors with significantly higher specificity and less toxicity 

than the older agents. 

 

The first “second generation” inhibitor designed especially for inhibition of FLT3, and 

investigated in a clinical trial, was KW-2449. This compound demonstrated profound in 

vitro and in vivo inhibition of both WT FLT3 and FLT3-ITD (Shiotsu et al., 2009) and 

was promptly investigated clinically in a thirty-seven patient Phase I trial. 

Unfortunately, many patients did not experience optimal FLT3 inhibition with only 8 

patients achieving a peripheral blast reduction of greater than 50% (Pratz et al., 2009). 

Encouragingly, more recently developed FLT3 inhibitors, such as AC220, have yielded 

greater success. 

 

1.6.3 AC220 

AC220, also known as quizartinib, is a FLT3 inhibitor developed by Ambit Biosciences 

as a treatment for FLT3-ITD+ AML (Zarrinkar et al., 2009). High-throughput kinase 

screening for compounds with binding affinity for FLT3 led to the development of 

AC220 (Figure 1.7A) (Chao et al., 2009). AC220 inhibits WT FLT3 and FLT3-ITD 

with low nanomolar potency (IC50: 4.2 nM and 1.1 nM respectively in MV4-11 cells) as 

well as demonstrating profound selectivity. In fact, compared to the other FLT3 

inhibitors, CEP-701, PKC-412 and sorafenib, AC220 inhibited the least number of 

protein kinase targets identified in a human protein kinome screen (Figure 1.7B). Only 

four other RTKs demonstrated significant inhibition within 10-fold of the FLT3 binding 

constant, which were c-Kit, PDGFR, Ret and CSF-1R (Zarrinkar et al., 2009). 

Furthermore, the pharmacokinetic parameters of AC220 are superior to other FLT3 

inhibitors currently in use (Figure 1.7C). 

 

AC220 is a type II inhibitor because it binds and stabilises the inactive form of FLT3 

preventing the propagation of downstream signalling cascades (Griffith et al., 2004; 

Zorn et al., 2015). The imidazobenzothiazole “head” of AC220 occupies the adenine  
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Figure 1.7. AC220 and other FLT3 inhibitors. 
(A) Chemical structure of AC220. (B) A protein kinase screen displaying the 
dissociation constants of AC220, CEP-701, PKC-412 and sorafenib for a panel of 402 
human kinases. Red circles indicate kinases bound and circle size indicates binding 
affinity. (C) Displayed are the IC50 for FLT3 autophosphorylation inhibition in RS4;11 
(WT) and MV4-11 (ITD) cell lines by the four inhibitors. Also shown is the oral 
pharmacokinetics of a 10 mg/kg dose of the four inhibitors in female NU/NU mice. 
*The plasma concentration of CEP-701 was below the limit of detection at 24 hours. 
Figures obtained from (Zarrinkar et al., 2009) 
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binding pocket preventing ATP binding and receptor activation. This conformation is 

maintained by interactions between AC220 and the conserved DFG motif, which 

include the essential “gatekeeper” residues F691 and F830 (Warkentin et al., 2014). 

Perturbation of any component of this important binding structure prevents AC220 

binding; hence mutations within these motifs result in resistance to AC220 inhibition. It 

was identified that the mechanism of kinase inhibition by AC220 is very similar to that 

observed with imatinib and BCR-ABL (Schindler et al., 2000).  

 

A number of preclinical studies have highlighted the potent inhibitory effects of AC220 

against FLT3 dependent cells in vitro and in vivo. This has predominantly involved 

examining FLT3-ITD+ cell lines and xenograft mouse models (Kampa-Schittenhelm et 

al., 2013; Zarrinkar et al., 2009). However more recently, AC220 was investigated in a 

murine model of an MPD driven by WT FLT3 signalling, i.e. the c-Cbl RING finger 

mutant mouse. It was demonstrated that AC220 potently suppressed MPD development 

in this mutant mouse model, reducing blood cell counts and restoring normal 

proportions of peripheral myeloid cells (Taylor et al., 2012) and (Figure 1.8 A-C). 

Furthermore, these peripheral changes derived from a profound reduction in the MPP 

population (i.e. FLT3+ LSK cells) within the BM (Figure 1.8D). However, the 

mechanism by which AC220 induced these changes, specifically whether quiescence or 

apoptosis was involved in reducing the MPP population was not determined. A detailed 

analysis of the effects of AC220 upon haematopoiesis in the c-CblA/- mouse is 

investigated in the first chapter of this thesis. 

 

1.6.3.1 AC220 as a monotherapy and in combination with chemotherapy 

The use of AC220 was rapidly translated into clinical investigation following 

confirmation of its favourable pharmacokinetic properties (Cortes et al., 2007). In fact, 

results from an initial Phase I trial investigating AC220 monotherapy in AML patients 

were very promising with 30% of the patients achieving clinical response. Most 

encouragingly, 53% of patients with FLT3-ITD mutations responded to AC220 

monotherapy. A phase II trial exclusively enrolled FLT3-ITD+ AML patients which 

were either a) aged 60 and over with refractory/relapsed AML, or b) refractory to two 

avenues of treatment or had relapsed after allogenic stem cell transplant (Cortes et al., 

2012; Levis et al., 2012). Both cohorts demonstrated an overall response rate  
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Figure 1.8. AC220 dosing of c-Cbl RING finger mutant (c-CblA/-) mice.  
c-CblA/- mice were dosed for 6 weeks with AC220 or vehicle and bled every 3 weeks 
via the tail vein to measure (A) WBC counts and (B) neutrophil numbers. (C) Blood 
smear from an AC220-dosed and vehicle-dosed mouse at 6 weeks. The images were 
acquired at room temperature using an Olympus BX51 microscope with a 60x/0.09 
objective and photographed with a SIS 3VCU Olympus digital camera. Scale bar 
indicates 50 µm. (D) Proportion of FLT3+ cells within the LSK compartment of the BM 
from mice dosed with AC220 or vehicle for 6 weeks. The data shown are the mean ± 
SEM and statistics were calculated using student’s t tests, **=p<0.01, ***= p<0.001. 
Figures obtained from (Taylor et al., 2012) 



Chapter 1 

 28 

(=complete & partial responses) of ~70%. Of these patients, 34% were successfully 

bridged to allogenic transplant. 

 

FLT3 inhibitors have been examined in combination with induction and consolidation 

chemotherapy in clinical trials with limited success. For example, Phase I/II clinical 

trials with sorafenib or lestaurtinib in combination with chemotherapy have yielded 

insignificant results, with the FLT3 inhibitor group failing to increase overall survival 

and increasing the incidence of adverse events, including fever, bleeding and palmar-

plantar erythrodysesthesia (Knapper et al., 2014; Levis et al., 2011; Rolllig et al., 2014; 

Serve et al., 2013). It is believed that insufficient FLT3 inhibition along with low 

specificity led to these inconsequential results and supported the investigation of more 

specific and potent FLT3 inhibitors such as AC220. 

 

The safety of AC220 in combination with chemotherapy has been established following 

two small Phase 1 clinical trials (Altman et al., 2013; Burnett et al., 2013). A low dose 

AC220 protocol (40 to 60 mg/day given daily after induction therapy for 7-14 days) was 

found to be a well-received protocol with an acceptable side effect profile. The 

statistical power of these studies was too small to draw conclusions on the efficacy of 

combination AC220/chemotherapy. Nevertheless, they have helped establish the 

protocol elected for Phase II/III trials. The results from the current and future Phase 

II/III clinical trials of AC220 in combination with various chemotherapeutics (induction 

chemotherapy or 5-azacitidine) will illuminate the therapeutic potential of combination 

therapy (U.S. clinical trials: NCT01892371 and NCT02272478). 

 

1.6.3.2 AC220 side effects and limitations 

Initial clinical trials have identified QT prolongation as one of the leading toxicities 

from AC220 administration (Levis et al., 2012). This is due to an undesirable 

interaction between AC220 and action potential generation in cardiac neurons, and can 

be combatted through dose reduction. Myelosuppression is another common adverse 

event associated with AC220 therapy. This is believed to occur as a result of the 

inhibition of WT FLT3 and c-Kit receptors on haematopoietic stem/progenitor cells, 

thereby inhibiting native haematopoiesis, and can be countered by dose reduction. 

Despite the 10-fold lower affinity of AC220 for c-Kit than FLT3, it is believed c-Kit 

inhibition plays a significant role in the development of myelosuppression. Hence, the 
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development of compounds with reduced inhibitory actions upon the WT form of FLT3 

or c-Kit would be of benefit to counter this myelosuppressive side effect. Crenolanib 

and Star27 are two such FLT3 inhibitors with reduced c-Kit inhibition, which may 

prove to be useful alternatives to circumvent myelosuppression (Galanis et al., 2014; 

Warkentin et al., 2014). 

 

Furthermore, an additional problem affecting the use of AC220, especially in 

conjunction with chemotherapy, is elevated FL levels (Levis et al., 2011; Sato et al., 

2011). With elevated FL the concentration of FLT3 inhibitor required to effectively 

inhibit FLT3 signalling is increased. Unfortunately, higher doses of FLT3 inhibitor are 

often unfeasible due to the side effects and toxicities of the drug. A greater 

understanding of the mechanism of FL production could help to thwart the problem of 

FL elevation. 

 

A recently identified problem with AC220 efficacy in FLT3-ITD+ AML patients is the 

acquisition of resistance-conferring mutations in the FLT3 gene. Typically, these 

resistance-conferring mutations interrupt the tight interaction between AC220 and the 

DFG motif of FLT3. In particular, the majority of mutations exist within three residues; 

the “gatekeeper” F691 residue and two amino acids within the kinase activation loop 

(D835 and Y842) (Smith et al., 2012). For example, a study of eight FLT3-ITD+ AML 

patients, who initially responded well to AC220 monotherapy but then relapsed, 

uncovered resistance conferring mutations; including three cases of D835Y, two cases 

of D835V and three cases of F691L mutations (Smith et al., 2012). The resistance 

mutations were not detectable before treatment, thus demonstrating that AC220 acts as a 

selective pressure for the resistant leukaemic clones, leading to disease relapse. 

Development of new FLT3 inhibitors, which are effective against resistant FLT3-ITD 

variants, has become high priority for providing effective FLT3-ITD AML therapy. 

 

1.6.4 The future of FLT3 inhibitors  

A number of pre-existing FLT3 inhibitors have demonstrated activity against the range 

of secondary resistance-conferring mutations prevalent in FLT3-ITD+ AMLs. 

Lestaurtinib and midostaurin, formerly known as CEP-701 and PKC412 respectively, 

have both demonstrated activity against F691 and Y842 mutant FLT3-ITD cells in vitro 

and in vivo (Barry et al., 2007; Williams et al., 2013). Crenolanib, a type I inhibitor (i.e. 
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binds the active form of the receptor and promotes an inactive conformation), was 

originally designed to target the PDGF receptor, but also effectively inhibits FLT3-ITD 

variants with D835 point mutations (Galanis et al., 2014; Smith et al., 2015a). 

Unfortunately, the unfavourable pharmacokinetics (including potency and selectivity) of 

these agents limits their utility as monotherapy for FLT3-ITD AML.  

 

Recently, a number of FLT3 inhibitors have been developed which display activity 

against the AC220 resistance-conferring mutations. PLX3397 is a type IIFLT3 inhibitor 

that exerts effective inhibition upon “gatekeeper” F691 mutant variants (Smith et al., 

2015b). Unfortunately, this compound does not inhibit kinase activation loop mutants, 

with many FLT3-ITD AML patients relapsing after PLX3397 monotherapy due to the 

acquisition of mutations at the D835 residue (Smith et al., 2015b). Thus, there is a the 

need for an effective FLT3 inhibitor with activity against all forms of resistance-

conferring secondary mutations, as those inhibitors with limited activity are destined to 

select for the resistant clones, leading to disease relapse.  

 

Three recently developed compounds, the type I inhibitors TTT-3002 and Star27, and a 

5-phenyl-thiazol-2-ylamine compound referred to as 7h, have shown promise for their 

ability to inhibit the secondary resistance conferring FLT3 mutations (Chen et al., 2015; 

Ma et al., 2014; Warkentin et al., 2014). Of course, these compounds require further 

investigation, especially in small-scale clinical trials to establish safety, efficacy and 

pharmacokinetic profiles. Encouragingly, FLT3 inhibition is an attractive approach for 

treating AML and many new compounds are reported each year (e.g. in 2015 a family 

of phenylurea analogs were identified for anti-FLT3 activity) (Xu et al., 2015). 

Optimisation of these newly discovered compounds will hopefully lead to the 

development of an ideal FLT3 inhibitor, with selective and potent inhibition of all 

mutant variants of FLT3.  

 

1.7 Thesis aims 

The aims of the seven chapters of thesis are summarised in Figure 1.9. These aims were 

investigated through studies involving AC220 dosing of WT mice, FLT3-ITD mutant 

mice, c-Cbl RING finger mutant mice, FLKO mice, and xenograft MLL mice (Figure 

1.9). In particular these studies involved analyses into the anti-proliferative effects of 

AC220 upon the haematopoietic progenitor populations and the profound systemic 
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induction of FL. Extrapolations from these investigations led to examination of a novel 

combination of AC220 with cytotoxic agents, in an attempt to prevent chemotherapy-

induced myelosuppression. The role of c-Cbl in regulating FLT3-ITD was also clarified 

by crossing c-Cbl RING finger mutant mice with FLT3-ITD mice. Ultimately, by 

studying murine models of leukaemia, and their responses to FLT3 inhibitors such as 

AC220, it is hoped that the treatment of FLT3-driven leukaemia can be improved. 

The overarching thesis hypotheses are: 

• AC220 is a viable treatment for leukaemia and myeloproliferative disease driven 

by WT FLT3 signalling. 

• AC220 exerts it’s effects by inducing quiescence in the haematopoietic 

progenitors from the bone marrow. 

• The quiescence induced by AC220 in WT haematopoietic progenitors could be 

exploited to protect these cells from chemotherapy-induced death. 

• AC220 could be used to selectively protect WT haematopoietic progenitors over 

leukaemic progenitors from 5-FU induced death. 

• The non-haematopoietic compartment is the major producer of FLT3 ligand in 

response to AC220 dosing. 

• c-Cbl is a negative regulator of FLT3-ITD. 
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Figure 1.9. Thesis results chapters and respective aims. 
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Chapter 2.  Materials and Methods 
 

2.1 Mice 

The generation of c-CblC379A RING finger mutant mice (termed c-CblA/-) has been 

previously described (Thien et al., 2005). Briefly, c-Cbl genomic code from λUNI-ZAP 

192Sv library in a targeting vector underwent site-directed mutagenesis to generate the 

inactivating substitution of Cys (TGT) to Ala (GCT) at amino acid 379. Ozgene Pty Ltd 

(Australia) generated the knock-in mouse on a mixed 129Sv/J ✕ C57BL/6 background, 

and the loxP-flanked pGKNeo cassette was excised by mating with C57BL/6 Cre-

deleter transgenic males and backcrossed at least 10 times.  

 

All mice were obtained for breeding at the Biomedical Research Facility at the 

University of Western Australia unless otherwise specified. FLT3-ITD mutant mice 

were sourced from Gary Gilliland (HHMI, Boston MA) (Lee et al., 2005). FLKO mice 

(C57BL/6-flt3Ltm1/mx) breeders were purchased from Taconic Biosciences (Hudson, 

NY) (McKenna et al., 2000). C57BL/6 (B6) or B6.SJL-PtprcaPep3b/BoyJArc 

(B6.CD45.1) mice were sourced at 8-10 weeks as required from the Animal Resource 

Centre (Canning Vale, Western Australia). NOD-scid IL2Rgnull-3/GM/SF (NSGS) 

mice were bred in-house at the Cincinnati Children’s Hospital Animal Resource Facility 

(Cincinnati, OH) (Feuring-Buske et al., 2003). 

 

MLL-AF9 xenograft mouse experiments were completed in Cincinnati, OH, in 

accordance with Animal Welfare Assurance guidelines A3108-01. All other mouse 

experiments were conducted with approval from the Animal Ethics Committee at the 

University of Western Australia (approval number 100/1169). Mice were housed in 

micro-isolator cages under pathogen-free conditions at the animal facilities of the 

University of Western Australia, or Cincinnati Children’s Hospital, and were sacrificed 

upon succumbing to disease. 

 

2.2 Transplantation of mice 

Allogenic transplantation of primary bone marrow, spleen (homozygous Flt3-ITD 

chimaeric mice), or E.14 foetal liver (FLT3-ITD:c-CblA/- double mutant mice) was 
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achieved by injecting 2 ✕ 106 of red blood cell lysed cells suspended in 200uL IMDM 

(Gibco; Waltham, MA; cat: 12440) into the lateral tail vein of lethally irradiated (2 ✕ 

5.5 Gy, 14 hours apart), 8-10 week old B6 or B6.CD45.1 recipients. FLT3-ITD:B6 and 

JAK2V617F:B6 chimaeras were generated by injecting with 1:1 (mutant:WT) ratios of 

long-term haematopoietic stem cells, as determined by FACS analysis prior to 

transplantation. Heterozygous JAK2V617F bone marrow (received via refrigerated 

overnight freight from Dr. Steve Lane, QIMR, Queensland, Australia) was also 

transplanted into B6.CD45.1 mice to generate mice with a JAK2V617F haematopoietic 

system (Mullally et al., 2010). Mice were given between 4-12 weeks to recover from 

transplantation and reconstitution was confirmed with CD45.1 vs CD45.2 FACS 

analysis of CD11b+ blood cells. 

 

Xenograft MLL-AF9 were produced by injecting 2.5 ✕ 105 MA9.F5 cells via the tail 

vein of 6-10 week old conditioned NSGS mice (injected 2 days prior to transplantation 

with 30 mg/kg busulfan; Sigma; cat: B2635). Mice were dosed with AC220 2 weeks 

after transplantation. 

 

2.3 Mouse genotyping by Polymerase Chain Reaction 

Tissue salvaged from ear or tail clippings prior to weaning was stored at -20C until 

digestion and DNA extraction using a EDNA HiSpEx™ tissue kit (Fisher Biotec, 

Asutralia cat: EB-1000). 

 

c-CblA/- mice were genotyped by PCR using primers p1 (GC404: 

5’GGACACCTCATGTGCACATCCTG-3′), p2 (mG-C413rev: 5′-

ATCGGCAAAAAGGACAGCCCTGAC-3′) and p3 (3′Neo: 5′-

CTCGACTAGAGGATCAGCTTG-3′) using the following protocol: 95°C for 2 

minutes, 60°C for 90 seconds, and 72°C for 90 seconds, followed by 39 cycles of 95°C 

for 30 seconds, 60°C for 45 seconds, and 72°C for 60 seconds, and then 72°C for 5 

minutes. 

 

FLT3-ITD mice were genotyped by PCR with primers Flt3-ITD14F (5’-

AGGTACGAGAGTCAGCTGCAGATG-3’) and Flt3-ITD14R (5’-

TGTAAAGATGGAGTAAGTGCGGGT-3’) using the following protocol: 95°C for 2 

minutes, 58°C for 90 seconds, and 72°C for 90 seconds, followed by 39 cycles of 95°C 
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for 30 seconds, 58°C for 45 seconds, and 71°C for 60 seconds, and then 72°C for 5 

minutes. 

 

FLKO breeding pairs were confirmed for genotype by PCR with primers FLT3L-5’ (5' 

AGC CAC TAT GAC ATT CCT TAT G 3'), FLT3L-3’ (5' GCC ATT CAC CCC ACG 

CAC 3') and PGKneo (5' CTT GTG TAG CGC CAA GTG 3') using the following 

protocol: 95°C for 2 minutes, 58°C for 90 seconds, and 72°C for 90 seconds, followed 

by 39 cycles of 95°C for 30 seconds, 58°C for 45 seconds, and 71°C for 60 seconds, 

and then 72°C for 5 minutes.the primers. The offspring were not genotyped. 

 

2.4 Drug administration 

Mice were administered 100µL of 10mg/kg AC220 (quizartinib hydrochloride salt; 

Ambit Biosciences; cat: AC010220) or vehicle (5% 2-hydroxypropyl-β-cyclodextrin; 

Sigma-Aldrich; St. Louis, MO; cat: 332593) by oral gavage using 20-gauge, 1.5 inch 

feeding needles (Braintree). AC220 dosing occurred daily, unless otherwise specified in 

figure legends.  

 

Intra-peritoneal (i.p) injections of 5-fluorouracil (5-FU; Hospira; Victoria, Australia; 

cat: 61258AAU) were delivered at 150 mg/kg or 50 mg/kg (diluted from a stock of 50 

mg/mL with PBS) in a volume of 200µL using a 25.5 gauge needle. 

 

2.5 Analysis of bone marrow, spleen, and peripheral blood  

Peripheral blood was collected from the tail vein or heart into EDTA treated microvettes 

(Sarstedt; Nümbrecht, Germany; cat: 20:1288). Differential cell counts were determined 

using a Hemavet HV950FS blood analyser (Drew Scientific; Waterbury, CT). Blood 

films were Diff-Quick stained and visualised using an Olympus BX51 microscope 

(Tokyo, Japan) with a 60×/0.09 objective and photographed with an SIS 3VCU 

Olympus digital camera, or an Olympus U-TVo.SXC-3 microscope with either 

60✕/0.09 or 100✕/1.4 (oil) objective and photographed with a Pixera Pro 600Es-CU 

camera (Los Gatos, CA). The red blood cells were also lysed in RBC lysis solution (155 

mM NH4Cl, 11.9 mM NaHCO3 and 0.1 mM EDTA) for 5 min on ice. The remaining 

nucleated blood cells were phenotypically characterised by flow cytometry.   
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Bone marrow (two pairs of leg bones; femurs and tibias) were harvested from mice 

culled by CO2 asphyxiation. The bones were flushed with FACS buffer (0.5 mg/mL 

NaN3 (Sigma-Aldrich; cat: S2002), 2% New Zealand derived Newborn Calf Serum 

(Bovogen Biologicals, Victoria, Australia; cat: SNCS) in PBS) using a 25G needle. The 

BM cells were dispersed by passing the solution through a 23G needle three times, and 

large chunks were eliminated by letting the solution settle for 5 min on ice and 

transferring the top 95% of solution to a fresh tube. If the bone marrow appeared 

excessively red (due to 5-FU or AC220 treatment), red blood cell lysis was performed 

as described above. The remaining bone marrow cells were characterised using flow 

cytometry or immunoblotting. 

 

2.6 Flow cytometry 

All monoclonal antibodies for flow cytometry target mouse or human proteins are listed 

in Table 2.1, and are from BD Biosciences unless stated otherwise. 

 

For viable stains, cells were incubated with Fc receptor antibody for 5 min prior to a 30 

min incubation on ice with flourophore or biotin tagged antibodies. Cells with 

biotinylated antibodies were additionally stained for 30min with APC-Cy7-conjugated 

streptavidin (BD Bioscience, cat: 554063) after a wash in FACS buffer. Cells were 

resuspended in FACS buffer containing 0.7% 7AAD (BD Bioscience; cat: 559925).  

 

Cells stained for intracellular phosphorylated (p) proteins were fixed with Cytofix for 

40 min on ice (BD Biosciences, cat: 554655), permeabilised with ice-cold drop-wise 

methanol, incubated for 30 min on ice and blocked with Donkey IgG for a further 30 

min on ice (Millipore; Billerica, MA, cat: AB7134). Cells were then stained with 

antibodies against pSTAT5, pErk, pAkt or pS6 for 30 min at RT in the dark. If required, 

c-Kit PE antibody was added and incubated for an additional 30min on ice. Cells were 

resuspended in PBS with 0.5% BSA. 

 

Ki-67 analysis was completed with viable stained BM cells that were fixed using the 

Cytofix/Cytoperm kit (BD Biosciences, cat: 554722). This involved a 40 min fixation 

on ice followed by 2x permeabilisation buffer washes and then staining with anti-Ki-67-

FITC/PE antibody or FITC/PE-labeled isotype control antibodies.  
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Three methods of cell cycle staining were performed in this thesis. In chapter 3, 20 

µg/ml Hoechst 33342 was added to the Ki-67 stained cells and incubated for 10 min at 

RT before running on the flow cytometer. In chapter 6, Vybrant® DyeCycle™ Violet 

(Thermo Fisher Scientific, Cat. No: V35003) was added to Ki-67 stained BM cells as 

per manufacture’s instructions. For chapters 8 and 9, cell cycle analysis was performed 

on viable stained BM cells by incubating in 5% FCS, 0.1% saponin PBS containing 

2.5µg/ml 7AAD for 2 hrs at 4°C and then 30 min at RT before running on a flow 

cytometer  

 

Table 2.1. Antibodies used in flow cytometry. 
 

 
 

Cell death of viable stained bone marrow populations was determined using an 

Annexin-V-FITC apoptosis detection kit (BD Biosciences, cat: 556547) according to 

the manufacturer’s instructions. 
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The data were collected using FACSDiva 8 software (BD Biosciences) on a FACS 

Canto II (BD Biosciences; San Jose, CA) or using an Influx flow cytometer (BD 

Biosciences; San Jose, CA) and analysed using FlowJo Version 9.4.11 software 

(TreeStar). Gating strategies to identifiy the cell populations are displayed in Figures 

2.1, 2.2 and 2.3. 

 

2.7 Cytokine ELISA 

Mouse serum was collected from whole blood without anticoagulant and allowed to clot 

at room temperature for two hours before centrifugation at 2000 G for 20 minutes and 

stored at -20°C. Samples were analysed with Quantikine ELISA Immunoassays for Flt3 

ligand (R&D Systems; cat: MFK00), or stem cell factor (R&D Systems; cat: MCK00) 

were performed as described in the suppliers protocol. Briefly, diluted samples were 

incubated in the pre-coated wells before assay conjugate and substrate were added. 

Within 30 minutes of adding the stop solution, sample optical density was measured 

using the Becman Coultier AD200 Microplate ELISA Analyser (Brea, CA) at 450 nm 

with a correction wavelength of 540 nm. Raw data were linearised (log10[TEST] vs. 

log10(OD450-OD540)) and examined by regression analysis for line of best fit. 

 

2.8 Generation of human MLL-AF9 cell lines 

CD34+ human umbilical cord blood cells were cultured in the presence of a MLL-AF9 

containing retrovirus (RD114) to generate MA9 cell lines (Wei et al., 2008), of which 

three cell lines were used in this study. MA9.F5, which possesses 5’ Flag sequences, 

was used both in vitro and in vivo. The remaining cell lines were only used in vitro and 

contained a constitutively active N-Ras mutation (MA9.Ras) or a FLT3-ITD mutation 

(MA9.ITD). All cell lines were cultured in IMDM (Corning Cellgro; Corning, NY; cat: 

10.016) with 20% foetal bovine serum, 25 mM HEPES buffer, and 1✕ 

Penicillin/Streptomycin, and were maintained at 5 ✕ 105 and 2 ✕ 106 cells/mL. 

MA9.Ras and MA9.ITD were cytokine-independent and did not require growth factors. 

MA9.F5 was cultured with 1 µg/mL stem cell factor (SCF), thrombopoietin (TPO), 

FLT3-Ligand (FL), IL-3, and IL-6. 
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2.9 In Vitro AC220 studies 

AC220 was dissolved in DMSO at 20 mM and diluted in 1:1000 in IMDM to a final 

concentration of 20 µM. Fresh media (with AC220 or vehicle) was added to the cultures 

at day 2 of incubation. Apoptosis (Annexin-V) and cell differentiation (CD11b and 

CD14) were investigated by flow cytometry at 24 hours. Ki-67 and DNA (Vybrant® 

DyeCycle™ Violet) flow cytometric analysis was performed on cells fixed and 

permeabilised with Cytofix/Cytoperm (BD Biosciences) at day 3.  

 

2.10  Lineage negative bone marrow cell isolation 

Lineage-negative bone marrow cells were obtained using a magnetic lineage depletion 

kit (BD Biosciences, cat: 560030), as per the manufacturer’s instructions. In summary, 

2 ✕ 106 freshly collected bone marrow cells were coated in the biotinylated lineage 

depletion cocktail and combined with magnetic streptavidin particles. The lineage 

positive cells were removed by magnetic exposure, and the lineage negative cells were 

collected in the supernatant.  

 

2.11  Stem cell factor stimulation of lineage negative bone 
marrow cells 

Isolated lineage-negative bone marrow cells were incubated for 1 hour at 37ºC before 

mouse SCF (2.5 ng/mL or 25 ng/mL; R&D Systems, Minneapolis, MN; cat: 455-MC) 

stimulation occurred for 5 or 30 minutes. Cells were analysed for pS6 ribosomal 

protein, pErk, and c-Kit by flow cytometry as described above.  

 

2.12  Immunoblotting 

Isolated lineage-negative bone marrow cells were lysed in sodium dodecyl sulfate 

protein lysis buffer. Cell lysates were run in a 10% acrylamide gel and blotted by semi-

dry transfer methods to 0.45 µm Immobilon-P membranes (Millipore; cat: IPVH00010) 

and blocked with 5% skim milk powder (Fonterra; Victoria, Australia; cat: 3001733). 

The membrane was probed by monoclonal antibodies to phospho-AKT (Cell Signaling, 

cat: 4058S), Akt (BD Biosciences, cat: 610836), c-Cbl (Millipore, cat: 05-440), 

phospho-STAT5 (Cell Signaling Technology, cat: 9356S), or STAT5 (Cell Signaling 

Technology, cat: 9358) in block buffer, followed by HRP conjugated anti-rabbit (Cell 
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Signaling Technology; cat: 7074S) or anti-mouse (Cell Signaling Technology; cat: 

7076S) probes. The membrane was visualised using Immobilon Western 

Chemiluminescent HRP Substrate detection system (Millipore; cat: WBKL50500). 

 

2.13  Immunohistochemistry 

Peripheral organs were fixed in 4% paraformaldehyde solution and embedded in 

paraffin. Sections were dewaxed, rehydrated, permeabilised and blocked for 1 hour 

(20% normal goat serum, 1 % bovine serum albumin in tris-buffered saline [TBS], pH 

7.4) at room temperature, then immersed in 10.6 µg/mL rabbit α-human 

myeloperoxidase polyclonal antibody (Dako, Glostrup, Denmark; cat: A0398) or rabbit 

IgG isotype control overnight at 4ºC. The following day, slides were washed and 

quenched for endogenous peroxidase (3% H2O2 in TBS) for 15 minutes at room 

temperature before applying EnVision polymer (Dako) for 40 minutes. A 3% H2O2 and 

diaminobenzinidine solution was used to develop the slides, and a counterstain with 

Mayer’s hematoxylin was before rinsing in Scott’s tap water substitute. Slides were 

then dehydrated, cover-slipped and visualised at room temperature using an Olympus 

BX51 microscope with a 60✕/0.09 objective and photographed with an SIS 3VCU 

Olympus digital camera. 

 

2.14  Statistical analyses 

Differences between groups were assessed using an unpaired, two-tailed Students t test 

or two-way ANOVA was used (Prism 5, GraphPad Software, La Jolla, CA). Any p-

values <0.05 were deemed to be statistically significant. All data are presented as means 

± standard errors, unless otherwise stated in figure legends. 
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Figure 2.1. Flow cytometry gating strategies for identifying LT-HSC, ST-
HSC, MPP, CMP, GMP, MEP, CLP and FLT3+ LSK BM cells. 
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Figure 2.2.	   Flow cytometry gating strategies for identifying various 
differentiated, B-lineage, DC or CD45+ BM or blood cells. 
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Figure 2.3. Flow cytometry gating strategies for identifying the 
proliferative and phospho protein status of fixed and permeabilised BM 
cells. 
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Chapter 3.  AC220 ameliorates c-Cbl RING finger 
mutant driven myeloproliferative disease by 

inducing a rapid and transient quiescence of MPPs 
 

3.1 Introduction 

The FLT3 receptor tyrosine kinase is expressed at high levels on most myeloid and 

lymphoblastic leukaemias (Gilliland and Griffin, 2002), and for many years it has been 

considered a potential target for compounds that inhibit its kinase activity (Armstrong et 

al., 2003; Zheng et al., 2004). However, it has been difficult to test this possibility 

because of a lack of both suitable animal models and FLT3 inhibitors with the desired 

potency, specificity and pharmacokinetic properties. Recently we characterised a mouse 

with an inactivating knock-in mutation in the RING finger domain of the c-Cbl E3 

ubiquitin ligase that has provided a model for studying myeloid malignancies driven by 

enhanced FLT3 signalling. This mouse develops a myeloproliferative disease (MPD) 

progressing to lethal leukaemia that is characterised by markedly elevated white blood 

cell counts, splenomegaly and extensive myeloid cell invasion into peripheral organs 

(Rathinam et al., 2010). Analysis of lineage negative, Sca-1+, c-Kit+ (LSK) cells in the 

bone marrow (BM) revealed a marked expansion of cells expressing high levels of 

FLT3 compared to LSK cells from wild-type and c-Cbl deficient mice (Rathinam et al., 

2010). Furthermore, the FLT3+ LSK cells (defined as multi-potent progenitors, MPPs) 

(Lai and Kondo, 2006) showed enhanced FLT3 signalling to the Erk and PI 3-kinase 

pathways. When these mice were mated to FLT3 ligand deficient mice the doubly 

mutant mice did not develop leukaemia (Rathinam et al., 2010), indicating that FLT3 

signalling is an essential component for driving disease development. 

 

Mutations in c-Cbl have been identified in 5 to 20% of patients within the WHO 

groupings of myelodysplastic syndromes (MDS) and 

myelodysplastic/myeloproliferative neoplasms (MDS/MPN) (Dunbar et al., 2008; 

Grand et al., 2009; Kohlmann et al., 2010; Loh et al., 2009; Makishima et al., 2009; 

Muramatsu et al., 2010; Sanada et al., 2009; Schnittger et al., 2012a; Schnittger et al., 

2012b). MDS/MPN patients are further classified into chronic myelomonocytic 
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leukaemia (CMML), juvenile myelomonocytic leukaemia (JMML) and atypical chronic 

myeloid leukaemia (aCML). MDS and CMML are the most common blood disorders of 

the elderly and as no standardised therapy has proven effective, these patients have a 

poor prognosis (Ma et al., 2007; Onida et al., 2002). Within the MDS classification, 

most patients with c-Cbl mutations have been identified in the sub-group of refractory 

anaemia with excess blasts, many of whom progress to secondary AML (Makishima et 

al., 2009; Sanada et al., 2009). Indeed a high occurrence of c-Cbl mutations was 

recently found in high risk MDS patients who progress to acute myeloid leukaemia 

(AML) (Kao et al., 2011). c-Cbl mutations have also been identified in AML (Abbas et 

al., 2008; Caligiuri et al., 2007; Fernandes et al., 2010; Reindl et al., 2009; Sargin et al., 

2007), the blast crisis phase of CML (Makishima et al., 2011), infant and childhood 

acute lymphoblastic leukaemia (Nicholson et al., 2012; Shiba et al., 2011), and 

childhood therapy related leukaemia. 

 

Sequencing of the c-Cbl gene has shown that the mutations are located in the linker or 

RING finger domains, either as missense mutations or exon 8 deletions.  Mutations 

within these domains have been extensively characterised and found to abolish c-Cbl E3 

ubiquitin ligase activity by disrupting the interaction with E2 ubiquitin conjugating 

enzymes (Joazeiro et al., 1999; Levkowitz et al., 1999; Thien et al., 2001). 

 

AC220 (also known as quizartinib) is the first FLT3 kinase inhibitor to show excellent 

potency, selectivity and pharmacokinetic properties (Zarrinkar et al., 2009), a profile 

highly desirable for a clinical inhibitor. As such it is showing promise in clinical trials 

treating leukaemia patients with activating FLT3 internal tandem duplication (ITD) 

mutations (Cortes et al., 2011). Recently, research from our laboratory identified that 

dosing of c-Cbl RING finger mutant mice with AC220 was a highly effective therapy 

for treating the MPD, reducing blood counts, peripheral infiltrations and the FLT3+ 

MPP population (Taylor et al., 2012). I joined the investigation at the start of my PhD to 

characterise short-term BM kinetics of AC220 dosing and found that AC220 induces a 

transient and rapid quiescence of the MPPs.  
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3.2 Results 

3.2.1 AC220 rapidly suppresses the proliferative capacity and number of 
MPPs expressing high levels of FLT3  

To investigate the kinetics of AC220-induced suppression of FLT3+ LSKs in c-Cbl 

RING finger mutant mice we analysed a cohort of CD45.1 B6 mice repopulated with c-

CblA/- BM over a period of 12 hours to 24 days of daily dosing with vehicle or AC220. 

The effects of AC220 on the number and cell cycle status of MPPs were determined by 

the expression of the cell proliferation marker, Ki-67. MPPs have been well 

characterised as a highly proliferative population with 80-90% of the cells in cycle, as 

determined by Ki-67 staining (Wilson et al., 2008). Twelve hours following a single 

dose of AC220, a reduction in the percentage of cells expressing Ki-67 was evident, and 

this reduction continued through to day 4 where less than 10% of the FLT3+ LSK cells 

expressed Ki-67 (Figure 3.1B and C). The inhibitory effect of AC220 was also evident 

by a rapid and significant decrease in cell size (determined by forward light scatter, 

FSC)  (Figure 3.1B and D), and by day 4 approximately 90% of the FLT3+ LSK cells 

were small Ki-67 negative cells (Figure 3.1B), a phenotype consistent with quiescence. 

 

Concomitant with the induction of quiescence was a significant reduction in the 

percentage of FLT3+ LSK cells (Figure 3.1E), and this loss was most notable within the 

population expressing high levels of FLT3 (Figure 3.1A).  The loss of FLT3hi MPPs did 

not, however, appear to involve death because there was no significant difference 

between vehicle and AC220-treated mice in the proportion of cells undergoing 

apoptosis, i.e. Annexin V+ propidium iodide (PI)- cells (Figure 3.1F). These findings 

indicate that the loss of FLT3+ cells over the first 4 days of dosing is through the ability 

of AC220 to promote quiescence rather than cytotoxicity.  Furthermore, the induction of 

quiescence in the MPP population did not enhance their differentiation towards 

common myeloid, megakaryocyte/erythroid or lymphoid progenitors (Figure 3.2A-C).  

 

3.2.2 FLT3+ LSKs from AC220-treated mice revert from quiescence to 
proliferation through a FLT3 ligand compensatory signal  

The quiescence of MPPs observed at day 4 of AC220 dosing was dramatically reversed 

to a highly proliferative state by day 8 where 80-90% of the cells were found to be Ki-
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67+ and slightly larger than cells from vehicle treated mice (Figure 3.1B-D).  This 

highly proliferative state was maintained to our end point at day 24 (Figure 3.1B and C) 

with similar percentages of MPPs in the G1 and S+G2/M phases between vehicle and 

AC220 treated groups at this time (Figure 3.3A and B). As a result of this proliferation 

the number of FLT3+ LSK cells fell no further and they were constantly maintained at 

the low level reached by day 4 of AC220 dosing (Figure 3.1E). Thus the key inhibitory 

effect of AC220 is implemented within the first 4 days of dosing, which is followed by 

a robust recovery response where the small numbers of MPPs return to cycle, but their 

numbers do not rebound to pre-treatment levels as long as AC220 dosing is maintained. 

 

The reversion to proliferation by the MPPs from AC220-treated mice was found to 

correlate with the induction of FLT3 ligand, which peaked and plateaued at day 8 to a 

level 5 to 6 times higher than vehicle treated mice (Figure 3.1G), a level that remained 

constant as long as dosing was maintained.  This rapid compensatory response to 

AC220 is most likely mediated via a strong feedback signal that is transmitted by the 

remaining quiescent FLT3lo cells to FLT3 ligand expressing stromal cells (shown 

schematically in Figure 3.4). Yet in spite of the high levels of FLT3 ligand, AC220 is 

still capable of maintaining its inhibitory effect, as the numbers of MPPs do not 

increase.  Thus a delicate balance exists between the inhibitory effects of AC220 and 

the proliferative signals mediated by the FLT3 receptor/FLT3 ligand interaction.  This 

balance does appear to be preceded by a degree of fine-tuning, as the recovery response 

is slightly stronger at day 8, shown by the greater cell size compared to vehicle treated 

cells (Figure 3.1D). This peak in the response is also illustrated by the induction of 

phospho-S6 at day 8 of AC220 dosing (Figure 3.1H), a time when the cells are first 

exposed to high levels of FLT3 ligand (Figure 3.1G). Phospho-S6 is a downstream 

target of the PI3K/mTOR pathway and is a well-characterised measure of FLT3 ligand-

induced signalling responses in haematopoietic progenitors (Marvin et al., 2011; Woost 

et al., 2011). In light of phospho-S6 being used to monitor the biochemical efficacy of 

AC220 in AML patients (Perl et al., 2011) it was surprising that no decrease in 

phospho-S6 levels was evident during the first 4 days of AC220 dosing.  Thus phospho-

S6 may not be a useful biomarker of FLT3 inhibition in this system.  It should also be 

noted that if the inhibitory effects of AC220 seen by day 4 had persisted, and the FLT3 

ligand response did not occur, it is likely that the haematopoietic system would 

ultimately fail given the critical role of MPPs.  The importance and specificity of FLT3 
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ligand in promoting this recovery is further underscored by the finding that stem cell 

factor levels were not significantly affected by AC220 (Figure 3.5A).  Further, FLT3 

ligand levels returned to normal within 12 days of AC220 dosing being discontinued 

(Figure 3.5B). 

 

3.3 Discussion 

It has been demonstrated with results from our laboratory that AC220 provides very 

effective treatment for a mouse model of an MPD that is driven by wild-type FLT3 

(Taylor et al., 2012). The c-Cbl RING finger mutant mouse develops a severe MPD that 

exhibits enhanced FLT3 signalling and an expanded population of MPPs expressing 

high levels of FLT3 (Rathinam et al., 2010). By targeting these progenitors in the BM, 

AC220 markedly reduces their numbers and levels of FLT3 expression, resulting in a 

reversion of the MPD.  

 

Key findings from this study came from analysing the early effects of AC220 in its 

promotion of quiescence of the targeted progenitor population, which was followed by a 

rapid proliferative recovery that paralleled the induction of FLT3 ligand. It has recently 

become apparent that the induction of FLT3 ligand impedes the efficacy of FLT3 

inhibitors (Sato et al., 2011), and understanding how this affects their potency, and how 

it can be best managed, is of significance for many leukaemia patients. We show that 

AC220 is clearly at its most potent over the first four days of treatment by inducing 

quiescence in >90% of the MPPs (Figure 3.1C), causing a marked reduction in their 

numbers (Figure 3.1E).  However, this potency is blunted, and the downward trend in 

MPP numbers halted, by a robust FLT3 ligand-induced recovery which occurs by day 8 

(Figure 3.1G).  Thus the counterbalance mediated by FLT3 ligand provides an opposing 

force to AC220, creating a stable environment that allows the FLT3+ progenitors to 

cycle at a rate that is remarkably similar to those from vehicle treated mice (Figure 

3.1C, and Figure 3.3A and B).  Thus once the numbers of FLT3+ cells have been 

reduced over the first four days of dosing, the combination of AC220 and high FLT3 

ligand maintain a constant but low level of FLT3+ cells, and this level is sufficient to 

suppress MPD development. 
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Our observations on the action of AC220 suggest that the efficacy of treatment might be 

improved with compounds that target the production of FLT3 ligand (which, in the BM, 

is from stromal fibroblasts), or by the administration of FLT3 ligand antibodies or 

antagonists, which could disrupt this delicate balance and provide more effective 

treatments for leukaemias dependent on FLT3 signalling. Furthermore, the rapid 

reversion from quiescence to proliferation by the AC220 targeted cells between days 4 

and 8 (Figure 3.1C) may offer a window of opportunity where these cells are likely to 

be highly susceptible to cytotoxic drugs (Figure 3.4). Thus, monitoring patient serum 

for FLT3 ligand levels over the first few weeks of FLT3 inhibitor treatment could 

provide predictive data for the most appropriate time to introduce cytotoxic drugs. 

 

On the other hand, the profound quiescence induced by AC220 could be exploited to 

protect MPPs from cytotoxic drug-induced death. Protection of wild-type 

haematopoietic progenitor cells from cytotoxic drugs would be of benefit to combat 

myelosuppression, a common side effect of chemotherapy. Examination of the AC220-

mediated quiescence phenomenon in wild-type mice is first required to determine the 

feasibility of this approach (examined in Chapter 7). 

 

In summary, this study has shown that AC220 mediates its key effects over the first 4 

days of dosing, after which a robust FLT3 ligand-mediated recovery response is 

triggered, creating a delicate balance between these opposing forces. The transient 

quiescence induced by AC220 highlights the importance of timing in combination 

cytotoxic drug administration as this could be utilised to selectively modify the toxicity 

towards the MPP population. Furthermore, our findings suggest that future studies 

aimed towards identifying the signalling events that trigger the induction of FLT3 

ligand could lead to the development of novel compounds that would allow FLT3 

inhibitors to work with greater potency and for extended periods.  
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Figure 3.1 (cont.) (A) B6.CD45.1 mice repopulated with c-CblA/- BM were dosed daily 
with vehicle or 10mg/kg of AC220, and the BM cells analysed by flow cytometry at the 
indicated time points. The FLT3 profiles are of LSK cells, and the percentages of 
FLT3+ LSK cells (i.e. MPPs) from each AC220 treated mouse is shown in red.  (B) The 
gated FLT3+ LSK cells in (A) were analysed for expression of Ki-67 and cell size 
(forward light scatter, FSC).  The percentage of cells in each quadrant is shown.  Cells 
in the top right hand quadrant are large Ki-67 positive cells (i.e. highly proliferative 
cells), and the cells in the lower left hand quadrant are small Ki-67 negative cells (i.e. 
G0 quiescent cells).  The profiles in (A) and (B) are representative of 3 vehicle and 3 
AC220-treated mice examined at each of the time points.  (C), (D) and (E); data from 3 
vehicle and 3 AC220-treated mice examined at each time point showing (C) the 
percentage of Ki-67+ MPPs, (D) the geometric mean of forward light scatter (FSC) of 
MPPs and (E) the percentage of MPPs in the LSK population. (F) AC220 shows no 
effect in promoting apoptosis in MPPs. BM cells were stained with Annexin V-FITC 
and propidium iodide (PI) and gated on the FLT3+ LSK population.  (G) AC220 dosing 
promotes the induction of FLT3 ligand.  Mice dosed daily with AC220 or vehicle were 
bled by cardiac puncture at the indicated times and their serum assayed for FLT3 ligand 
levels by ELISA. The data is from 3-7 mice at each time point.  (H) The induction of 
phospho-S6 in MPPs parallels the rise in FLT3 ligand.  The levels of intra-cellular 
phospho-S6 in gated FLT3+ LSK cells were determined by flow cytometry. The data is 
from 3 AC220 and 3 vehicle treated mice at each time point. Data are means ± standard 
errors. *P < 0.05, **P < 0.01, ***P < 0.001 using unpaired Student’s t test. 
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Figure 3.1. AC220 promotes quiescence and a marked reduction of FLT3+ 
LSK cells, which is followed by a proliferative recovery response that 
parallels the induction of FLT3 ligand.  
(See previous page).  
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Figure 3.2. AC220 does not enhance differentiation of MPPs towards 
lineage-committed progenitors. 
The percentages of (a) granulocyte/macrophage progenitors (GMP) + common myeloid 
progenitors (CMP), and (b) megakaryocyte/erythroid progenitors (MEP) are suppressed 
by AC220. (c) Common lymphoid progenitors (CLPs) are also initially suppressed by 
AC220 but show a recovery by day 8. CLPs were identified as IL-7R+ Lin- Sca-1lo c-
Kitlo, CMP+GMPs as CD34+ Lin- Sca1- c-Kit+, and MEPs as CD34- CD16/32- Lin- Sca-
1- c-Kit+. The cohort used for these experiments were C57BL/6.CD45.1 mice 
transplanted with BM from a 7-week old c-CblA/-

 mouse. 3-4 vehicle and AC220 treated 
mice were examined at each time point. 
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Figure 3.3. c-CblA/- mice dosed with AC220 for 24 days demonstrate 
similar cell cycle kinetics to vehicle mice. 
 Cell cycle analysis of MPPs from C57BL/6.CD45.1 mice transplanted with BM from 
an 8-week old c-CblA/- mouse. Mice were dosed daily for 24 days with vehicle or 
AC220. Shown in (a) are representative flow cytometry profiles of gated FLT3+ LSK 
cells (i.e. MPPs) from a vehicle and AC220 treated mouse analysed for Ki-67 
expression and DNA content by Hoechst 33342 staining. (b) Cumulative data from 5 
vehicle and 4 AC220 dosed mice. Data are means ± standard errors and statistical 
analysis involved Unpaired Student’s t tests. 





  Results 

 63 

 
 
 
 
 
 

 
Figure 3.4. A schematic illustrating the effects of AC220 on MPPs, and the 
FLT3 ligand-associated recovery response. 
Over the first four days of treatment AC220 promotes quiescence of MPPs resulting in a 
marked reduction in their numbers and the expression of FLT3 receptors (illustrated by 
the small non-cycling cells on day 4 with fewer FLT3 receptors). We propose that the 
loss of MPPs and the reduction of FLT3 expression during these first 4 days are 
detected by the BM stromal cells, possibly through fewer interactions with membrane-
bound FLT3 ligand.  This triggers a strong signal that results in the stromal cells 
markedly increasing their production of FLT3 ligand (red arrows).  The resultant robust 
response by FLT3 ligand then restores the proliferative capacity of the MPPs.  From our 
data in Figure 3.1 the proliferative response on day 8 is even stronger than that seen in 
c-Cbl RING finger mutant mice that were not treated with AC220 (illustrated by their 
larger size and the larger cycling arrows). Beyond this point a steady state is established 
where the proliferation driven by high levels of FLT3 ligand is kept in check by the 
inhibitory effects of AC220, the net effect being that the numbers of MPPs do not 
increase beyond the initial reduction that occurred during the first 4 days of treatment.  
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Figure 3.5. Stem cell factor levels are not significantly affected by AC220 
dosing and FLT3 ligand levels return to normal within 12 days after AC220 
dosing is discontinued. 
(A) c-CblA/- mice aged 8 months were dosed daily with AC220 or vehicle and bled from 
the tail vein at the indicated times to determine levels of stem cell factor in the serum. 
(B) Mice were dosed daily for 42 days then left untreated for 12 days and FLT3 ligand 
levels were measured.  The levels of stem cell factor and FLT3 ligand were measured 
by ELISAs.  Four vehicle and 4 AC220 treated c-CblA/- mice were followed for the 
length of the experiment. Serum levels in pg/ml are shown as means ± standard errors 
and statistical analysis involved Unpaired Student’s t tests. 
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Chapter 4.  Non-haematopoietic cells are major 
contributors to AC220-induced FLT3 ligand 

 

4.1 Introduction 

The FMS-like tyrosine kinase 3 (FLT3) is expressed on several haematopoietic 

populations including multipotent progenitors (MPPs), common lymphoid progenitors 

(CLPs) and dendritic cells (DCs) (Gilliland and Griffin, 2002). FLT3 is activated by 

FLT3 ligand (FL), which causes receptor dimerization and downstream activation of 

signalling pathways that include the PI 3-kinase and MAP kinase pathways (Lavagna-

Sevenier et al., 1998; Zhang et al., 1999). Activation of the receptor regulates 

proliferation, self-renewal, survival and differentiation (Dolence et al., 2014; Shah et al., 

1996). Investigations into FLT3 ligand knockout (FLKO) mice have identified FL to 

have an instructive, but non-essential role, in promoting haematopoiesis down the 

myeloid, lymphoid and DC lineages (McKenna et al., 2000; Sitnicka et al., 2002). 

Furthermore, mice over-expressing FL are characterised by an excess of dendritic and 

myeloid progenitors, and a loss of megakaryocyte/erythroid progenitors, underscoring 

the importance of FL in directing differentiation and inducing proliferation (Tsapogas et 

al., 2014).  

 

Induction of FL induces proliferation of haematopoietic progenitors, and typically 

occurs as a compensatory response to replace lost blood cells (Lyman et al., 1995; Prat 

et al., 2006). For example, treatment of leukaemia patients with either chemotherapy or 

FLT3 inhibitors causes extensive loss of haematopoietic cells and leads to prominent FL 

induction (Levis, 2011; Wodnar-Filipowicz et al., 1996). In particular, it is recognised 

that the induction of FL during FLT3 inhibitor treatment of FLT3-dependent leukaemia 

causes impaired receptor inhibition and reduced clinical benefit (Levis et al., 2011; Sato 

et al., 2011). 

 

AC220 (or quizartinib) is a highly specific, second generation FLT3 inhibitor, which 

has demonstrated promise in treating FLT3-driven leukaemia in clinical trials (Cortes et 

al., 2009; Cortes et al., 2013b). The induction of FL by AC220 is thought be a major 

limiting factor for its long-term use in leukaemia treatment, but the mechanism by 
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which FL is induced by AC220 is yet to be determined. It has been identified that a 

wide variety of cells from both haematopoietic and non-haematopoietic origins can 

produce FL (Miloud et al., 2012), and that the loss of FLT3+ haematopoietic progenitors 

or DCs are catalysts for FL production (Hochweller et al., 2009; Taylor et al., 2012). 

However, the specific cellular compartments involved in producing AC220-induced FL 

remain unknown. In this study we examine transplanted B6 and FLKO mice and 

discover that the non-haematopoietic compartment predominantly produces FL in 

response to AC220. In particular, the groups of mice examined included; B6 or FLKO 

BM (CD45.2) transplanted into lethally irradiated B6 CD45.2 host mice, B6 CD45.1 

BM transplanted into lethally irradiated FLKO mice (termed B6->B6, FLKO->B6 and 

B6->FLKO mice respectively), or unirradiated FLKO mice as control. FLKO transplant 

mice were not used due to limitations in the numbers of mice available. 

 

4.2 Results 

4.2.1 Non-transplantable and radiation resistant cells produce FLT3 
Ligand 

The four groups of mice outlined above were bled at 12 weeks post-transplantation to 

determine the extent of reconstitution. All mice displayed successful donor 

reconstitution, with high proportions of donor CD19+ (Figure 4.1A) and CD11b+ 

(Figure 4.1B) white blood cells (WBCs). Of note, the B6->FLKO mice demonstrated a 

significant residual recipient population of CD11b+ cells, suggesting the existence of a 

population of radiation-resistant myeloid cells in FLKO mice. This phenomenon was 

examined later in more detail. 

 

Following confirmation of reconstitution, blood from the four groups was analysed for 

WBCs and FL levels. Interestingly the B6->FLKO mice exhibited low WBC counts that 

most closely matched FLKO mice, whereas the FLKO->B6 cohort reflected the WBC 

counts of B6->B6 mice (Figure 4.1C). This suggested radiation-resistant, non-

transplantable cells are major contributors to FL production. The FLKO mouse is 

known to exhibit deficiencies in the B-lymphoid lineage (McKenna et al., 2000), and 

this was supported by the reduced numbers of lymphocytes in the peripheral blood of 

the FLKO mice (Figure 4.1D). Consistent with the WBC counts, the lymphocyte 

deficiency was evident in B6->FLKO mice, but not in FLKO->B6 mice (Figure 4.1D). 

The neutrophil count was similar between all groups (Figure 4.1E), whereas monocyte 
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numbers were only decreased in the FLKO (Figure 4.1F). Thus, B6->FLKO mice 

exhibited a WBC phenotype that most closely resembled FLKO mice, whereas FLKO-

>B6 mice possessed a phenotype that more closely corresponded to that of the B6->B6 

mice. In summary this suggests that a radiation-resistant, non-transplantable component 

of the recipient is responsible for conferring the FLKO WBC phenotype.  

 

Serum FL levels were measured at 12 and 28 weeks after transplantation. B6->FLKO 

had markedly reduced FL levels when compared to B6->B6 and FLKO->B6 mice 

(Figure 4.1G). Although B6->FLKO mice showed very low levels of FL, it was reliably 

detectable, unlike the FLKO. These findings indicate that although there is a minor 

contribution of FL from transplantable haematopoietic cells, the overwhelming 

production is from radiation resistant, non-transplantable recipient cells. There was no 

significant difference in FL levels in any of the mice at 12 and 28 weeks after 

transplantation indicating that the FL-producing compartment appears stable. 

 

4.2.2 AC220-induced FL remains attenuated in FLKO mice repopulated 
with B6 bone marrow 

A 16-day AC220 dosing regimen was carried out on the transplanted mice to determine 

the extent of FL production in each of the genotypes. The B6->B6, FLKO->B6 and B6-

>FLKO mice exhibited a marked induction of FL, of 9.5-, 6.8- and 11-fold respectively 

(Figure 4.2A) indicating that mechanisms for upregulating FL production in response to 

AC220 are present in all groups. However, the total levels of FL induced in response to 

AC220 clearly showed that the radiation-resistant cells in the recipient mice are the 

major producers of FL, and that the transplantable haematopoietic cells play a minor 

role. This is clearly shown by the mean FL concentrations of 3900 pg/ml in the B6->B6 

mice, 2700 pg/ml in the FLKO->B6 mice, and 400 pg/ml in the B6->FLKO mice 

(Figure 4.2A).  

 

4.2.3 FLKO mice are resistant to the effects of AC220 dosing 

To determine whether AC220 causes a myelosuppressive phenotype in these mice, 

blood was analysed after 16 days of daily dosing. The analysis showed that 16 days of 

AC220 dosing had minimal effects on reducing WBC counts, FLKO->B6 mice 

exhibited a significant decrease whereas B6->FLKO counts were trending lower but 

were not significant (Figure 4.2B). The numbers of lymphocytes were not markedly 
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affected by AC220 (Figure 4.2C), whereas the neutrophils were reduced in all groups 

except for the FLKO mice (Figure 4.2D). This was not surprising given that FLKO 

mice possess a haematopoietic system that is not dependent on FLT3 signalling. In 

contrast, B6->B6 and FLKO->B6 mice possess a haematopoietic system where normal 

FLT3 signalling occurs, hence an AC220-induced attenuation of neutrophil numbers is 

expected. Interestingly, B6->FLKO neutrophil numbers exhibited sensitivity to AC220 

despite the markedly reduced levels of FL in the serum. This suggests that the minor 

haematopoietic component of FL production in B6->FLKO mice is sufficient and 

necessary for neutrophil production.  

Monocyte numbers were trending lower with AC220 treatment in all the transplanted 

groups, but this did not reach statistical significance (Figure 4.2E). It is not surprising 

that there was no detectable loss of monocytes or lymphocytes following AC220 

treatment due to the short length of treatment and relatively long half-life of these cells, 

especially when compared to neutrophils (Fulcher and Basten, 1997; Simon and Kim, 

2010; Tacke and Randolph, 2006). It is likely that an extended AC220 time-course 

would result in marked reductions in these populations. 

 

4.2.4 FLKO mice exhibit a radiation-resistant population of CD11b+ cells 

As identified above, there was a prominent recipient-derived CD11b+ population in the 

blood of B6->FLKO mice (Figure 4.1B). This recipient-derived population persisted 

until at least 28 weeks post-transplantation (Figure 4.3A). Myeloid cells, such as 

neutrophils, have a very short life of ~18 hours in the periphery (Simon and Kim, 2010), 

hence the continued presence of these cells in the blood of B6->FLKO mice indicated 

there was a population of myeloid progenitors in FLKO mice that are resistant to 

radiation-induced death.  

 

Analysis of bone marrow (BM) at 23-28 weeks post-transplantation confirmed that the 

B6->FLKO mice possessed a significantly lower proportion of donor-derived cells 

compared to the other transplantation groups (Figure 4.3B). Further analysis showed 

this was not due to CD19+ B-lineage cells (Figure 4.3C) but a large bias in the 

proportion of CD11b+ myeloid cells, with ~50% derived from the recipient (Figure 

4.3D). The CD19- CD11b- BM cells (a population enriched for progenitors, T-cells and 

erythroid and megakaryocyte cells) contained a similarly low proportion of donor cells 

(Figure 4.3E). Analysis of the LSK compartment identified a smaller donor proportion 
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in the B6->FLKO (only 55% donor-derived, compared to 74% in the FLKO->B6), 

although only one mouse in each group was analysed (Figure 4.3F). Overall, these 

results imply that FLKO mice contain a population of early myeloid progenitors that 

can survive lethal radiation and actively produce peripheral myeloid cells for >28 

weeks. The mechanism of how these progenitors survive radiation is not known. One 

possibility is that a lack of FL imparts reduced proliferative activity to these 

progenitors, providing protection from radiation-induced death. 

 

4.2.5 Pre-B cells are reduced in both the FLKO and B6->FLKO bone 
marrow 

Further analysis of the BM was carried out to characterise the role of haematopoietic 

versus non-haematopoietic derived FL in determining the BM phenotype. Given the B-

cell deficit in FLKO mice (McKenna et al., 2000), it was not surprising to find 

perturbations evident in the B-lymphoid progenitor compartments. The pre-B cells were 

significantly reduced in the FLKO and B6->FLKO, but not in the FLKO->B6 mice 

(Figure 4.4A). The pro-B and prepro-B progenitors were trending lower in FLKO mice 

than B6 (although not statistically significant), whereas both the FLKO->B6 and B6-

>FLKO mice resembled the B6 control mice (Figure 4.4A). This suggests that B cell 

development is dependent upon non-haematopoietic FL, especially at the pre-B stage. 

 

The numbers of common lymphoid progenitors (CLPs) and myeloid/megakaryocyte 

progenitors (CMPs, GMPs, MEPs) did not show any significant differences between the 

groups (Figures 4.4B and C). It was surprising that the CLP population was not reduced 

in the FLKO mice, given their dependence upon FLT3 signalling (Sitnicka et al., 2002). 

Studies examining B lymphocyte precursors via colony forming unit assays in vitro 

have demonstrated a marked loss of IL-7 responsive progenitors in FLKO mice 

(McKenna et al., 2000). It is likely that the marker selection used here for identifying 

CLPs does not totally reflect the functional lymphoid progenitor population. Additional 

markers such as Ly6D could be incorporated to more accurately identify the CLP 

population (Inlay et al., 2009).  

 

In contrast to published data, we found FLKO mice exhibited expanded populations of 

early progenitors compared to the B6 control (McKenna et al., 2000; Sitnicka et al., 

2007). This was most notable in the Lineage- Sca-1+ c-Kit+ (LSK) compartment and the 
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LSK CD150+CD48- long-term haematopoietic stem cells (LT-HSCs) (Figure 4.4D and 

E). A possible reason for the discrepancy may be the fact that the FLKO mice used in 

this study were not transplanted and therefore not ideal controls for this experiment. 

Irradiation followed by transplantation causes a reduction in the number of early 

progenitors, possibly due to the limited number of haematopoietic cells injected and the 

availability of stem cell niches in the recipient. Hence, an optimal control would be 

FLKO->FLKO transplanted mice, which would likely show a reduced number of 

progenitors. 

 

4.2.6 FLKO mice exhibit deficiencies in dendritic cell populations and 
these deficiencies are evident in both reciprocal transplanted mice 

Dendritic cell (DC) development is profoundly suppressed in FLKO mice (McKenna et 

al., 2000; Saito et al., 2013). In this study we identified DC deficiencies in the BM and 

spleen of both FLKO->B6 and B6->FLKO transplanted mice compared to B6->B6 

mice (Figure 4.5A and B). In the BM this deficiency was most pronounced in the 

plasmacytoid (pDC) population (Figure 4.5A), whereas in the spleen the loss of DCs 

was greatest in the CD11b+ classical (cDC) compartment (Figure 4.5B). All spleens 

amongst the cohorts were of equal weight confirming that the observed DC disparities 

were not an artefact of spleen size (Figure 4.5C). The shortage of DCs in the 

transplanted mice was not as severe as that observed in FLKO mice. 

The deficient levels of DCs in the FLKO->B6 mice, despite normal levels of FL, 

suggests that haematopoietic-derived FL is still necessary for complete DC 

development in vivo. Similarly, analysis of B6->FLKO mice indicates that non-

haematopoietic-derived FL is also necessary, but not sufficient, for DC development. 

Thus, there is a requirement for both haematopoietic and non-haematopoietic derived 

FL to achieve comprehensive DC development in mice. 

 

4.3 Discussion 

In this study we identified that FL is predominantly produced by a non-haematopoietic, 

radiation resistant population, evidenced by the profound deficiency in baseline FL in 

FLKO recipient mice. The myeloid and lymphoid populations in the transplanted mice 

emulated the recipient phenotype, providing further evidence that non-haematopoietic 

cells are the predominant source of FL. The results from this study add to the growing 



  Results 

 73 

cache of evidence that serum FL is primarily generated by non-haematopoietic cells 

(Guermonprez et al., 2013; Saito et al., 2013). 

 

FL is expressed by cells in a variety of tissues, including BM, spleen and thymus 

(Lyman et al., 1993; Shurin et al., 1998). In particular, the non-haematopoietic cells 

implicated in FL production include thymic and BM stromal cells, BM fibroblasts and 

endothelial cells, whereas the haematopoietic cells implicated include lymphocytes, NK 

cells and mast cells (Guermonprez et al., 2013; Hannum et al., 1994; Lisovsky et al., 

1996; Miloud et al., 2012). In agreement with other studies, we find that the non-

haematopoietic compartment produces the bulk of the serum FL. However, both 

haematopoietic and non-haematopoietic FL production is essential for complete 

generation of the haematopoietic lineages, in particular DCs. 

 

With the exception of the FLKO mouse, AC220 dosing for 16 days induced a profound 

induction of FL in all mice. However, the FLKO->B6 mice did not attain the same 

concentration of serum FL evident in B6->B6 mice. This indicates that transplantable, 

haematopoietic cells contribute to the AC220-mediated FL induction response, albeit at 

a low level. It is of great importance to understand the FL induction response, as high 

FL levels are a barrier to achieving clinical benefit with FLT3 inhibitors (Levis et al., 

2011; Sato et al., 2011). It is important to note that it is surprising that high FL levels 

can override inhibition of the FLT3 receptor by AC220. Although the reason for this is 

not known, it may be attributed to incomplete inhibition of kinase activity by AC220, 

which can be overcome with high FL levels. Nevertheless, prevention of FL induction 

would enhance the potency of FLT3 inhibition in FLT3 driven leukaemia, thus 

improving treatment outcomes.  

 

The mechanism by which AC220 mediates the production of FL remains unknown, but 

it has been suggested that it is a compensation response to a loss of FLT3-expressing 

MPPs or DCs. Mice with depleted numbers of cDCs generate high levels of FL until the 

cells return to normal numbers (Hochweller et al., 2009). Moreover, FLT3 knockout 

mice, which have severe deficiencies in MPPs and DCs, exhibit grossly elevated levels 

of FL (Kharazi et al., 2011; Mackarehtschian et al., 1995). Conversely, homozygous 

FLT3-ITD mice have a constitutively activated receptor that is retained in the cytoplasm 

and drives the expansion of both MPPs and DCs populations, yet they exhibit elevated 

FL (Kharazi et al., 2011; Lee et al., 2007; Li et al., 2008). This implies that absence of 
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surface expression of FLT3, rather than MPP/DC population size, is the prevalent 

regulator of FL production in these mice. This concept is supported by our studies 

identifying a strong correlation between FL levels and FLT3 surface expression in 

mutant c-Cbl mice (Taylor et al., 2012), or B6 mice (unpublished data), treated with 

AC220   

 

In order to distinguish the cell types involved in AC220-mediated FL induction, a multi-

organ/cell sorting analysis is required, similar to Miloud et al., 2012. The bulk of the 

AC220-induced FL response is generated from non-haematopoietic cells, hence further 

examination of these cell types should be prioritised. Once the candidate cells are 

identified and isolated gene array analyses could be used to identify genes that are 

activated during AC220-mediated FL production. This would elucidate potential targets 

for inhibiting FL induction during AC220 treatment. Inhibition of FL production would 

improve the efficacy of FLT3 inhibitor treatment in leukaemia, and could also be 

expanded to uses in other diseases where FL is believed to play a role in pathogenesis 

(e.g. rheumatoid arthritis) (Dehlin et al., 2008). 

 

This study also revealed that FLKO mice possess a population of myeloid progenitors 

that are resistant to radiation-induced death. This was demonstrated by the large 

proportion of CD11b+ host cells remaining in the BM and blood of the B6->FLKO mice 

at 28 weeks post transplantation. Studies involving FLT3 knockout mice have identified 

that haematopoietic progenitors lacking FLT3 signalling are resistant to the cytotoxic 

effects of 5-FU (Beaudin et al., 2014). This resistance to 5-FU was linked to the reduced 

proliferative/cycling activity in the FLT3 knock out stem cells. Hence, it is likely that 

the lack of FLT3 signalling in FLKO stem cells causes a loss of proliferative capacity, 

thereby conferring resistance to radiation-induced death. Extrapolation of this 

observation suggests that FLT3 inhibitors may be of use to protect stem cells from 

cytotoxic agents and radiotherapy, and could prove to be a powerful protective approach 

to combat myelosuppression in cancer treatment. This hypothesis was examined in 

Chapter 8 of this thesis. 
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Figure 4.1. FLKO mice transplanted with B6 BM possess attenuated WBC 
counts and serum FL levels. 
Successful transplantation was confirmed by examining CD45 markers for the 
proportion of donor cells in the (A) CD19+ or (B) CD11b+ blood populations. (C) 
WBC, (D) lymphocyte, (E) neutrophil and (F) monocyte peripheral blood counts from 
the four indicated cohorts 12 weeks post-transplantation. (G) Comparison of FL levels 
of the three indicated cohorts at 12 and 28 weeks post transplantation. The data shown 
are the mean ± SEM of 3-5 mice per group. All statistics were calculated using 1 or 2-
way ANOVA with post-hoc Tukey analysis or Bonferroni analysis, *= p<0.05, 
**=p<0.01, ***=p<0.001. 
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Figure 4.2. A 16-day AC220 regimen causes induction of serum FL and a 
loss of neutrophil numbers in all transplant mice. 
(A) Comparison of FL serum levels before and after 16 days of daily AC220 (10mg/kg) 
treatment. (B) WBC, (C) lymphocyte, (D) neutrophil and (E) monocyte counts from the 
four groups of mice before and after 16 days of AC220 dosing. The data shown are the 
mean ± SEM of 3-5 mice per group. Statistics were calculated using 1-way or 2-way 
ANOVA with post-hoc Tukey or Bonferroni analysis, *= p<0.05, 
**=p<0.01,****=p<0.0001.
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Figure 4.3. FLKO mice possess myeloid lineage cells that are resistant to 
radiation. 
(A) Flow cytometry profiles of WBCs 12 and 28 weeks post-transplantation identifying 
the proportions of donor and recipient derived cells in FLKO->B6 mice (left panels) 
and B6->FLKO mice (right panels) of the CD11b+ and CD19+ lineages. The data 
shows that a relatively high proportion of FLKO recipient-derived CD11b+ cells are 
maintained over time. BM from the four groups of mice at 23-28 weeks post-
transplantation identifying the proportion of donor-derived (B) total BM, (C) CD19+ 
cells, (D) CD11b+ cells and (E) CD11b- CD19- cells. (F) Single parameter flow 
cytometery profiles of CD45.2 expression on Lin- Sca1+ c-Kit+ BM cells from FLKO-
>B6 (left panel) and B6->FLKO (right panel) transplanted mice.  The gate is placed to 
identify the percentage of donor-derived cells. The data shown are the mean ± SEM of 
3-5 mice per group. Statistics were calculated using 1-way ANOVA with post-hoc 
Tukey analysis, *= p<0.05, **=p<0.01. 
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Figure 4.4. FLKO recipient mice exhibit profound deficiencies in pre-B 
cells.  
BM cells harvested at 23 weeks post-transplantation from the four groups of mice were 
examined for (A) prepro-B, pro-B and pre-B cells, (B) common lymphoid progenitors 
(CLPs), (C) common myeloid progenitors (CMPs), granulocyte/macrophage 
progenitors (GMPs) and megakaryocyte/erythroid progenitors (MEPs), (D) Lin- Sca1+ 
cKit+ (LSK) cells and multipotent progenitors (MPPs), (E) long-term haematopoietic 
stem cells (LT-HSCs) and short-term haematopoietic stem cells (ST-HSCs). The data 
shown are the mean ± SEM of 3 mice per group. All statistics were calculated using 1-
way ANOVA with post-hoc Tukey analysis, *= p<0.05, ***=p<0.001, ****=p<0.0001. 





  Results 

 83 

 
Figure 4.5. DC deficiencies are evident in both the spleen and BM of B6-
>FLKO transplanted mice. 
BM cells analysed by flow cytometry at 23 weeks post-transplantation to determine (A) 
the numbers of CD11b+ and CD11b- classical dendritic cells (cDCs), and plasmacytoid 
dendritic cells (pDCs). (B) Proportion of cDCs and pDCs in the spleen. (C) Spleen 
weights for the four indicated groups of mice. The data shown are the mean ± SEM of 3 
mice per group. All statistics were calculated using 1-way ANOVA with post-hoc 
Tukey analysis, ***=p<0.001, ****=p<0.0001. 
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