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Abstract

Introduction—The FMS-like tyrosine kinase 3 (FLT3) is highly expressed in acute leukemias.

Mutations involving FLT3 are among the most common molecular abnormalities in acute

myelogenous leukemia (AML). Available evidence suggests that these molecular lesions confer a

shorter disease-free survival and overall survival in patients with intermediate-risk cytogenetics.

Therefore, substantial interest in FLT3 as a therapeutic target has led to the development of

several promising inhibitors that target this tyrosine kinase.

Areas covered—This review covers the molecular pathways associated with FLT3 activation in

patients with AML, the biological rationale for inhibiting FLT3 and recent clinical progress with

FLT3 inhibitors for the treatment of AML. Six FLT3 inhibitors undergoing clinical evaluation are

discussed. A review of selected published manuscripts on the subject of FLT3 inhibition in AML

and a search of the English language manuscripts in PubMed using the index words FLT3 and

AML were conducted and articles of interest selected.

Expert opinion—Mutated forms of FLT3, specifically FLT3-internal tandem duplication, have a

significant impact on the prognosis of AML patients, particularly those with a normal karyotype.

Inhibiting FLT3 may lead to clinical benefit for patients with AML. Newly developed FLT3

inhibitors have shown encouraging activity as monotherapy and in combination with other

therapeutic agents.
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1. Background

Acute myelogenous leukemia (AML) is a heterogeneous disease characterized by aberrant

proliferation of myeloid precursor cells that have lost their ability to differentiate [1].

Several patient- and disease-related factors play a role in determining the prognosis of

patients with AML. Until recently, cytogenetics provided the most accurate prognostic
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information related to overall survival (OS). However, recently identified molecular

abnormalities such as mutations of nucleophosmin 1 (NPM1), CCAAT/enhancer-binding

protein α (CEBPA) and FMS-like tyrosine kinase 3 (FLT3) genes provide important clinical

and prognostic information. More specifically, FLT3 is a member of the class III receptor

tyrosine kinase (RTK) family that includes FMS, KIT, and platelet-derived growth factor

receptors α and β. Structural similarities among class III RTKs include five

immunoglobulin-like domains in the extracellular region and an intracellular tyrosine kinase

domain (TKD) that is interrupted by a sequence of amino-acid residues [2]. FLT3 is

expressed by normal bone marrow cells and early progenitor cells [3] and is involved with

differentiation, proliferation and survival of hematopoietic stem cells, as well as lymphoid

and dendritic progenitor cells and cells of the immune system [4,5]. FLT3 expression has

also been detected in tissues other than early progenitor cells but to a much lesser degree [6].

The function of FLT3 can be defined by the activity of its ligand. Binding of FLT3 ligand

(FL) to the receptor induces receptor dimerization which triggers receptor

autophosphorylation [7], thereby, enabling the receptor to activate three major downstream

pathways, signal transducer and activator of transcription 5 (STAT5), RAS/MAPK and

PI3K/AKT. These pathways contribute to cell differentiation, proliferation and survival

[8-12].

FLT3 is also highly expressed in AML, B-lineage acute lymphoblastic leukemia (ALL) and

to a lesser extent in T-lineage ALL [3,13,14]. Activating mutations involving FLT3 are

among the most common molecular abnormalities associated with AML and occur in ∼

30% of adult patients with AML. The two most common activating mutations occur in the

juxtamembrane domain (JM) and the TKD. Disruption of the JM by internal tandem

duplications (ITD) is detected in 20 – 25% of AML cases and at a low frequency in

myelodysplastic syndrome [15,16]. These mutations are always in frame and are 3 to 400 or

more base pairs in length. Previously thought to be confined to the JM domain, a recent

analysis of 753 FLT3-ITD-positive AML cases revealed the presence of this mutation type

in the non-JM domain of 216 (28.7%) patients [17]. FLT3-ITD mutations promote

constitutive activation of FLT3 that leads to aberrant activation of the STAT5, RAS/MAPK

and PI3K/AKT signaling pathways in the absence of the FL [18]. Additionally, ∼ 7 – 10%

of adult AML cases have point mutations within the activation loop of the second kinase

domain (FLT3-TKD). In a majority of cases, these mutations involve the substitution of

tyrosine for aspartic acid at residue 835 (D835Y) [19-21]. Other activating point mutations

have been identified in the TKD [22-24] and JM domain [25]. Similar to ITD mutations,

point mutations lead to constitutive activation of FLT3 and aberrant activation of

downstream signaling pathways, thereby, contributing to the pathogenesis of AML.

2. Medical need

AML is a heterogeneous disorder characterized by the proliferation of undifferentiated

hematopoietic progenitor cells [1] and primarily afflicts the older population [26]. The

prognosis of AML depends on the patient's age, performance status, karyotype, history of

antecedent hematologic disease and initial response to treatment. Among these prognostic

factors, the karyotype profile provides the most important prognostic information used to
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predict the response to induction therapy, relapse rate and OS [27,28]. However, the

outcomes of patients with intermediate-risk cytogenetics are quite variable. The role of

molecular abnormalities has given us some insight into this variability. For instance, NPM1

and CEBPA mutations appear to confer a more favorable prognosis for patients with normal

karyotype AML (NK-AML) [29], whereas mutations involving FLT3 in NK-AML are

associated with shorter disease-free survival (DFS), remission duration and OS [30-32]. In

cases where NPM1 and FLT3 are both mutated, the favorable outcomes normally conferred

by mutated NPM1 are negated [29]. Additionally, several published reports describe high

frequencies of FLT3 mutations in acute promyelocytic leukemia (APL) and AML with a

t(6;9)(p23; q34) translocation [30-35]. Consistent with previous reports, a recent

retrospective analysis of FLT3 mutations in newly diagnosed AML patients treated at The

University of Texas M.D. Anderson Cancer Center revealed worse event-free survival (EFS)

and OS in patients with NK-AML who harbored a FLT3-ITD mutation [36]. However, the

presence of FLT3-ITD or FLT3-TKD in patients with favorable (core-binding factor) and

poor-risk cytogenetics AML was not associated with worse EFS and OS. Furthermore,

FLT3-TKD mutations in NK-AML did not impact the survival outcome [36]. Therefore,

identification of new molecular abnormalities has revealed limitations associated with the

prognostic information gained from cytogenetic profiling alone and has generated

considerable interest in targeting these molecular lesions, such as FLT3-ITD, which

contribute to poor outcomes.

3. Existing treatment

Although there has been rapid and significant progress in our understanding of the genetic

basis of AML, limited progress has been seen in its treatment. Front-line therapy has

changed very little over the last 3 decades. At the time of diagnosis, information from

cytogenetic and molecular studies may not be available. Therefore, initial treatment

decisions strongly depend on the patient's age and performance status. Current induction

therapy for patients with AML (not including APL) and < 60 years of age is comprised of

idarubicin (12 mg/m2) or daunorubicin (60 - 90 mg/m2) intravenously over 3 days given

concomitantly with 7 days of continuous infusion cytarabine (7 + 3), followed by 2 – 4

courses of remission consolidation with high-dose cytarabine or allogeneic stem cell

transplant for eligible patients harboring poor-risk features. The 7 + 3 regimen is capable of

yielding complete response (CR) rates of ∼ 60%, but most patients ultimately relapse and

die of their disease [37]. Recent data suggest that escalating the dose of daunorubicin to 80

or 90 mg/m2 can yield higher CR rates of 70 and 71%, respectively [38,39]. However, the

long-term impact of this dose intensification approach on survival is limited. To date, an

anthracycline plus cytarabine remains first-line therapy for AML and modifications or the

addition of agents to this combination have not yet yielded improved OS. For this reason,

research endeavors continue to build on such regimens, most commonly by adding a third

agent with non-overlapping toxicity.

Furthermore, AML occurs predominantly in elderly patients and this population has worse

outcomes compared to younger patients. This may be due to poorer tolerance to therapy,

higher frequency of poor cytogenetic features and multi-drug resistance expression [40].

Older patients experience a short median survival of < 1 year [41,42] and have 3 – 5 year
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survival rates of < 10% [41,43-46]. Moreover, alternative low-intensity approaches, such as

low-dose subcutaneous cytarabine, yield low CR rates (18%) and a 30-day mortality rate of

26% [47]. A recent multivariate analysis of NK-AML patients older than 60 years treated on

Cancer and Leukemia Group B (CALGB) frontline trials revealed a shorter DFS and OS in

patients 60 – 69 years of age harboring FLT3-ITD mutations [48]. The questionable benefits

and tolerability of aggressive therapy in elderly patients and the lack of effective alternative

treatment options have led to increased interest in exploring molecular-based therapies that

would improve treatment outcomes and/or have a more favorable side effect profile.

Finally, patients who are refractory to front-line therapy or relapse within 1 year should be

considered for a clinical trial and stem cell transplant [49]. Patients who experience relapse

more than a year from the date of remission may receive standard front-line induction

therapy and should be considered for stem cell transplant.

4. Current research goals

Recent advancements with the identification of new molecular defects and a better

understanding of the physiological role these defects play in the evolution and survival of

AML have improved the diagnostic and therapeutic potential for AML. Currently,

cytogenetic and molecular profiling in AML is used to stratify patients into risk groups

essential for treatment decisions. However, treatment strategies and clinical outcomes have

largely remained unchanged over the last 3 decades. Successful targeting of adverse

biological features with targeted agents has not been achieved for any subtype of AML,

outside of APL. Therefore, continued emphasis should be placed on identifying key

molecular abnormalities that adversely affect outcomes and the development of such agents

that target them. Although advancements in the treatment of AML have been limited,

current research goals should continue to focus on unraveling these complex biological

features that contribute to the heterogeneous nature of the disease.

5. Scientific rational

The FLT3 receptor kinase is highly expressed in acute leukemias, and activating FLT3

mutations occur frequently in AML. Constitutive activation of FLT3 is caused by ITD

mutations in the JM region (FLT3-ITD) or by point mutations in the second kinase domain

(FLT3-TKD) [13,50,51]. A considerable amount of evidence suggests that FLT3-ITD

mutations are associated with leukocytosis and increased peripheral and bone marrow blasts,

and play an important role in the development and survival of leukemia cells. Although

FLT3-ITD mutations may not impact rates of CR, substantial evidence suggests that FLT3-

ITD mutations confer a worse prognosis for patients with intermediate-risk cytogenetics

(NK) [30-32,36,48].

Point mutations also occur most frequently in patients with normal cytogenetics and are

associated with proliferative disease, including increased bone marrow and peripheral blasts

[30,31,52]. However, reports of the impact of point mutations on outcomes are conflicting;

some suggesting poor outcomes, while others reporting favorable outcomes [30,31,53].

Similarly, wild-type FLT3 (FLT3-WT) can be constitutively activated through mechanisms

involving overexpression of FLT3 along with ligand stimulation via paracrine or autocrine
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signaling [54,55]. The impact FLT3-WT overexpression and the burden of mutated FLT3 on

outcomes are unclear. Substantial interest in FLT3 as a therapeutic target has led to the

development of several promising inhibitors of FLT3 that are in various stages of clinical

development (Table 1) [56].

6. Competitive environment

6.1 Sorafenib

Sorafenib is a multikinase inhibitor approved for the treatment of metastatic renal cell

carcinoma and unresectable hepatocellular carcinoma. In addition to solid tumors, sorafenib

has been widely studied in the treatment of AML, due to its potent inhibition of FLT3

tyrosine kinase. Preclinical studies have shown sorafenib to inhibit multiple kinases [57,58]

and induce dephosphorylation of Raf, MEK and ERK, and apoptosis in AML cells [59].

Additionally, sorafenib was 1000- to 3000-fold more effective at inducing growth arrest and

apoptosis in Ba/F3 cells with FLT3-ITD or FLT3-D835G mutations than in cells with

D835Y or FLT3-WT. Furthermore, sorafenib reduced leukemia burden and prolonged

survival in a mouse model [60].

Single-agent sorafenib for the treatment of relapsed or refractory AML was explored in

several Phase I studies (Table 2). In general, sorafenib shows preferential selectivity for

FLT3-ITD blasts compared to unmutated FLT3 [58,60-63]. Fifteen patients with refractory

acute leukemia (12 AML, 2 ALL, 1 biphenotypic) were treated with single-agent sorafenib

in a Phase I dose-escalation study [62]. The maximum tolerated dose (MTD) was

determined at 400 mg orally twice daily for 21 days of a 28 day cycle. The most common

grade ≥ 3 toxicities were neutropenic fever (33%), fatigue (17%) and hypokalemia (17%).

Although there were no complete or partial remissions observed, 11 (73%) of 15 patients

achieved stable disease as their best response. In all, 6 (40%) of the 15 patients showed a

reduction in bone marrow blasts, including the 2 patients with FLT3-ITD. Sorafenib

produced sustained complete inhibition of FLT3 and ERK that was maintained throughout

the treatment cycle [61]. In another Phase I study, 16 patients with relapsed or refractory

AML were treated with sorafenib at different dose schedules [60]. Single-agent sorafenib

significantly reduced the percentage of peripheral blood and bone marrow blasts in patients

with FLT3-ITD. Of note, there were no responses in patients without this mutation. In

addition to Phase I studies, several case reports with single-agent sorafenib have been

reported and show promising results in patients with AML who harbor FLT3-ITD, including

molecular remissions and complete resolution of leukemia cutis [64-67]. In particular,

durable CRs and complete molecular remissions have been achieved with single-agent

sorafenib in patients with relapsed AML after stem cell transplant [67].

Two studies have evaluated the feasibility, safety and efficacy of sorafenib in combination

with standard induction and consolidation chemotherapy for newly diagnosed patients with

AML (Table 3) [68,69]. Ravandi et al. recently published the results of a single-center Phase

II study in which 51 patients, under the age of 60 years and irrespective of FLT3-mutation

status, were treated with chemotherapy plus sorafenib [68]. Based on the results of the Phase

I component of this trial in determining the MTD, sorafenib was dosed at 400 mg orally

twice daily on days 1 – 7 during induction chemotherapy (idarubicin plus cytarabine) and
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then continuously with up to 5 cycles of consolidation chemotherapy (idarubicin plus

cytarabine). Fifteen patients had FLT3 mutations (13 FLT3-ITD). The median age was 53

years. Overall, 75% of patients achieved a CR. Of the 15 FLT3-mutated patients, 14 (93%)

achieved CR (12/13 FLT3-ITD and 2/2 FLT3-TKD patients; the 13th FLT3-ITD patient had

a CR with incomplete platelet recovery (CRp)). Significantly less CRs occurred in patients

with FLT3-WT compared to FLT3-mutations (66 vs 93%, respectively, p = 0.033). At a

median of 54 weeks follow-up, the probability of survival at 1 year was 74%. With a median

follow-up of 62 weeks, 10 patients with FLT3-mutation relapsed and the other 5 patients

remained in CR. The addition of sorafenib to chemotherapy was relatively well tolerated.

Grade ≥ 3 toxicities that were possibly related to sorafenib included hyperbilirubinemia (4

patients), elevated transaminases (5 patients), diarrhea (4 patients), rash (2 patients),

pancreatitis (1 patient), colitis (1 patient), pericarditis (1 patient) and hand–foot syndrome (2

patients). Results of the plasma inhibitory assay (PIA) for 10 patients demonstrated

complete inhibition of phosphorylated FLT3 by their day 7 plasma in FLT3-ITD, but not for

FLT3-WT, cell lines [68].

The second trial conducted was a Phase II, multi-center, randomized, placebo-controlled,

double-blind trial in elderly patients (> 60 years) with AML, irrespective of FLT3 status,

treated with 7 + 3 induction chemotherapy followed by consolidation with intermediate-dose

cytarabine, with or without the addition of sorafenib (400 mg orally twice daily given

between cycles) [69]. Patients randomized to sorafenib also received sorafenib as

maintenance therapy. One-hundred and two patients received treatment with sorafenib and

ninety-five patients received placebo. In all, 28 (14.2%) of the 197 patients had FLT3-ITD

mutations. CR or blast clearance without complete recovery of blood counts was seen in 48

and 8.8% of sorafenib patients and 60 and 4.2% of placebo patients, respectively. There was

no significant difference in EFS or OS between the two groups (median EFS: 7 months

placebo vs 5 months sorafenib, HR 1.261 (p = 0.13); median OS: 15 months placebo vs 13

months sorafenib, HR 1.025 (p = 0.89)). Additionally, there was no difference in CR, EFS or

OS in the small subgroup of FLT3-ITD patients. Sorafenib plus chemotherapy was relatively

well tolerated. However, there was an increased incidence of infection-related deaths in the

sorafenib arm of the study [69].

6.2 Sunitinib (SU11248)

Sunitinib is a multikinase [70], small molecule tyrosine kinase inhibitor (TKI) that was

recently approved for the treatment of metastatic renal cell carcinoma and gastrointestinal

stromal tumors not responsive to imatinib. Along with sorafenib, sunitinib is one of the most

studied inhibitors of FLT3 in AML. In a Phase I study, O'Farrell et al. administered a single

dose of sunitinib, escalated from 50 to 350 mg, to 29 patients with AML in cohorts of three

to six [71]. Following administration of sunitinib, FLT3 phosphorylation and plasma

pharmacokinetics (PK) were evaluated at multiple time points over 48 h and an analysis of

FLT3 genotype was performed. Inhibition of FLT3 phosphorylation was observed in 50% of

FLT3-WT patients and in all of FLT3 mutated patients. Substantial inhibition of FLT3

phosphorylation in > 50% of the patients was observed with sunitinib doses of 200 mg and

higher. Drug-related adverse events occurred in 31% of the patients, but were limited to

grade 1/2 diarrhea and nausea [71].
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In another Phase I study, sunitinib was given to 15 relapsed or refractory AML patients at a

starting dose of 50 mg/day for 4 weeks followed by a 2- or 1-week rest period [72].

Although short in duration, partial responses (PRs) or better were seen in all 4 patients

harboring FLT3 mutations as compared to 2 of 10 evaluable patients with FLT3-WT.

Additionally, the mutated receptors were not detected at day 28 in two patients. The most

frequent toxicities with 50 mg a day consisted of grade 2 edema, fatigue and oral

ulcerations. The 75 mg dose level was abandoned after two patients each experienced grade

4 fatigue, hypertension and cardiac failure (Table 2). Exploiting the synergistic anti-

leukemia effects demonstrated in vitro with sunitinib and chemotherapy on FLT3-ITD

leukemia cells [73], Fiedler et al. explored, in a Phase I– II study, the safety and activity of

sunitinib in combination with standard 7 + 3 induction and consolidation therapy with

intermediate doses of cytarabine 1 g/m2 given on days 1, 3 and 5 for 3 cycles [74]. Under

the Phase I portion of the study, 12 patients evaluable for toxicity received either 50 mg of

sunitinib daily for 28 days or for the first 7 days during each cycle of induction and

consolidation therapy. Eight patients harbored FLT3-ITD and four patients had FLT3-TKD

mutations. The continuous dosing arm was abandoned due to dose-limiting toxicities in

three of six patients that consisted of prolonged aplasia or hand– leg syndrome. The most

common adverse events included grade 4 neutropenia and thrombocytopenia and infectious

complications. Seven (70%) of ten patients evaluable for response achieved a CR or a CR

with incomplete recovery of the counts (CRi) and one patient experienced a PR. Three of

four patients with FLT3-TKD mutation obtained a CR (Table 3).

6.3 Lestaurtinib (CEP-701)

Lestaurtinib, a small molecule FLT3 inhibitor, has been studied in several preclinical studies

in both solid and hematologic malignancies. Lestaurtinib has demonstrated inhibition against

the autophosphorylation of FLT3-ITD and -WT as well as cytotoxicity in leukemia cells,

both in vivo and in vitro [75,76]. FLT3 inhibition with lestaurtinib resulted in improved

survival in a mouse model [75]. Although the cytotoxicity of FLT3 inhibitors appears to be

related to the inhibitory activity, there is great heterogeneity in responses. In general, it

appears that blast cells with FLT3-ITD mutation are more sensitive to lestaurtinib compared

to blast cells with a FLT3-TKD mutation or FLT3-WT, which is consistent with similar

findings with other FLT3 inhibitors [76]. In addition, there is great variability in cytotoxic

responses among patients with mutated or un-mutated FLT3 [76,77]. Furthermore, in vitro

and in vivo studies showed synergistic cytotoxic effects in AML cell lines when lestaurtinib

was given in combination with cytotoxic chemotherapy. Interestingly, this synergy was seen

when lestaurtinib was administered simultaneously with or immediately following

chemotherapy [76-78]. Conversely, studies have demonstrated antagonism with FLT3

inhibition when lestaurtinib was administered prior to chemotherapy [78].

The first Phase I – II study with lestaurtinib in AML treated 17 patients with relapsed or

refractory AML and with activating mutations of FLT3 with a starting dose of 40 mg orally

twice daily [79]. The study was amended after the first three patients to increase the starting

dose to 60 mg twice daily with a planned escalation to 80 mg twice daily due to suggested

inadequate FLT3 inhibition by correlative studies. Five (36%) of the fourteen patients had a

response predominately with decreased peripheral blood blasts and decreased transfusion
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requirements. Although some clinical activity was demonstrated, responses were not

durable, lasting from 2 to 12 weeks. However, correlative studies showed that all responders

exhibited significant sustained FLT3 inhibition. Although this activity was seen at 60 mg

twice daily, the 80 mg twice daily regimen may be associated with better sustained FLT3-

inhibitory plasma drug levels. In addition, lestaurtinib was safe and tolerable, with

nonspecific and mild toxicities including nausea/vomiting, diarrhea, generalized weakness

and fatigue (Table 2).

Knapper et al. conducted a Phase II trial of single-agent lestaurtinib for front-line treatment

of older patients with AML not considered fit for intensive chemotherapy and irrespective of

FLT3 mutation status [80]. Lestaurtinib was given orally for 8 weeks at a starting dose of 60

mg twice daily and escalated to 80 mg twice daily on day 29. Of the 27 evaluable patients, 8

(30%) patients showed clinical activity. Overall, 3 (60%) of the 5 patients with mutated

FLT3 and 5 (23%) of 22 patients with FLT3-WT demonstrated a response, which was

predominately lowering of peripheral blasts and decreased transfusion dependence. Similar

to the results of the Phase I study by Smith et al. [79], the majority of clinical responses

were short lived with a median time to progression of 25 days (14 – 270 days range).

Correlative studies showed that clinical responses occurred when there was sustained FLT3-

inhibitory drug levels combined with in vitro cytotoxic sensitivity of blast cells to

lestaurtinib. Overall, lestaurtinib was well tolerated and the most common reported toxicities

included mild nausea/vomiting, constipation, diarrhea and an elevated alkaline phosphatase.

The majority of patients tolerated dose escalation to 80 mg twice daily (Table 3) [80].

In response to preclinical data showing synergistic activity with chemotherapy, Phase I– II

data showing modest clinical activity with single-agent lestaurtinib, reported studies

suggesting persistence of negative influence of FLT3-ITD on the outcome in relapse [81]

and results of a Phase II trial showing clinical benefit of lestaurtinib in combination with

chemotherapy in patients who were predicted to respond [82], Levis et al. initiated a Phase

III, multi-center, randomized, open-label trial of salvage chemotherapy with or without

lestaurtinib in patients with FLT3-mutated relapsed AML [83]. Chemotherapy consisted of

mitoxantrone, etoposide and cytarabine or high-dose cytarabine depending on the duration

of first remission. Lestaurtinib was dosed at 80 mg orally twice daily and started 2 days after

completion of chemotherapy. Although patients randomized to lestaurtinib were not tested

for in vitro sensitivity prior to initiating chemotherapy, they had plasma samples obtained at

baseline and days 15 and 42 to determine FLT3 inhibitory activity, and measurement of FL

and α-1 acid glycoprotein (AAG). Two-hundred and twenty patients were treated and

evaluated. The median age was 54 years in the chemotherapy alone arm and 59 years in the

lestaurtinib arm; and the duration of CR1 was < 6 months in 47% of patients in both arms.

The majority of patients (88%) had FLT3-ITD mutations. Lestaurtinib was generally well

tolerated with comparable grade 3/4 adverse events in both arms (104 events in the

lestaurtinib arm vs 101 in the chemotherapy alone arm, p = 0.8). However, the incidence of

serious infection and 30-day mortality were higher in the lestaurtinib arm compared to the

chemotherapy alone arm (32 vs 21% and 12 vs 6%, p = 0.24, respectively). In the intent-to-

treat analysis, there were 29 (26%) CR/CRp in the lestaurtinib arm compared to 23 (21%) in

the control/chemotherapy alone arm (p = 0.35). Additionally, there was no significant
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difference in OS between the two arms. Among the patients with target FLT3 inhibition

(defined as PIA > 85%) [84] at day 15 (n = 46/79), 39% achieved CR/CRp compared to 9%

of patients with less than target FLT3 inhibition. Interestingly, FL concentrations increased

from baseline to day 15 (15.6 –1148 pg/ml) and AAG concentrations rose by an average of

52% over the same time period. These PK factors may have reduced the degree of FLT3

inhibition and explain the negative results. The study was halted early due to failure to show

improved clinical benefit when lestaurtinib was added to conventional chemotherapy (Table

3) [83].

6.4 Midostaurin (PKC412)

Midostaurin is a multitargeted TKI with demonstrated activity in AML and other

hematologic and solid tumors. It was originally developed as a PKC inhibitor and underwent

preclinical and Phase I studies in solid tumors. Midostaurin showed less than dose-limiting

toxicity with 75 mg orally three times daily in solid tumors [85]. It was found to have

additional inhibitory activity against class III RTK. Weisberg et al. demonstrated

midostaurin to induce cell toxicity in leukemia cells expressing mutant FLT3 and prolong

OS in mice with FLT3-ITD leukemia [86]. Its inhibition of FLT3 made it an attractive agent

for the treatment of patients with AML. Midostaurin produced concentration-dependent

cytotoxic effects in FLT3-mutated cells and inhibited FLT3 phosphorylation in leukemia

blasts [76]. Furthermore, in an effort to improve response rates and overcome resistance in

FLT3-mutant AML cells, midostaurin has been studied in combination with several agents

that target downstream signaling, such as the mTOR inhibitor rapamycin [87], the HDAC

inhibitor LAQ824 [88] and the triterpenoid CDDO-Me [89], and found to work

synergistically.

Stone et al. treated 20 patients with relapsed or refractory AML or high-risk MDS with

documented FLT3 mutations with single-agent midostaurin at a dose of 75 mg orally three

times daily continuously [90]. The vast majority of patients had FLT3-ITD AML.

Midostaurin was generally well tolerated with mild nausea/vomiting as the most common

toxicity. Although neutropenia was observed, especially in patients who responded, this may

have also been related to disease itself. Of note, two patients experienced unexplained fatal

pulmonary events, for which midostaurin could not be entirely excluded. Fourteen (70%) of

the twenty patients experienced peripheral blood blast reductions of ≥ 50%, and 50% of

these patients had a ≥ 2-log reduction in peripheral blasts for at least 4 weeks. In all, 6 (30%)

of the 20 patients experienced bone marrow blast reductions by ≥ 50%, including 1 patient

who had a near CR. Unfortunately, responses were short in duration, lasting a median of 13

weeks (9 – 47 weeks). In PK studies, plasma concentrations of midostaurin increased

substantially during the first week of treatment but then declined despite continuous dosing.

This could be attributed to midostaurin's high affinity for protein binding, poor absorption or

increased metabolism. This decline in concentrations of midostaurin and a metabolite

(CGP2221) may be a contributing factor to the short duration of responses [90].

A subsequent Phase IIB study evaluated the safety and efficacy of single-agent midostaurin

in patients with AML and high-risk MDS with either mutated- or wild type-FLT3 [91].

Ninety-five patients were randomized to receive midostaurin at either 50 or 100 mg orally
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twice daily on a continuous basis. Overall, 89% of patients had AML and 73% of all patients

were relapsed or refractory. Of the 37% patients with mutated FLT3, 74% had an ITD

mutation. Thus, the majority of patients had unmutated FLT3 (FLT3-WT). Both patients

with FLT3-mutation and WT responded to midostaurin. Of the 92 patients analyzed for

efficacy, a blast response (defined as a reduction of ≥ 50% blasts in the bone marrow or

peripheral blood) was achieved in 71% of FLT3-mutated and 42% of FLT3-WT patients.

One patient with FLT3-mutation achieved a PR. Response rates were higher among

untreated patients compared to relapsed or refractory patients, regardless of mutational

status (100 vs 71%, respectively, among FLT3-mutated; 50 vs 37%, respectively, among

FLT3-WT). Furthermore, the median time to treatment failure for patients who demonstrated

a blast response, by Kaplan-Meier estimates, was 60 days in the FLT3-mutated group

compared to 83 days in the FLT3-WT group. There was no difference in efficacy between

the two doses. Midostaurin was generally well tolerated at both dose levels, with mild

gastrointestinal-related toxicity being the most common. There were no fatal pulmonary

events noted in this trial. This study confirmed the results of the proof-in-concept study by

Stone et al. [90] and demonstrated modest activity with single-agent midostaurin (Table 2)

[91].

In order to improve on response rates with single-agent midostaurin, a Phase Ib feasibility

study of midostaurin (50 or 100 mg) in combination with induction and consolidation

chemotherapy in patients < 61 years of age with newly diagnosed de novo AML was

conducted by Stone et al. [92]. Patients could have either FLT-mutated or WT status.

Patients received standard induction chemotherapy with the 7 + 3 regimen followed by three

cycles of consolidation with high-dose cytarabine, plus midostaurin twice daily on either

days 8 – 21 (sequential arm) or on days 1 – 7 and 15 – 21 (concomitant arm). The 50 mg

dose of midostaurin was selected as the dose for future studies due to poor patient

tolerability of the 100 mg. Forty patients on the 50 mg regimen were evaluated; twenty

patients on each arm. A total of 27 patients had FLT3-WT and 13 were FLT3-mutated (9/13

had FLT3-ITD). Maintenance therapy with midostaurin was given to 5 patients (3 FLT3-

mutated). FLT3-mutated patients received a median of 133 days (21 – 975 days) of

midostaurin and FLT3-WT patients received a median of 90 days (7 – 1016 days). CRs

occurred in 80% of all patients (n = 40) and occurred more frequently in patients with FLT3-

mutation (92%) compared to FLT3-WT (74%). Unexpectedly, the 1 and 2 year OS rates for

patients with FLT3-mutation (85 and 62%, respectively) were similar to patients with FLT3-

WT (81 and 59%, respectively) (Table 3) [92]. The results of this trial support the basis for

the ongoing randomized, Phase III CALGB 10603 study in which newly diagnosed patients

with AML, younger than 60 years of age with FLT3 mutations, receive induction/

consolidation with or without midostaurin and are further randomized to maintenance

therapy with midostaurin or placebo.

6.5 Tandutinib (MLN518)

Tandutinib is another oral multi-target TKI selective for FLT3. In a Phase I trial evaluating

the PK and pharmacodynamics (PD) of tandutinib, 40 patients with either AML or high-risk

MDS were given tandutinib starting at 50 mg orally twice a day, escalating in subsequent

cohorts up to 700 mg twice a day [93]. Two of five evaluable patients with FLT3-ITD who
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were treated with tandutinib 525 and 700 mg twice daily demonstrated improvements in

both blood and marrow blasts. The dose-limiting toxicities were reversible generalized

muscle weakness, fatigue, or both and occurred at doses of 525 and 700 mg twice a day in 1

of 6 and 2 of 3 patients, respectively [93]. DeAngelo et al. further studied tandutinib 525 mg

twice daily in a Phase II study in patients with relapsed or refractory AML with FLT3-ITD

[94]. Of the 15 patients evaluable, 6 patients demonstrated ≥ 50% decreases in peripheral

and bone marrow blasts of 1 – 3 months duration (Table 2). In a Phase I– II trial, 29 newly

diagnosed AML patients with or without FLT3 mutation were treated with tandutinib (200 –

500 mg twice daily) plus induction (3 + 7 regimen) and consolidation (cytarabine)

chemotherapy [95]. The most common drug-related adverse events were diarrhea, nausea

and vomiting. The protocol was amended so that tandutinib was given on days 1 – 14 of

each cycle and this improved tandutinib tolerability. In all, 5 of the 7 patients treated with

tandutinib 200 mg twice daily continuously achieved a CR and 6/8 patients on tandutinib

200 mg twice daily on days 1 – 14 achieved CR (Table 3). In an ex vivo study, tandutinib

displayed sequence-independent and strong synergistic anti-leukemic effects on FLT3-ITD

blasts when combined with cytarabine and daunorubicin [96]. As suggested by the

investigators, the strong synergistic effects seen on FLT3-ITD blasts may allow for

exploring lower doses of chemotherapy in elderly patients [96].

6.6 AC220

AC220 is a second generation, small molecule FLT3 inhibitor that displays an improved PK

and PD profile over the first generation FLT3 inhibitors [97,98]. It has a favorable drug

profile with low nanomolar potency, high tyrosine kinase selectivity and high and sustained

FLT3 inhibition [97-102]. In animal studies, AC220 was able to achieve substantial and

sustainable tyrosine kinase inhibition at achievable doses as low as 1 mg/kg orally daily

[97,100].

AC220 has been studied in several homozygous FLT3-ITD-dependent MV4-11 mouse

xenograft models [97-99,102,103]. One study examined the efficacy of AC220 given as a

limited treatment course (30 days) or a chronic dosing regimen [103]. The data suggest that

AC220 is efficacious against both FLT3-ITD homozygous and heterozygous genotypes, and

that a chronic dosing regimen may provide more efficacy compared to a limited treatment

course. The effect of AC220 plus chemotherapy (cytarabine, cladribine, etoposide and

daunorubicin) was examined against the homozygous FLT3-ITD cell line MV4-11 in an in

vitro study [102]. When AC220 was given concurrently with or on the day following

chemotherapy, it provided slightly synergistic effects. More importantly, unlike the results

with lestaurtinib, AC220 given prior to the addition of chemotherapy did not result in

significant antagonism. When AC220 was given, concurrently or episodically, with

cytarabine or azacitidine to mice with solid tumors, it showed to be safe and have increased

efficacy.

Cortes et al. conducted the first Phase I, dose-escalation study of AC220 in humans [100].

AC220 was administered orally at doses ranging from 12 to 450 mg (flat dose) once daily

for 14 days every 28 days to 76 relapsed or refractory AML patients with FLT3-ITD, FLT3-

WT or undetermined FLT3 mutations. Additional cohorts were studied on a continuous
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dosing regimen at 200 and 300 mg/day for 28 days. PK and PD studies revealed AC220

plasma exposure to be sustained between dose intervals and to be dose-proportional. The

half-life was 1.5 days, which allows for once-daily dosing. An active metabolite, AC886,

was detected that has similar potency and activity to AC220. The 12 mg dose potently

inhibited phosphorylated FLT3 in ex vivo FLT3-ITD cell lines and complete inhibition of

phosphorylated FLT3 in WT cell lines occurred at higher doses. AC220 suppressed

phosphorylated FLT3, STAT5 and KIT in peripheral blasts. AC220 was generally well

tolerated and the most common reported drug-related adverse events were ≤ grade 2

gastrointestinal toxicity, peripheral edema and dysgeusia. Two patients at 300 mg

(continuously) had grade 3 QTc prolongation but were also on concomitant medications

known to prolong QT. Therefore, the DLT was observed at 300 mg and the MTD was

declared at 200 mg continuously. Overall, 30% (23/76) of patients had a response to AC220:

12% (9/76) CR including CRi and CRp; and 18% (14/76) PR. The overall median duration

of response and median survival was 14 weeks (4 – 62+ weeks; 1 – 68+ weeks,

respectively). Among the 18 patients with FLT3-ITD, 10 (56%) responded. Additionally, on

the 200 mg continuous dose regimen, 4 of the 6 FLT3-ITD patients responded (1 CR, 1

CRp, 1 CRi and 1 PR). Response rates were lower among FLT3-WT patients (19%) and

FLT3- undetermined patients (36%) (Table 2) [100].

The acceptable toxicity profile, favorable PK/PD properties and modest response rates of

single-agent AC220 in heavily pretreated AML patients have led to ongoing Phase II studies

of AC220 as monotherapy or in combination with chemotherapy in FLT3-ITD and FLT-WT

AML patients.

7. Potential development issues

Several FLT3 inhibitors are being explored for the treatment of AML and have shown

encouraging preclinical and clinical activity. However, at the same time, several limitations

are emerging from the available experience. From a clinical perspective, the majority of

patients who responded to treatment with single-agent FLT3 inhibitors only experienced

transient improvements in the peripheral blood and bone marrow blasts. Possible reasons for

poor efficacy may include: limitations in PK/PD characteristics such as insufficient

sustained plasma concentrations, high protein binding, varying active metabolites, liver

metabolism, and varying levels of potency and selectivity for FLT3 and emergence of

resistant clones (Table 4 and Figure 1). The development of overt and progressive AML

may require cooperation between at least two mutations. For example, activating mutations

in FLT3 augment cellular proliferations and may cooperate with loss-of-function mutations

such as PML/RARα (t(15;17) or AML1/ETO (t(8;21) that primarily impair hematopoietic

differentiation and lead to subsequent apoptosis [1]. Based on this model, successful

inhibition therapy may perhaps require a combination of agents that will lead to more

durable control of the disease. Additionally, recent data suggest that prolonged exposure to

FLT3 inhibitors will lead to resistant clones that use compensatory pathways for survival

that are independent of FLT3 signaling [104]. Similar to point mutations in the BCR-ABL

kinase domain in CML, mutations in the FLT3 kinase domain may play a role in acquired

drug resistance. Furthermore, the hematopoietic microenvironment may add to resistance by

rescuing leukemia cells and thereby making them less sensitive to FLT3 inhibitors [58].
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Increased plasma FL levels after administration of chemotherapy have been reported and

probably interfere with the clinical efficacy of FLT3 inhibitors when given after

chemotherapy [105]. This may explain the modest clinical benefit seen when combination

therapy was administered in Phase II and III trials, and will continue to be an area of

intensive research. Hence, the transient and PRs observed with FLT3 inhibitors in AML,

coupled with the discovery of drug-resistant leukemic blast cells, have made resistance to

FLT3 inhibitors a growing concern. A better understanding behind the inherent and acquired

mechanism of resistance will guide future drug development and generate novel approaches

for overcoming resistance. Moreover, identification of patient populations (de novo vs

refractory; FLT3-ITD vs -WT or -TKD; and high vs low mutant allelic burden) likely to

respond differently to the various FLT3-inhibitors will remain an important area of research

and development surrounding FLT3 inhibitor-based therapy.

8. Conclusion

FLT3 tyrosine kinase is highly expressed in leukemia cells, especially AML cells. More

importantly, activating mutations of FLT3 are one of the most common molecular

abnormalities in AML, and patients with NK-AML and FLT3-ITD mutations have a poor

prognosis. Thus, inhibiting FLT3 and downstream pathways have become a large area of

research in hopes of improving outcomes for this patient population. Several FLT3

inhibitors have been studied in preclinical and clinical trials. Although studies with single-

agent therapy have mostly shown only modest activity, FLT3 inhibitors are under evaluation

in combination therapy with standard chemotherapy, both in salvage and front-line settings.

9. Expert opinion

The identification of molecular abnormalities, such as FLT3-ITD, is providing further

insight into the heterogeneity of AML and the response to treatment. For many decades, we

predominately relied on cytogenetics for prognostic information and to aid with treatment

decisions. For example, stem cell transplant in first CR is indicated for patients with

complex (or unfavorable) cytogenetics, whereas it is not indicated for patients with

favorable cytogenetics. However, we now know that patients with normal cytogenetics and

FLT3-ITD have decreased DFS, remission duration and OS compared to patients without

FLT3-ITD. Thus, risk-stratification in AML has shifted from a purely clinical-based system

to a cytogenetic- and molecular-based system. Given the heterogeneity of AML and the

modest response rates with FLT3 inhibitor therapy, sole inhibition of FLT3 is unlikely to

have the same profound effect in AML as imatinib did in chronic myeloid leukemia. Clinical

evidence with FLT3 inhibitors is showing us that successful inhibition of FLT3 will

probably require not only novel agents, but novel combinations in order to achieve improved

and durable clinical benefit. Great strides in understanding FLT3 and the development of

FLT3 inhibitors have been made over the past decade. However, much remains to be

discovered regarding the role of FLT3 inhibitors and who will best benefit from them. There

are conflicting data surrounding the role of FLT3 inhibitor therapy for patients with and

without activating mutations as well as in the front-line or relapsed setting. In general,

patients with FLT3-ITD appear to have better responses to FLT3 inhibitors compared to

those with FLT3-TKD or FLT3-WT. Similarly, all of the FLT3 inhibitors mentioned here
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are considerably less potent at inhibiting FLT3-WT (non-mutated) compared to FLT3-ITD,

evidenced by their increased IC50 values [97,106]. Some studies suggest patients with de

novo AML (first line) may have improved response rates with FLT3 inhibitors compared to

relapsed or refractory patients [91], while others suggest the opposite [106]. The PK/PD

profile of FLT3 inhibitors probably plays a significant role here, especially the degree of

selectivity that the agent has. Additionally, allelic burden appears to play an important

function in determining who may most likely benefit from FLT3 inhibitor-based therapy.

Pratz et al. demonstrated that the FLT3-mutant allelic burden and the clinical status (de novo

or relapsed) to be predictive of response [106]. Both relapsed AML samples and samples

with a high mutant allelic burden were more likely to be responsive to cytotoxicity from

FLT3 inhibition than those obtained from de novo or with low mutant allelic burden. The

degree of FLT3 selectivity may play a role here as well. Thus, FLT3-inhibitors have a

definite role in the treatment of patients with ITD mutations and potentially in patients with

FLT3-WT.

Although the results of the studies combining FLT3 inhibitors with chemotherapy have been

only modestly encouraging, successful inhibition of FLT3 mutant leukemic cells will most

probably require combination therapy. Several ongoing randomized clinical trials are

exploring the role of FLT3 inhibitors in various combined approaches. Whether FLT3

inhibitors will be best utilized in consolidation or as maintenance therapy will need further

investigation.

With our growing knowledge about the impact that FLT3 has on prognosis on certain

subgroups of patients, it certainly behooves us to continue pursuing novel agents that target

these molecular abnormalities. Although several patients in clinical trials have demonstrated

hematologic responses to various FLT3 inhibitors, few patients have experienced clinically

meaningful and durable responses to date. The most impressive responses have been seen

with sorafenib in the setting of relapse after stem cell transplant [67]. Similar to what we

have seen in the treatment of CML with tyrosine kinases, prolonged exposure to FLT3

inhibitors will probably be necessary but may also select for resistant clones. If FLT3

inhibitors prove to be a worthy treatment option, they will most likely need to be combined

with chemotherapy or other novel agents such as inhibitors that target signaling pathways

downstream from FLT3 in order to prevent resistance.
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Figure 1. Kinase selectivity of FLT3 inhibitors
This kinase dendogram was adapted and is reproduced with permission from the American

Society of Hematology [97].

FLT3: FMS-like tyrosine kinase 3.
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Table 4
Potency of FLT3 inhibitors

FLT3-inhibitor FLT3-ITD autophorphorylation, IC50,
medium (nM)

FLT3-ITD autophorphorylation, IC50,
plasma (nM)

Ref.

AC220 1 18.4 [97,98,106]

Tandutinib (MLN518) 6 ~ 200 [93,96]

Sorafenib (BAY43-9006) 3 308 – 484 [62,106]

Sunitinib (SU11248) 1 NR [98,106]

Midostaurin (PKC412) 3 – 6 1000 – 1800 [84,106]

Lestaurtinib (CEP-701) 2 700 [98,106]

FLT3: FMS-like tyrosine kinase 3; ITD: Internal tandem duplication; NR: Not reported.
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