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Abstract

Mutations in the FMS-like tyrosine kinase 3 (FLT3) gene are detected in approximately 30% of acute myeloid leukemia
(AML). The high frequency of FLT3 mutations, along with their adverse effect on prognosis, makes FLT3 a promising
therapeutic target, and has spurred development of FLT3 inhibitors. First-generation inhibitors, including midostaurin and
sorafenib, lack specificity for FLT3 and act on multiple kinases, whereas second-generation inhibitors, including gilteritinib,
and quizartinib, are highly specific to FLT3 and are more potent than first-generation inhibitors. Several FLT3 inhibitors have
recently gained regulatory approval worldwide, and several others are under development. The advent of FLT3 inhibitors has
changed the standard treatment for FLT3-mutated AML in the frontline and relapsed/refractory settings and contributed to
improved outcomes for this formidable AML subtype. However, numerous unresolved issues remain owing to rapid changes
in practice. These include identification of optimum FLT3 inhibitors and combination therapies, the role of maintenance
therapy, and the indication for allogeneic hematopoietic cell transplantation. Furthermore, strategies to overcome resistance
to FLT3 inhibitors must be pursued. Results of ongoing and future studies will improve our ability to use FLT3 inhibitors
more effectively, which should provide significant benefits to a wider range of patients.
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Introduction

The FMS-like tyrosine kinase 3 (FLT3) gene encodes a class
III receptor tyrosine kinase that is expressed by hematopoi-
etic stem and progenitor cells and plays a critical role in
hematopoiesis [1-4]. Two distinct forms of FLT3 muta-
tions are as follows: internal tandem duplication (ITD) in
the juxtamembrane domain [5] and a point mutation within
the activation loop of the tyrosine kinase domain (TKD) [6].
Both mutations serve as a genetic driver in acute myeloid
leukemia (AML) by constitutively activating FLT3 kinases,
thereby leading to leukemic cell proliferation and survival
[3,4, 7, 8]. FLT3 mutations are found in approximately 30%
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of patients with newly diagnosed AML [9]. The presence of
FLT3 mutations, especially FLT3-ITD, confers a high risk
of relapse and a low probability of survival [10-15], mak-
ing the treatment of FLT3-mutated AML a significant chal-
lenge. However, this situation has been drastically changing
since the development of FLT3 inhibitors in recent years.
This article reviews biological and clinical aspects of FLT3-
mutated AML with focus on FLT3 inhibitors and discusses
how the advent of FLT3 inhibitors is transforming the thera-
peutic landscape of FLT3-mutated AML.

FLT3 biology in AML

The FLT3 protein is a cell surface receptor-bound tyros-
ine kinase that contains extracellular immunoglobulin-like
domains, a transmembrane region, a juxtamembrane region,
and TKDs [4, 16]. The ligand of the extracellular receptor
portion of FLT3 is produced by bone marrow stromal cells
[3, 17], and binding of the FLT3 ligand to the dimerized
FLT3 results in subsequent phosphorylation of tyrosine resi-
dues in the activation loop within the TKD [4]. Phosphoryl-
ated FLT3 activates multiple signaling pathways including
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RAS/MAPK, PI3K/AKT/mTOR and JAK/STATS, and pro-
motes cell proliferation and inhibits apoptosis [18-21].

The majority of FLT3 mutations are in-frame insertions,
that is, FLT3-ITD [5]. FLT3-ITD results in the aberrant
elongation of the juxtamembrane region, which prevents its
inhibitory regulation to the TKD and allows ligand-inde-
pendent self-dimerization of FLT3 [22]. The conformational
change in the juxtamembrane region leads to continuous
TKD activation, which results in excessive proliferation
and differentiation blockade of hematopoietic progenitor
cells [23]. Unlike the wild-type FLT3, FLT3-ITD signifi-
cantly enhances STATS phosphorylation [24], which leads
to upregulation of BCL-XL and PIM1, both of which are
involved in anti-apoptotic mechanisms on the mitochon-
drial outer membrane [25, 26]. Point mutations in the TKD
(FLT3-TKD) represent the second most common FLT3
mutations and predominantly occur within the activation
loop [6]. FLT3-TKD causes conformational change to keep
its active form even in the absence of the FLT3 ligand [27],
and constitutively activates proliferative signaling cascades
and are involved in leukemogenesis. Unlike FLT3-1TD,
FLT3-TKD does not activate the JAK/STATS pathway, but
enhances SHP1 and SHP?2 activity that negatively regulates
JAK signaling [28, 29]. This may partly explain why FLT3-
TKD shows a less aggressive phenotype than FLT3-ITD [30,
31].

FLT3 mutations as a biomarker

FLT3-ITD mutations are found in up to 25% of patients
with newly diagnosed AML [9]. Patients with FLT3-ITD
are characterized by a higher white blood cell (WBC) count
at diagnosis, a higher prevalence of normal karyotype, and
worse outcomes than those without FLT3-ITD [10-15].
Although patients with FLT3-ITD achieve complete remis-
sion (CR) with conventional induction therapy similarly to
those without FLT3-ITD, an increased incidence of relapse
leads to inferior disease-free survival (DFS) and overall
survival (OS), as demonstrated by an early meta-analysis
reporting a summary hazard ratio (HR) and its 95% confi-
dence interval (CI) of 1.86 (1.52-2.29) and 1.68 (1.29-2.03)
for DFS and OS, respectively [32]. However, accumulating
data suggest that not only the presence of this mutation but
also allelic ratio, insertion site, ITD length, and co-mutations
matter in prognostication [9]. Among them, allelic ratio and
co-mutations represent the two most important factors.
The allelic ratio, which is defined as the ratio of ITD-
mutated allele to wild-type allele, has been shown to differ-
entiate the prognosis of FLT3-ITD AML [13, 33-37]. Thiede
et al. reported that patients with a mutant/wild-type ratio above
the median value of 0.78 had a significantly higher relapse
incidence and shorter OS than those with a lower ratio [13].
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Schlenk et al. analyzed patients enrolled in three prospective
studies conducted by the German—Austrian AML Study Group
(AMLSG) and found that an allelic ratio of >0.51 was associ-
ated with worse relapse-free survival (RFS) and OS [36]. Fur-
thermore, Versluis et al. showed worse outcomes for patients
with allelic ratio of >0.50 based on the data of the Dutch—Bel-
gian Hemato-Oncology Cooperative Group and Swiss Group
for Clinical Cancer Research (HOVON/SAKK) studies [37].
Conversely, several studies argue against the prognostic sig-
nificance of the allelic ratio [38, 39]. For example, Linch et al.,
on behalf of the United Kingdom Medical Research Council,
found no significant difference in the cumulative incidence
of relapse for patients with allelic ratios of <25%, 25-50%,
and>50% [38]. When interpreting these results, it is important
to note that there is currently no standardized methodology
for determining allelic ratios and no consensus on the optimal
cutoff level. Considering the conflicting data along with the
lack of assay standardization, the prognostic significance of
allelic ratio remains unsettled.

The presence of certain co-mutations can influence the
outcomes of patients with FLT3-ITD AML. NPM1 is the
most remarkable example; several studies showed that
patients with FLT3-ITD have better outcomes in the pres-
ence of concomitant NPM 1 mutation, especially when the
FLT3-ITD allelic ratio is low [33-35]. In contrast, inves-
tigators in the HOVON/SAKK group showed that the OS
of patients with low-allelic ratio FLT3-ITD did not differ
according to NPM1 mutational status [37]. By conduct-
ing comprehensive genomic analysis, Papaemmanuil et al.
demonstrated that the adverse influence of FLT3-ITD on OS
was significantly greater when both NPM 1 and DNMT3A are
concurrently mutated, which was considerably diminished
in the absence of either or both mutations [40].

Another type of FLT3 mutations involving the TKD
accounts for 7-10% of newly diagnosed AML [9]. Consist-
ent with FLT3-ITD, FLT3-TKD is characterized by a higher
initial WBC count and normal karyotype [12, 13, 41]. How-
ever, contrasting with FLT3-ITD, the prognostic significance
of FLT3-TKD is equivocal [12, 13, 41-43], and the presence
or absence of this mutation does not have any influence on
the current risk assessment [44]. Moreover, the prognostic
impact of FLT3-TKD appears to depend on co-mutations.
Some studies showed that prognosis was better when NPM 1
was co-mutated [41, 45], whereas worse outcomes were
reported when co-mutation with partial tandem duplications
of MLL was present [40, 41].

FLT3 inhibitors

The high frequency of FLT3 mutations in AML along with
the adverse prognostic feature makes FLT3 a promising
therapeutic target. Significant research efforts have been
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undertaken to develop effective FLT3 inhibitors, and several
drugs, including midostaurin, gilteritinib and quizartinib,
have been approved for use in one or more countries thus far,
whereas several others are under development.

FLT3 inhibitors can be classified by generation and type
[9]. Generation represents specificity to FLT3. First-gener-
ation inhibitors are relatively non-specific to FLT3 and act
on multiple kinases. The antileukemic effects of first-gener-
ation inhibitors may well result not only from FLT3 inhibi-
tion but also from the inhibition of other kinases that are
involved in AML pathogenesis. Concurrently, such off-target
effects have the potential to introduce variable toxicities.
The reported results of monotherapy with first-generation
inhibitors were unsatisfactory, with only the modest efficacy
being achieved at a tolerated dose [46—48]. Second-gener-
ation inhibitors are highly specific to FLT3 and are more
potent than first-generation inhibitors. Additionally, they
are characterized by less toxicity associated with off-target
effects. Type represents how the drug binds to FLT3. Type [
inhibitors bind to the ATP-binding site in either the active or
inactive conformation, and thus have the property of inhibit-
ing both FLT3-ITD and -TKD-mutated receptors. Type II
inhibitors do not directly bind to the ATP-binding site, but
to the hydrophobic region adjacent to the ATP-binding site
that is only accessible in the inactive conformation [49]. As
such, type Il inhibitors are not active against TKD mutations
because they favor the active conformation. Characteristics
of major FLT3 inhibitors are summarized in Table 1, and
selected randomized studies of FLT3 inhibitors published
to date are summarized in Table 2.

Midostaurin

Midostaurin is a first-generation type I FLT3 inhibitor with
activity against multiple kinases, such as FLT3, KDR, KIT,
PDGFR, PKC, and VEGFR [50]. Early studies showed that
midostaurin monotherapy provided moderate blast reduction
in patients with relapsed/refractory AML, especially in those
with mutated FLT3; however, complete remission (CR) was
not attained in any of the patients [46, 47]. A subsequent
phase IB study of midostaurin combined with standard

chemotherapy showed high CR rates of 80% [51], which
formed the basis of the phase IIl RATIFY study. This pivotal
study was conducted at 215 sites in 17 countries worldwide
and included 717 patients aged 18-59 years with newly
diagnosed FLT3-mutated AML [52]. The patients were
randomly assigned to either midostaurin or placebo arm
both combined with induction therapy consisting of dauno-
rubicin and cytarabine followed by four-course consolida-
tion therapy with high-dose cytarabine. Patients remaining
in CR after completion of consolidation therapy received
maintenance therapy with midostaurin or placebo according
to the initial randomization for up to 1 year. Maintenance
therapy was not provided after allogeneic hematopoietic
cell transplantation (HCT). Although CR rates were not
different between the midostaurin and placebo arms (59%
vs. 54%, P=0.15), the midostaurin arm yielded better OS
(51% vs. 44% at 4 years, P=0.009) and event-free survival
(EFS) (28% vs. 21% at 4 years, P=0.002) than the placebo
arm. When patients were stratified into three risk groups
defined by the 2017 European LeukemiaNet (ELN) guide-
lines, the beneficial effect of midostaurin was found across
all groups [53]. Although patients in the midostaurin arm
exhibited higher rates of anemia and skin rash, no signifi-
cant intergroup difference was noted in the rates of severe
adverse events [52]. Landmark analysis from the initiation
of maintenance therapy revealed no significant difference in
the cumulative incidence of relapse between arms [54]; how-
ever, interpretation of this finding requires caution consid-
ering that only 205 of the 717 patients started maintenance
therapy, and approximately 40% of the patients who started
the maintenance therapy did not complete the planned 12
cycles. Based on the results of the RATIFY study, midos-
taurin was granted approval in combination with intensive
chemotherapy for newly diagnosed FLT3-mutated AML
by the US Food and Drug Administration (FDA) and the
European Medicines Agency (EMA) and as maintenance
treatment after conventional consolidation therapy only by
the EMA. The AMLSG 16-10 study was a single-arm phase
IT study to evaluate midostaurin combined with standard
chemotherapy for 284 patients with newly diagnosed FLT3-
ITD AML aged <70 years [55]. CR was achieved in 76% of

Table 1 Characteristics of FLT3

Major targets other than FLT3

Regulatory approval for AML

inhibitors Drug Generation Type
Midostaurin  First |
Sorafenib First 1T
Lestaurtinib  First |
Tandutinib  First 1T
Sunitinib First |
Gilteritinib ~ Second |
Quizartinib  Second 11
Crenolanib ~ Second 1

KDR, KIT, PDGFR, PKC, VEGFR US, EU: newly diagnosed
KIT, PDGFR, RAF, RET, VEGFR -
JAK2, KDR, PDGFR, PKC, TRK -

KIT, PDGFR -

KIT, PDGFR, RET, VEGFR -

ALK, AXL, LTK US, EU, Japan: relapsed/refractory
KIT Japan: relapsed/refractory

PDGFR -

@ Springer



Y. Arai et al.

354

JUBOYIUSIS JoU SN ‘QuoIpuAs onse[dsApojeAwr S ‘K19A0931 191938[d 9)9[dwoour ym YD dy) ‘osdefar jo aouap
-IOUT QATJR[NWND Y] ‘[RAIAINS 013-asde[ar g7y ‘uonesrdnp wopue) [euroiur (777 ‘uonejuedsuen [[25 onarodojeway 7D ‘UOISSIWIAIL 212[dWO0 ) ‘[BAIAINS 92IJ-JUAAD §.77 ‘[BAIAINS [[BISAO SO

oqooerd

sa qrunaezinb 10§ ([1°0=d) sypuou '

"SA SUIUOW '] 1S URIPIW (200 =d)
SYIUOW / '} “SA SYIUOW Z°9 :SO URIPIJA

oqooerd

"SA QUITIR)IS 10 (SN'=d) Spuow /'

“SA SYIUOW §°Z ‘S URIPAW (100°0>d)
SYIUOW §°G “SA SYIUOW €6 :SO URIPIA

QIUIINB)SI] OM/M

siuened 10§ (0g"0=d) STBIA G 1B %9¢ "SA %0t
'SAY (0€'0=d) S1BIL G 1B %Gt 'SA %9t :SO

SULIR U9aM12q SO

Ul 90UAIQYIP JUBOYIUSIS ON "qIUNINE)SI] OM
/m syuaned 103 (GE'0=d) %1T 'SA %9T :dID/ID

QOURUUIRW-UOU

"SA qQIUQJRIOS 10J (Z10'0=d) STeIK 7 18 %89 "SA
%T8 SO «(100°0=d) Teak | 3e %GT "SA %L “dID

0qaoe[d "sA qruayeIos

103 (LOO'0=d) STeak T 18 %99 "SA %16 :SO
{(T00°0=d) S1eak T 18 %EG "SA %G8 S

0qooe[d ‘sA qruajyeIos 10J (88°0=d)

SYIUOW G "SA SYIUOWI ¢ :SO URIPIW
((C1°0=d) Spuow / 'SA SIUOW G S URIPIN

0qaoe[d "sA qruajeIos

10§ (Z8T°0=d) STeak G 18 %€G "SA %19 :SO
((110°0=d) STk G 18 %/ T "SA %1t :SAd

QOURUIIUTRW-UOU "SA ULINE)

-SOPIW 10§ (7¢"0=d) STeak T J& %9/ 'SA %G8
SO (LTO=d) Syuour 8T 18 %9/ "SA %68 :SIY

0qade[d ‘sA uLne)

-SOPIW 10§ (Z00'0=d) STeak  J& % 1T 'SA %8T
'S {(600°0=d) S84 18 %t 'SA %G ‘SO

0qooerd *sA qrunIezme)

0qooe[d "SA qIUNIIA[ID

qQrunane)sa] om/m AdeIayjowayd SAISuUIU]

quunIne)s9] om/m AdeIayiowayo dAISuIUY

ddurURjUTEW-UOU "SA qlU”dJelo§

0qooe[d "sA qruojerog

(doueu

-oJurew Aq pamo[[oy AdeIayjowayd QAIS
-UQJUI YJIM PauIquiod) 0qaded 'sa qruojerog

(9oueu

-oJurew Aq pamo[[oj AdeIayjowayd QAIS
-UQIUI YIIM PAUIquI0d) 0gaoe[d ‘sA qrudjeros

Q0URUDIUIBWI-UOU "SA ULINBISOPIA

(9ouru9)

-urews Aq pamo[[0J AdeIoyIowayd 2AISUUT
M POUIqUIOD) 0qade[d *SA ULINRISOPIA

81 <8¢ ‘+ ALI-ELTA ‘Atowenoypasdesy L9¢  [18] 610C B30 S010D  qruniezing

81 <08e ‘pareInwi-¢ 7. ‘Krojoeyaypesde[oy [Lg [SL1610T e [Hod  QIUOLIdIID
09 > 2S¢ ‘pajeInw

-€L7A ‘SAN YSU-YSIy 1o TNV pajeanun) 00S  [£9] L10T Te e roddeuyy qrunume)sory

81 <o3e ‘pareinuw-¢ 174 ‘pasdeldyd T [99] TT0Z T8 30 SIAYT  qUUIINEISY]

09-81 93e ‘+ LI

-£L74 ‘LOH 912udS0[[e 10)je puE 210Jq YD 70T [c011 020C TR0 UBNY  qrUAJeIOS
+ALI-€LTA ‘LOH orusgo[e e 4D €8 [1011 0207 ‘[e @ Moyomg  qruojeros

09 <o3e ‘pajeanup) /61 [29] €10C Te10oAIS  quuojeiog

09-81 o8e ‘pajeanun) L9z [19 ‘09] STOT Te @ IMOY  qrudjerog

0L-81 3¢

‘+ALI-6L74 ‘LOH d1euaso[[e 210joq YD ISI 09 [001] 1TOT ‘T8 12 ZIRIZEN  ULINEISOPIA

65—81 oS ‘pareinw-¢ [ 7,{ ‘pareanun  LIL [2S] L10T T8 19 Su0)S  ULINBISOPIIA

snsoy

JuSUIIBAL],

sjuaned N Apms Sniqg

SI0NIQIYUI ¢17T JO SAIPNIS PIZIWOPUEL PARIIDS ¢ 3|qeL

pringer

Qs



FLT3-targeted treatment for acute myeloid leukemia

355

all the enrolled patients, and 47% underwent allogeneic HCT
during first CR. The 2-year EFS and OS were 38% and 51%,
respectively. A comparison with historical controls showed
a significant improvement in EFS by adding midostaurin.
Several phase I and II studies investigated midostaurin com-
bined with azacitidine and reported the safety and efficacy
of this combination [56, 57].

Sorafenib

Sorafenib is a first-generation type II FLT3 inhibitor which
is also active against KIT, PDGFR, RAF, RET, and VEGFR
[58]. A phase I study of sorafenib monotherapy was con-
ducted in 50 patients, 28 of whom had FLT3-ITD. CR or
CR with incomplete platelet recovery (CRp) was achieved
in five patients, and additional 17 patients showed significant
blast reduction; however, the response duration was short
[48]. Of note, all the responders had FLT3-ITD. Sorafenib
was subsequently studied in combination with idarubicin
and cytarabine in a phase I/II study [59]. CR rates were 75%
overall, and patients with FLT3-mutation were more likely
to achieve CR than those with wild-type FLT3 (93% vs.
67%, P=0.033). The efficacy of sorafenib added to stand-
ard chemotherapy was demonstrated in the randomized
phase I SORAML study conducted by the Study Alliance
Leukemia (SAL) [60, 61]. This study enrolled patients
aged 18-60 years with newly diagnosed AML regardless
of the presence or absence of FLT3 mutations. A total of
267 patients were randomized to receive sorafenib or pla-
cebo during induction and consolidation therapy and as
maintenance for 1 year. Although CR rates were compa-
rable for the sorafenib and placebo arms (60% vs. 59%),
the sorafenib arm was superior to the placebo arm in terms
of EFS (41% vs. 27% at 5 years, P=0.011) and RFS (53%
vs. 36% at 5 years, P=0.035). The difference in OS did
not reach statistical significance (61% vs. 53% at 5 years,
P=0.282). Despite increased toxicities such as fever, diar-
rhea, bleeding, cardiac events, hand-foot-skin reaction, and
rash, sorafenib proved to be useful in improving long-term
outcomes. The SAL group conducted another randomized
study of a similar design for 197 patients aged > 60 years
with newly diagnosed AML [62]. In contrast to their study
for younger patients, the addition of sorafenib did not show
prolongation of EFS (5 months vs. 7 months, P=0.12) or
OS (13 months vs. 15 months, P =0.88). Higher induction
toxicities in the sorafenib arm resulted in higher early mor-
tality (17% vs. 7%, P=0.05), lower CR rates (47% vs. 63%,
P=0.12), and less adherence to consolidation therapy. In a
smaller phase II study, investigators from the Cancer and
Leukemia Group B (CALGB) also studied the combination
of sorafenib with chemotherapy for patients aged > 60 years
[63]. The 1-year probability of OS was 62% for patients with
FLT3-1TD, which met the primary endpoint of the study. The

results appeared to be favorable compared with the results
of the above-mentioned SAL study, and this difference can
be at least partly explained by lower induction mortality in
the CALGB study (9%). The combination of sorafenib and
azacitidine is promising, with response rates reported to be
78% for untreated patients not suitable for standard chemo-
therapy [64] and 46% for relapsed/refractory patients [65],
respectively. Further confirmatory studies are warranted for
this combination. Sorafenib is currently approved for unre-
sectable renal cell carcinoma, hepatocellular carcinoma, and
thyroid carcinoma although not for AML.

Other first-generation inhibitors

Other first-generation FLT3 inhibitors, including lestaurti-
nib [66, 67], tandutinib [68], and sunitinib [69], were stud-
ied in clinical trials; however, their developments had been
terminated owing to toxicities or lack of sufficient efficacy.
Several multikinase inhibitors approved for other indications
are known to possess activity against FLT3 and are cur-
rently under investigation in AML. These include ponatinib
(approved for chronic myeloid leukemia and acute lympho-
blastic leukemia) [70], cabozantinib (approved for medul-
lary thyroid carcinoma and renal cell carcinoma) [71], and
ibrutinib (approved for chronic lymphocytic leukemia and
malignant lymphoma) (NCT03642236).

Gilteritinib

Gilteritinib is a second-generation type I FLT3 inhibitor
with potent activity against both FLT3-ITD and -TKD [72].
Furthermore, this drug is active against AXL, a molecule
potentially involved in a mechanism for resistance to other
FLT3 inhibitors [73]. The CRYSARIS study was an open-
label single-arm phase I/II study of gilteritinib monotherapy
for patients with relapsed/refractory AML [74]. In this study,
252 patients received gilteritinib in dose-escalation or dose-
expansion cohorts. Gilteritinib was well tolerated, and the
maximum tolerated dose (MTD) was established at 300 mg/
day, with doses above this level causing diarrhea and liver
dysfunction. An optimal dose was decided at 120 mg/day. In
total, 40% of the patients achieved response, including CR
(8%), CRp (4%), CR with incomplete hematologic recovery
(CRi; 18%), and partial remission (PR; 10%); the median
response duration was 17 weeks. Although only 12% of
the patients had received a prior FLT3 inhibitor, response
was obtained regardless of previous treatment with FLT3
inhibitors. These encouraging results led to the phase III
ADMIRAL study, wherein 371 patients with relapsed/
refractory FLT3-mutated AML were randomized 2:1 to
either gilteritinib at 120 mg/day or salvage chemotherapy
initially chosen by the investigator [75]. The co-primary
endpoints were OS and CR with full or partial hematologic
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recovery. The gilteritinib arm had a longer median OS than
the control arm (9.3 months vs. 5.6 months, P <0.001). The
gilteritinib arm had a higher percentage of patients who
achieved CR with full or partial hematologic recovery (34%
vs 15%) and underwent allogeneic HCT (26% vs 15%) than
the control arm. In the gilteritinib arm, the most common
adverse events of grade >3 were febrile neutropenia, ane-
mia, and thrombocytopenia; however, serious adverse events
occurred less frequently than the control arm. Based on
these results, gilteritinib was granted regulatory approval for
relapsed/refractory FLT3-mutated AML in the US, EU, and
Japan. Currently, a phase I study is investigating gilteritinib
combined with chemotherapy for newly diagnosed AML
(NCT02236013). Furthermore, two phase III studies are
comparing gilteritinib and midostaurin in combination with
standard chemotherapy (NCT03836209 and NCT04027309).
Several studies are investigating gilteritinib with doublet or
triplet combination with hypomethylating agents and/or
venetoclax (NCT02752035, NCT03404193, NCT03625505,
NCT04140487, and NCT05010122). The phase III LACE-
WING study evaluated azacitidine with or without gilteri-
tinib for unfit patients with newly diagnosed FLT3-mutated
AML (NCT02752035); however, it was recently announced
that this study failed to meet its primary endpoint of OS at
interim analysis [76].

Quizartinib

Quizartinib is a second-generation type II FLT3 inhibitor
with a potent inhibitory effect for FLT3-ITD but not for
FLT3-TKD and is also active against KIT [77]. Quizarti-
nib monotherapy showed an acceptable toxicity profile and
encouraging efficacy. A phase I study determined an MTD at
200 mg/day, and the dose-limiting toxicity was QT prolonga-
tion [78]. Overall response and CR were achieved in 30%
and 13%, respectively. Subsequent phase II studies showed
that lower doses were safer and did not diminish response
rates [79, 80]. When treated with 30- or 60-mg/day doses,
composite CR (CR + CRp + CRi) rates were 47%, and the
incidence of QT prolongation was lower than that in the
earlier reports with higher doses [80]. A phase III rand-
omized controlled study (QuANTUM-R) compared quizar-
tinib monotherapy with salvage chemotherapy in patients
with relapsed/refractory FLT3-ITD AML [81]. A total of
367 patients were randomized 2:1 to either quizartinib at a
dose of 60 mg/day dose or salvage chemotherapy preselected
by the investigator. The median OS was 6.2 and 4.7 month
in the quizartinib and control arms, respectively (P =0.02).
The allogeneic HCT rates were higher in the quizartinib
arm (32% vs. 11%). Severe adverse events were comparable
between the two arms, and the frequent treatment-related
serious adverse events in the quizartinib group were febrile
neutropenia, sepsis, QT prolongation, and nausea. The rate
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of grade 3 QT prolongation was 2%. The study results dem-
onstrated a survival advantage with quizartinib, which led
to the regulatory approval of this drug for relapsed/refrac-
tory FLT3-ITD AML in Japan. However, approval was not
granted by FDA or EMA on the argument that the benefits of
this drug do not outweigh its risks. Several studies reported
the efficacy of quizartinib in combination with azacitidine
[82], low-dose cytarabine [82, 83], and standard chemother-
apy [84]. The QUANTUM-First study is a phase III study
that compares quizartinib and placebo in combination with
standard chemotherapy for patients with newly diagnosed
FLT3-ITD AML (NCT02668653). According to a recent
press release, this study has met the primary endpoint of
OS [85], and the publication of the study results is eagerly
awaited.

Crenolanib

Crenolanib is a second-generation type I FLT3 inhibitor
and has an inhibitory activity against PDGFR in addition to
FLT3-ITD and FLT3-TKD [86]. Following promising results
of phase II studies in the frontline setting [87], three phase
III studies have been conducted, including two studies com-
paring crenolanib with placebo for relapsed/refractory AML
(NCT02298166 and NCT03250338) and one study compar-
ing crenolanib with midostaurin both in combination with
standard chemotherapy for untreated AML (NCT03258931).

FLT3 inhibitors before or after allogeneic
HCT

Allogeneic HCT is a therapy with maximal antileukemic
effect and is generally recommended for young and fit
patients with FLT3-ITD AML in first CR [88]. Multiple
studies revealed the beneficial effect of allogeneic HCT for
patients with FLT3-ITD AML in first CR [35, 37, 89-93].
Some studies reported that patients with favorable risk pro-
files, i.e., a low allelic ratio of FLT3-ITD and concomitant
NPM1 mutation, did not benefit from allogeneic HCT [36,
94], whereas others showed that allogeneic HCT improved
outcomes regardless of the allelic ratio or concomitant
NPM 1 mutation [92, 93, 95]. By analyzing data of a Japa-
nese patient cohort, Sakaguchi et al. showed that allogeneic
HCT in first CR provided a significant survival advantage
even for patients with low-allelic ratio FLT3-ITD and con-
comitant NPM1 mutations [93]. Although these patients
were classified as having favorable risk following the
updated ELN risk stratification [44], their outcomes were
poor without allogeneic HCT (the 4-year RFS and OS rates
of 15% and 16%, respectively) [93], which possibly consti-
tutes a major factor contributing to the superiority of alloge-
neic HCT shown in this study. When discussing the role of
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allogeneic HCT in FLT3-ITD AML, it is important to note
that most of the available evidence are based on data before
the widespread use of FLT3 inhibitors and may not apply to
the current clinical practice. Presently, there is very limited
information to ascertain the role of allogeneic HCT during
first CR in the era of FLT3 inhibitors. In the RATIFY study,
allogeneic HCT was performed at the discretion of the inves-
tigator, and 28% and 23% of the patients in the midostaurin
and placebo arms, respectively, underwent allogeneic HCT
during first CR [52]. When the analysis was confined to this
patient population, a trend for better OS in the midostau-
rin arm remained (P =0.07). In a post-hoc analysis of the
study, the prognostic impact of allogeneic HCT was evalu-
ated by considering allogeneic HCT conducted during first
CR as a time-dependent covariate [53]. Multivariate analy-
sis revealed that the beneficial effect of allogeneic HCT on
OS was significant overall (HR, 0.57; 95% CI, 0.42-0.94;
P=0.021). However, after patients were stratified by the
ELN risk, allogeneic HCT was associated with a significant
survival advantage for patients in the adverse-risk group
(HR, 0.39; 95% CI, 0.21-0.73; P=0.003) although not
for those in the favorable- (HR, 0.78; 95% CI, 0.28-2.13;
P=0.621) or intermediate-risk groups (HR, 0.81; 95% CI,
0.41-1.58; P=0.535). These results suggest that patients in
the adverse-risk group may still benefit from allogeneic HCT
during first CR; however, no firm conclusion can be drawn
especially for those in the favorable- and intermediate-risk
groups because the study was insufficiently powered for this
kind of analysis.

The prognosis of AML is extremely poor once patients
have developed a post-transplant relapse [96], and this occurs
at>30% even after allogeneic HCT during first CR in patients
with FLT3-ITD AML [97-99]. The development of effective
post-transplant maintenance therapy is an unmet medical need
and FLT3 inhibitors have been investigated for this purpose. In
the phase I AMLSG 16-10 study, maintenance with midos-
taurin was initiated in 75 of 134 patients after allogeneic HCT
[55]. The landmark analysis showed that the patients who
started maintenance therapy within 100 days post-transplant
had significantly better EFS (P=0.004) and OS (P=0.01)
than those who did not. In this study, maintenance therapy
was planned to be implemented for 1 year; however, the
therapy was terminated early owing to toxicity in 24 patients.
The most common adverse events of grade >3 were gastroin-
testinal toxicity, infections, and blood count changes. In the
phase II RADIUS study, 60 patients with FLT3-ITD AML
in first CR were randomly assigned to a 12-month therapy of
midostaurin maintenance or no maintenance [100]. Although
statistical significance was not reached due to the small sample
size, RFS as the primary endpoint was higher in the main-
tenance arm than that in the non-maintenance arm (89% vs.
76% at 18 months, P=0.27). The frequently reported adverse
events in the midostaurin arm included diarrhea, nausea, and

vomiting; dose adjustment and discontinuation were required
in 63% and 27%, respectively. The efficacy of post-transplant
maintenance with sorafenib was demonstrated in two rand-
omized studies. The SORMAIN study was a randomized
phase II study wherein patients with FLT3-ITD in CR after
allogeneic HCT were randomly assigned to receive sorafenib
or placebo for up to 2 years [101]. Although the study was
prematurely terminated due to slow accrual when 83 of the
planned 200 patients were enrolled, an analysis of the 83
patients showed the superiority of sorafenib maintenance in
terms of RFS (85% vs. 53% at 2 years, P=0.002) and OS (91%
vs. 66% at 2 years, P=0.007). Of note, sorafenib maintenance
was beneficial particularly for patients who were negative for
measurable residual disease (MRD) pre-transplant and those
with positive MRD post-transplant. Sorafenib was not associ-
ated with higher toxicity than placebo, and graft-versus-host
disease, infections, gastrointestinal toxicity, electrolyte altera-
tions, and skin toxicity were the most common adverse events.
An open-label randomized phase III study conducted at seven
hospitals in China allocated 202 patients with FLT3-ITD AML
who underwent allogeneic HCT during CR to either sorafenib
maintenance from day 30 to day 180 post-transplant or no
maintenance [102]. The sorafenib arm had a lower cumula-
tive incidence of relapse than the non-maintenance arm (7%
vs. 35% at 1 year, P=0.001), which translated into better OS
(82% vs. 68% at 2 years, P=0.012). Sorafenib was well tol-
erated, and the frequencies of grade >3 adverse events were
similar between treatment groups. In addition to FLT3 inhibi-
tion, preclinical studies suggested that sorafenib enhances the
activity of cytotoxic T cells and graft-versus-leukemia effects
through IL-15 activation [103]. Second-generation FLT3
inhibitors for post-transplant maintenance therapy are cur-
rently investigated in prospective studies; some are focusing on
post-transplant maintenance, such as a phase III study compar-
ing gilteritinib and placebo (MORPHO, NCT(02997202) and a
phase II study of crenolanib (NCT02400255), and others are
evaluating a sequence of treatment including post-transplant
maintenance such as a phase III study comparing midostaurin
and gilteritinib (NCT04027309), a phase III study comparing
midostaurin and crenolanib (NCT03258931), and a phase III
study comparing quizartinib and placebo (QuANTUM-First,
NCT02668653). These ongoing studies are expected to pro-
vide insights into the current clinical questions and refine the
standard of care for FLT3-ITD AML.

Mechanism of resistance to FLT3 inhibitors
Primary resistance
Several mechanisms of primary resistance to FLT3 inhibi-

tors have been suggested, such as FLT3 ligand bypassing,
FLT3-independent MAPK activation, cell adhesion in the
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microenvironment, and degradation of FLT3 inhibitors
[16]. Since FLT3 inhibitors barely act on wild-type FLT3,
FLT3 ligand can bind with wild-type FLT?3 to initiate FLT3-
mediated activation of the MAPK signaling pathway, which
militates leukemic cell survival [104]. Moreover, the MAPK
signaling pathway is activated by signals from FGFR1 by
binding with its ligand FGF2. Traer et al. demonstrated
that FGF2 promotes resistance to quizartinib through the
activation of MAPK effectors in leukemic cell lines and
enhances the FGF2 expression in bone marrow stromal cells
of patients with FLT3-ITD AML who had been treated with
quizartinib [105]. The hepatic CYP3A4 enzyme inactivates
most tyrosine kinase inhibitors. Chang et al. showed that the
CYP3A4 expression in bone marrow stromal cells attenuates
the activity of three different FLT3 inhibitors in FLT3-ITD
AML [106].

Secondary resistance

Considering the lack of activity of type II FLT3 inhibitors
against FLT3-TKD, the emergence of additional mutations
in the TKD confers on-target resistance in patients treated
with type II FLT3 inhibitors [49, 107, 108]. The F691L
gatekeeper mutation in the TKD is exclusively found as a
secondary mutation upon pre-existing FL73 mutations [109,
110]. The F691 residue is not involved in the activation loop;
however, it is located just adjacent to the ATP-binding site.
Altered F691 residue prevents FLT3 inhibitors from binding
to their target regions, which renders AML with this muta-
tion highly resistant to most FLT3 inhibitors. As mentioned
earlier, signals from mutant FL73 mainly rely on the RAS/
MAPK, PI3K/AKT/mTOR, and JAK/STATS pathways [7,
18-21]. Thus, additional mutations leading to alternative
activation of these pathways are theoretically responsible
for off-target resistance to FLT3 inhibitors. In a compara-
tive genetic analysis before and after relapse in patients who
had been treated with gilteritinib, mutations were frequently
found in the RAS/MAPK pathway-related genes, such as
NRAS, KRAS, PTPNI11, CBL, and BRAF [111]. Addition-
ally, upregulation of effector proteins involved in the PI3K/
AKT/mTOR pathway was observed in sorafenib-resistant
cell lines [112]. Similarly, JAK/STATS signaling is bypassed
by the overexpression of the downstream effector PIM1 in
resistant leukemic cell lines [26, 113]. Other mutations that
are not associated with the FLT3-related pathways, includ-
ing TET2, IDHI, and TP53, may also be involved in the
mechanism of resistance to FLT3 inhibitors [114]. The sta-
tus of FLT3 mutations occasionally changes during relapse
because of the clonal evolution. An analysis of paired sam-
ples collected at diagnosis and relapse showed that 11%
and 9% of the patients with AML gained and lost the FLT3
mutation during relapse, respectively [115]. In patients with
FLT3-ITD AML, who were refractory to or relapsed after
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chemotherapy plus midostaurin, 46% became negative for
FLT3-ITD under the selection pressure exercised by the
FLT3 inhibitor [116]. These findings highlight the impor-
tance of reassessing mutational profiles, including those of
FLT3, whenever a decision regarding a change in treatment
is required.

Future perspectives

FLT3 inhibitors have now become an essential component
of the treatment for FLT3-mutated AML. However, owing
to rapid changes in practice, many unresolved issues are pre-
sent. First, insufficient data to determine which one is pref-
erable exists among several approved or unapproved FLT3
inhibitors. For example, midostaurin is used in combination
with intensive chemotherapy for newly diagnosed patients
as a de facto standard; however, second-generation FLT3
inhibitors may be more useful considering their property
of more potent and selective FLT3 inhibition. Second, opti-
mum combination therapies need to be pursued. AML is a
disease that predominantly affects older adults, and intensive
chemotherapy is highly toxic for a significant proportion
of patients [117]. Azacitidine plus venetoclax has recently
become the treatment of choice for patients with newly diag-
nosed AML who are ineligible for intensive chemotherapy
[118]. In this context, azacitidine, venetoclax, or both is a
promising candidate to be combined with FLT3 inhibitors
and other molecularly targeted drugs with favorable toxicity
profiles may be a good partner. Such low-intensity therapies
will expand the applicability of the use of FLT3 inhibitors.
Third, limited data are available regarding the usefulness
of maintenance therapy with FLT3 inhibitors. For patients
undergoing allogeneic HCT, sorafenib maintenance reduces
post-transplant relapse and improves OS [101, 102]. How-
ever, whether patients who have received FLT3 inhibitors
before transplantation still benefit from post-transplant FLT3
inhibitors is unknown, as is which FLT3 inhibitor is opti-
mal for this indication. The role of maintenance therapy is
much less clear in the non-transplant setting. It is hoped
that these uncertainties will be addressed by ongoing and
future studies. Furthermore, the role of allogeneic HCT must
be reappraised following the significant change in practice.
Historically, young patients with FLT3-mutated AML are
encouraged to proceed to allogeneic HCT during first CR
based on the concept that it is the only established treat-
ment with curative potential [88]. It is reasonable to con-
sider that this principle remains valid at present, because, to
date, there has been no clear evidence so far to show that a
non-transplant treatment is better than or at least compara-
ble with allogeneic HCT. When comparing non-transplant
treatment with allogeneic HCT, it should be considered that
outcomes of allogeneic HCT may also be improved by the
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introduction of FLT3 inhibitors. Therefore, this issue needs
to be re-evaluated in contemporary patient populations in the
form of a prospective randomized study wherever feasible
or a retrospective study adopting the appropriate statistical
methodology.

Despite encouraging response rates achieved with FLT3
inhibitors, the emergence of acquired resistance repre-
sents a significant challenge, and novel FLT3 inhibitors
designed to overcome common resistance mechanisms are
anticipated. FF-10101 is the first FLT3 inhibitor that cova-
lently binds to the C695 residues of FLT3 [119]. FF-10101
is unaffected by the F691L gatekeeper mutations and has
demonstrated potent activity in quizartinib-resistant AML
cells with F691 mutations. A phase I/II study of this drug
for relapsed/refractory AML is ongoing (NCT03194685).
Furthermore, several other highly selective FLT3 inhibitors
with the potential to overcome resistance are in develop-
ment [16]. Finally, some comments were made regarding
the special situation in Japan. Unlike Western countries,
midostaurin is not approved for use at the time of writing,
and two FLT3 inhibitors, namely, gilteritinib and quizartinib,
gained regulatory approval for relapsed/refractory patients.
Recently, an analysis of patients consecutively treated at an
academic center in the United States reported that the pres-
ence of FLT3 mutations no longer has an adverse prognostic
impact on OS [120]. However, this finding cannot be gener-
alized to Japanese patients because of the above-mentioned
differences in practice. To clarify the clinical picture of
FLT3-mutated AML in Japan, including how the advent of
FLT3 inhibitors has altered the outcomes, it is imperative to
aggregate the clinical data of many Japanese patients within
the framework of national collaboration.

Conclusions

The advent of FLT3 inhibitors has changed the standard
treatment for FLT3-mutated AML in the frontline and
relapsed/refractory settings and contributed to better out-
comes of this formidable AML subtype. Results of ongo-
ing and future studies will improve our ability to use FLT3
inhibitors more effectively, which is expected to provide
significant benefits to a wider range of patients.
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