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Abstract 

Acute myeloid leukemia (AML) is a malignancy of proliferative, clonal, abnormally, or poorly 

differentiated cells of the hematopoietic system, characterized by clonal evolution and genetic 

heterogeneity. Mutations of the FMS-like tyrosine kinase 3 (FLT3) gene occur in approximately 

30% of all AML cases, with the internal tandem duplication (ITD) representing the most 

common type of FLT3 mutation. FLT3-ITD is a common driver mutation that presents with a 

high leukemic burden and confers a poor prognosis in patients with AML. In this systematic 

review and meta-analysis, we present a detailed review of current clinical evidence of FLT3 

inhibitors and their use in AML, and discrepancies association between FLT3 inhibitors use 

and prognosis of acute myeloid leukemia and maintenance setting. 
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Introduction 

Acute myeloid leukemia (AML) is a malignancy of proliferative, clonal, abnormally, or poorly 

differentiated cells of the hematopoietic system, characterized by clonal evolution and 

genetic heterogeneity [1]. Mutations of the FMS-like tyrosine kinase 3 (FLT3) gene occur in 

approximately 30% of all AML cases, with the internal tandem duplication (ITD) representing 

the most common type of FLT3 mutation (FLT3-ITD; approximately 25% of all AML cases) 

[2]. FLT3-ITD is a common driver mutation that presents with a high leukemic burden and 

confers a poor prognosis in patients with AML [4]. Patients with FLT3-ITD mutations tend to 

have a particularly unfavorable prognosis, with an increased risk of relapse and shorter 
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overall survival (OS) compared with patients without the mutation [5]. A recent meta-analysis 

demonstrated that the presence of FLT3-ITD is associated with a poor prognosis in terms 

of OS and relapse-free survival (RFS; hazard ratios of 1.86 and 1.75, respectively). Given 

the high frequency with which FLT3 mutations occur in AML, a number of TKIs are under 

development that disrupt the oncogenic signaling initiated by FLT3 [6]. In addition to a 

variety of improved treatment strategies in AML, the recognition that FLT3-ITD is an adverse 

prognostic marker, the integration of FLT3 inhibitors into the treatment algorithm, and the 

increased use of alloHSCT have led to improvements over the past 15 years in clinical 

outcomes in patients with FLT3-ITD-mutated AML [7]. Notably, this trend was observed 

retrospectively in a single-tertiary-center study evaluating differences in clinical outcomes in 

patients with newly diagnosed FLT3-ITD-mutated AML from 2000 to 2014, whereby a higher 

proportion of patients achieved CR in successive years and the corresponding median OS 

and median time to relapse increased significantly and incrementally over time with the 

introduction of alloHSCT and FLT3 inhibitors for the treatment of patients with FLT3-ITD 

mutations [8]. 

 

 

 

 

Figure 1. 

Type I FLT3: inhibitors bind the FLT3 receptor in the active conformation, either near the activation 
loop or the ATP-binding pocket and are active against ITD and TKD mutations. Type II FLT3 inhibitors 
bind the FLT3 receptor in the inactive conformation in a region adjacent to the ATP-binding domain. 
As a result of this binding affinity, type II FLT3 inhibitors prevent activity of ITD mutations but do not 
target TKD mutations. FLT3, FMS-like tyrosine kinase; ITD, internal tandem duplication; JMD, 
juxtamembrane domain; TK, tyrosine kinase; TKD, tyrosine kinase domain [9]. 
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Classification of FLT3 inhibitors 

FLT3 inhibitors can be classified using two primary schemas: generation and type. The first-

generation FLT3 inhibitors were tyrosine kinase inhibitors (TKIs) with multi-kinase target 

activity [10]. Existing first-generation TKIs include lestaurtinib (CEP-701), sunitinib 

(SU11248), midostaurin (PKC412), and sorafenib (BAY43-9006) [11]. The antileukemic 

effects of these multi-kinase inhibitors likely derive from the simultaneous inhibition of FLT3 

and parallel pathways, but multiple off-target effects also bring about increased toxicities 

[12]. Subsequently, second-generation FLT3 inhibitors with higher selectivity and inhibitory 

activity were identified [13]. Second-generation FLT3 inhibitors can more selectively inhibit 

FLT3, and thus have greater clinical potential and fewer off-target effects. Second-

generation FLT3 inhibitors include gilteritinib (ASP2215), quizartinib (AC220), and 

crenolanib (CP868596). In plasma, first-generation inhibitors have higher IC50 values and 

shorter half-lives than their second-generation counterparts, which explains their limited 

clinical potency [14]. 

Furthermore, these FLT3 inhibitors can be roughly classified into two types according to the 

binding mode to FLT3 [15]. Type I inhibitors bind to the ATP-binding site in the intracellular 

active pocket and enable downregulation of the phosphorylation of both ITD and TKD 

mutations. In contrast, because type II inhibitors are designed to favorably bind to the 

hydrophobic space of the inactive conformation of FLT3, they are made inaccessible by 

TKD mutations [16]. 
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Figure 1. 

Applications of FLT3 inhibitors in AML. 

Resistance to FLT3 inhibition 

Primary resistance to TKI treatment is not well elucidated. Secondary resistance is almost 

universally seen after prolonged use in various types of malignancies, usually due to 

emerging mutation in or near the kinase domain of the RTK [17]. Some TKI-resistant 

mutations have a predominant pattern, e.g, ABL1 T315I in TKI-treated chronic myeloid 

leukemia or EGFR T790M in EGFR TKI-treated non-small-cell lung cancer. As previously 

noted, FLT3 mutation is not the early event in the evolution of AML and thus not required 

for AML growth and proliferation; thus, loss of FLT3 mutation is common and may result in 

loss of response to FLT3 inhibitor (FLT3 independence) [18]. Several secondary RTK-

resistant mutations have been described after quizartinib use and could be heterogeneous 

even within a single patient.36 Most of the mutations after quizartinib use happen at D835 

residue [19].  
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Methods and analysis   

A comprehensive search of Pubmed, Embase, Cochrane Central Register of Controlled 

Trials, Web of Science. The risk of bias will be assessed using the approach recommended 

by Cochrane Handbook for Systematic Reviews of Interventions. We will conduct the meta-

analysis to synthesise the evidence for each outcome, if possible. The heterogeneity will be 

statistically assessed using a χ2 test and I2 statistic. This protocol is developed following the 

guideline of Preferred Reporting Items for Systematic Reviews and Meta-analyses Protocols 

(PRISMA-P) 2015. [20] 

Results 

Table 1.  

Characteristics of individual studies included in the meta-analysis. 

Author Year 

FLT3-
ITD+ 

patients, 
N 

Median bp 
(range) Cut-off, bp 

Cut-off 
selection 

HR 
for 

death 

Engen et al. 2022 77 57 (17-139) ≥50 vs. <50 ‘Minimum 
P value’ 

1.5 

Cucchi et al. 2022 101 49 (4-158) ≥48 vs. <48 literature 1.03 

Castaño-
Bonilla et al. 

2021 112 43 (2-211) ≥48 vs. <48 median 0.22 

Cucchi et al. 2021 110 54 (4-156) ≥48 vs. <48 literature 1.34 

Schlenk et al. 2020 94 54 (14-220) ≥48 vs. <48 literature 1.22 

Zhang et al. 2020 88 59 (19-227) >69 vs. <69 ‘Minimum 
P value’ 

1.54 

Liu et al. 2019 80 40 (8-60) ≥39 vs. <39 median 2.41 

Kim et al. 2019 70 58 (15-120) ≥70 vs. <70 ‘Minimum 
P value’ 

2.10 

Koszarska et 
al. 

2018 67 44 (4-190) ≥48 vs. <48 literature 1.72 

Schlenk et al. 2017 311 49 (16-155) ≥48 vs. <48 literature 1.12 

Blau et al. 2017 64 69 (22-193) >61 vs. <61 median 0.76 

Schiller et al. 2016 49 43 (2-134) ≥45 vs. <45 median 2.64 
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Figure 1.  

Meta-analysis of studies reporting FLT3-internal tandem duplication length and overall survival in 
acute myeloid leukemia patients. Results are provided separately for (a) the Dutch-Belgian 
Cooperative Trial Group for Hematology-Oncology (HOVON)/Swiss Group for Clinical Cancer 
Research (SAKK) HOVON 102 AML/SAKK 30/09 trial and (b) the HOVON 132  AML/SAKK 30/13 
trial. N: number of FLT3-ITD-positive acute myeloid leukemia (AML) patients in study; HR; hazard 
ratio for death; 95% CI: 95% confidence interval; ITD: internal tandem duplication; Cut-off: cut-off 
value used for group comparison of short and long FLT3-ITD lengths, reported in base pairs (bp). 
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Publication bias 

Because only five studies were included in Part I, funnel plots had low power and were not 

used in test for publication bias. In Part II, we obtained symmetric funnel plots for the 

synthesis of CR and ORR, indicating mild publication bias 

Discussion 

FLT3 inhibitors undergoing clinical evaluation were divided into the first-generation agents 

(including sunitinib, midostaurin, and lestaurtinib) with relative nonspecificity and multiple 

targets and the second-generation agents (including sorafenib, quizartinib, and crenolanib) 

with a higher selectivity against mutant FLT3 [21]. A host of first-generation FLT3 inhibitors 

were limited by their suboptimal propensity for AML control in vivo or their off-target effects, 

frequently producing a peripheral blast cell clearance and BM blast cell persistence [22]. 

 In our systematic review and meta-analysis, no patient was found to achieve ORR with 

lestaurtinib monotherapy, and 52.1% patients responded to sunitinib monotherapy with the 

best outcome of PR 22,10. It was documented that midostaurin as a single agent could 

reduce blast count in peripheral blood in 70% patients, and the peripheral blood and BM BR 

was shown in 53.3% patients with monotherapy in studies from our analysis 22,31 [23-32]. 

 For second-generation FLT3 inhibitors, quizartinib monotherapy has been reported with 

composite CR (CRc; including CR, CRi, and CRp) in 46–57% patients with 

relapsed/refractory (R/R) AML 14,46,4 [33-35].  

Crenolanib, as a single agent, achieved the CRc up to 44% in this patient population 41–59 

[36], the median OS for quizartinib and crenolanib in initial clinical studies was reported up 

to 168 and 259 days, and median EFS could achieve 74 and 56 days, respectively [37-39], 

which is similar or better than conventional chemotherapy with median OS of 198 days and 

4-month EFS ranging from 16.6% to 37.7%.50–52 [40], improvement on EFS and RFS has 

also been seen from the use of sorafenib [41].  

Our systematic review and meta-analysis have several limitations. First, we could only 

systematically investigate the univariable effect of FLT3-ITD length, since multivariable 

analyses were provided in only seven of the 22 included reports [42]. In three of these seven 

reports, FLT3-ITD length remained a relevant prognostic factor in multivariable analysis with 

FLT3-ITD-AR, FLT3-ITD-AR, sex and cytogenetic risk [43] and FLT3-ITD-AR, NPM1, TP53 

and CEBPa mutations and cytogenetic risk [44]. However, due to the limited, heterogenous, 

and potentially preferential reporting of association analyses, it remains unclear whether 

FLT3-ITD length has additional prognostic value over the FLT3-ITD-AR, and whether this 

also depends on the presence of other prognostic factors, such as the FLT3-ITD insertion 

site [45]. We therefore call for broader and homogeneous reporting of statistical tests to 
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reproduce and facilitate further research. Second, our results may only apply to patients 

treated in regimens without FLT3-TKI. Our results indicate that AML patients with a long 

FLT3-ITD length have a moderately but statistically significantly higher risk of death, 

compared with patients with a short FLT3-ITD length. Long FLT3-ITD length might be 

associated with a higher degree of constitutive kinase activation leading to a more 

aggressive phenotype [46].  

Alternatively, long FLT3-ITD length may be a surrogate for ITD localization in the tyrosine 

kinase domain rather than in the juxta-membrane domain,  which is associated with drug 

resistance and inferior OS [47]. Others suggest an association independent of ITD 

localization, since the authors observed poor OS in AML patients with long FLT3-ITD within 

the juxta-membrane domain [48-52].  

Conclusion 

FLT3 inhibitors has provided us with numerous powerful creative treatment tools, survival 

remains poor in FLT3-mutated AML, and new strategies need to be explored. The influence 

of FLT3 inhibitor tolerance has become an inevitable issue.  
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