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Abstract: Quizartinib is an effective therapy for patients with FLT3-ITD acute myeloid
leukemia (AML) by continuing to inhibit the activity of FLT3 gene, leading to apoptosis of
tumor cells. Multiple clinical trials have proved that it is effective in relapsed or refractory AML
with an FLT3-ITD mutation. In this review, we focus on the characteristics of FLT3/ITD
mutations, the mechanism and pharmacokinetics of quizartinib, and the mechanisms of resis-
tance to quizartinib. We also summarize clinical experiences and adverse effects with quizartinib
and recommend crucial approaches of quizartinib in the therapy of patients with newly diagnosed
AML and patients with relapsed/refractory AML, particularly those with FLT3-ITD mutation.
Quizartinib presents its advantages as a very promising agent in the treatment of AML, especially
in patients with FLT3-ITD mutations. FLT3/ITD mutation can lead to constitutive autopho-
sphorylation of FLT3 and activation of its downstream effectors including RAS/RAF/MEK,
MAPK/ERK, PI3K/AKT/mTOR and JAK/STATS signal pathways, while Quizartinib can inhibit
these downstream pathways through specific FLT3 inhibition. Quizartinib has received US Food
and Drug Administration breakthrough therapy designation in patients with relapsed/refractory
FLT3-ITD AML based on clinical trials. A larger sample of clinical trials are needed to verify its
safety and efficacy, and the efficacy of quizartinib combined with chemotherapy or allogeneic
hematopoietic cell transplantation should also be estimated in clinical trials. Meanwhile, for the
side effects of quizartinib, further studies are needed to find a way to reduce its toxicity.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous disease characterized by
multiple genetic aberrations.' Some progress has been made in the pathogenesis
of AML in recent years, there is a deeper understanding in molecular biology,
immunology, clinical features and prognosis. Some breakthroughs have been
made in the treatment of AML compared with the past. Traditional treatment
regimens include the so-called “7+3” regimen, specifically 7 days of cytarabine
+3 days of daunorubicin, and the 5-year survival rate of AML patients is still
not optimistic. Besides, due to age and health conditions, many elderly patients
find it difficult to adhere to the “7+3” treatment.”* Studies have shown that
venetoclax in combination with the hypomethylating regimen can be used for
the treatment of AML patients who ineligible for standard induction chemother-
apy, with high response rate and long duration. Venetoclax in combination with
the hypomethylating agent was approved by the US Food and Drug
Administration (FDA) as a new treatment for the elderly.>® Moreover, approxi-
mately 20-30% of AML patients carry an internal tandem duplication (/7D)
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mutation in the FLT3 gene,

prognosis,” and is considered as one of the adverse

carrying a dismal

risk groups in the 2017 European LeukemiaNet risk
stratification.® All of these bring great challenges to
the treatment of AML.

Quizartinib, a specific oral FLT3 inhibitor which can
continue inhibiting the activity of FLT3 gene, leading to
apoptosis of tumor cells.”'* Currently, it has been granted
as fast-track status to treat recurrent/refractory AML, as well
as orphan status to treat AML by the US FDA and the
European Drug Administration. In multiple clinical trials,
quizartinib has shown its efficiency and security in patients
with relapsed/refractory FLT3-ITD mutant AML or patients
who have undergone transplantation or a second-line
treatment.'>'* In this review, we address the characteristics
of FLT3/ITD mutations, the mechanisms and pharmacoki-
netics of quizartinib and the mechanisms of resistance to
quizartinib. We also review clinical studies and adverse
effects with quizartinib and suggest critical approaches of
quizartinib in the treatment of relapsed/refractory AML.

Characteristics of FLT3 mutations
The (Fms
Kinase 3) is a Protein-Coding gene which is located
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on band 13ql2 and organized in 24 exons, and is
ordinarily only expressed in primitive hematopoietic
precursors, plays an important role in normal growth
antecedent

and differentiation of hematopoietic

cells.">'® It encodes a protein of 993 amino acids

with four domains'®?°

(Figure 1). Several different
mutations can occur in the FLT3 gene and the /7D
mutation on exon 14 is the most common mutation,
in about 23% of de novo AML

patients.”'*> ITD mutations occur in the juxtamem-

which occurs

brane region of the receptor, which can damage its
negative regulatory function, resulting in constitutive
autophosphorylation of FLT3 and activation of its
downstream  effectors including RAS/RAF/MEK,
MAPK/ERK, PI3K/AKT/mTOR and JAK/STATS signal
pathways, all of which plays a significant role in the
development of cell cycle progression, cell prolifera-
tion, survival, and differentiation, and cooperates with
other recurrent molecular abnormalities to induce acute
leukemia.?""**~® ITD mutations range in length from 3
to 400 base pairs. It has been reported that the length
of the ITD mutation has prognostic significance, and
there is a correlation between the increase in /7D

length and the decrease in overall survival,'®2%-*
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Figure | The protein structure encoded by the FLT3 gene and the relevant pathways initiated by the activation of the FLT3 receptor. FLT3 encodes for a protein with 993
amino acids, which is a member of class Ill receptor tyrosine kinase family, containing an extracellular ligand binding domain, a transmembrane domain, and, intracellularly,
a tyrosine kinase domain and juxtamembrane domain. ITD mutations occur in the juxtamembrane region of the receptor, which can damage its negative regulatory function,
resulting in constitutive autophosphorylation of FLT3 and activation of its downstream effectors including RAS/RAF/MEK, MAPK/ERK, PI3K/AKT/mTOR and JAK/STATS
pathways, all of which plays an important role in the promotion of cell cycle progression, cell proliferation, survival and differentiation.
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Mechanism and pharmacokinetics
of quizartinib

FLT3 is an essential therapeutic target for the treatment of
AML.'"3% 1t is a member of class III receptor tyrosine
kinase family and is generally only expressed in primor-
dial hematopoietic ancestors within the bone marrow.*®*’
Tyrosine kinase inhibitors were incipiently developed for
the therapy of solid neoplasms. The original intention of
the researchers was to inhibit other kinases but then
stumbled upon that they could also inhibit the activity of
FLT3 gene. Therefore, in addition to inhibiting FLT3, the
original tyrosine kinase inhibitors also inhibit other var-
ious kinases, resulting in poor specificity, high toxic side
effects and low efficacy when used in the treatment of
FLT3-ITD AML. And previous experiments have also
shown that the pharmacokinetics of the first-generation
tyrosine kinase inhibitors are not ideal enough to continue
to exert inhibition.'®*3° In order to solve the problem of
tyrosine kinase production, the second generation of tyr-
osine kinase came into being. Quizartinib is the first drug
designed as a selective FLT3 inhibitor with better pharma-
cokinetic characteristics, high specificity, more effective,
304041 The

mechanism of quizartinib is that binding to FLT3 tyrosine

better tolerance and other characteristics.

kinase receptor isoform, thus leading to the inhibition of
cancer cell proliferation and causes cancer cell death.*®*

Quizartinib is a selective and efficient FLT3 inhibitor
with IC50 <1 nmol/L.* Its half-life is relatively long,
than 1.5 days.*® AC886 is

a pharmacologically effective metabolite of quizartinib,

approximately —more

which was recognized in early experiments. Like quizarti-
nib, their systemic exposure was dose-dependent.**°
Existing clinical trials have shown that for R/R AML
patients, the maximum tolerated dose of quizartinib admi-
nistered continuously is 200 mg/day. Previous clinical
trials have also found that quizartinib can achieve plasma
concentrations of 500—-1000 nmol/L. when administered at
a dose of 60 mg/day, which can achieve continuous inhibi-

tion of FLT3-ITD phosphorylation in vivo.**

Preclinical studies

In the leukemia cell lines with a homozygous FLT3-ITD
mutation and cell lines which expresse wild-type FLT3,
AC220 has been proved to restrain FL73 autophosphory-
lation and cell proliferation. In vivo, AC220 can signifi-
cantly prolong survival at a dose of 1 mg/kg orally once
a day and eradicate tumors at 10 mg/kg. It has also been

demonstrated to inhibit FLT3 activity in primary leukemia
cells. In a preclinical model using immortalized MV4-11
cells, quizartinib-treated mice showed rapid and complete
tumor regression. In another leukemia model transplanted
into the bone marrow, quizartinib achieved an increase in
overall survival at 10 mg/kg, which was 25% longer than
the control group.**

Clinical studies

AC220 has been studied in a number of clinical trials as
a single drug, as well as in combination with chemother-
apy drugs for the treatment of AML and satisfactory
results have been reported in multiple clinical trial
centers.*” > (Tables 1 and 2)

Phase |

In a Phase I study, quizartinib was given as a single agent,
6 healthy male volunteers were treated at a dose of 60 mg
oral solution, and the study confirmed that quizartinib has
excellent safety and tolerance in healthy men.*’ In another
Phase I, multicenter dose-escalation research, Jorge et al
conducted quizartinib at an escalating dose of 12—450 mg/
day in 28-day cycles to 76 patients with R/R AML.
Concomitant use of hydroxyurea was allowed for up to 5
days during the first 28 days of this study, up to
a maximum dose of 5 g/day. This study revealed that the
maximum-tolerated dose (MTD) was 200 mg/day.*
Besides, another Phase 1 study administered by Altman
et al demonstrated that the MTD was 60 mg/day when
with
chemotherapy.*” In another Phase I clinical trial of quizar-

combined induction and  strengthening
tinib monotherapy, quizartinib was used for supporting
therapy in patients with AML after allogeneic hematopoie-
tic stem cell transplantation. In this clinical trial, quizarti-
nib was given orally in a 28-day cycle up to 24 cycles and
the maximum dose of quizartinib for constant daily treat-
ment is 60 mg."* All of these clinical studies have shown
that quizartinib has good tolerance and controllable safety.
Whether as a single drug or in combination with che-
motherapy or as supporting therapy after allogeneic hema-
topoietic stem cell transplantation, quizartinib showed
a promising antileukemia activity in newly diagnosed
AML patients and R/R AML patients, especially those

with FLT3-ITD mutations.

Phase |l

There have been six Phase II clinical studies of quizartinib
for AML, five of them were for AML carrying the FLT3-ITD
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Table | Summary of clinical trials using quizartinib as single agent

ClinicalTrials. | Trial Number (ages eligible | Disease Dosage Clinical response
gov ldentifier for study) characteristics rate
NCT02675478 Phase | 17 (20 years and older) Relapsed or refractory | Escalating doses of AC220 | Without results
AML
NCT00462761*® | Phase | 76 (18 years and older) Relapsed or refractory | 14 days OR: 30% (CR: 13%,
AML, regardless of PRs: 17%)
FLT3 status MS: 14 weeks
NCTO01468467'* | Phase | 13 (18 years and older) As maintenance ther- 28 consecutive days OS: 13-142 weeks
apy after treatment a cycle with 24 continuous | 69% patients 250
with an allogeneic stem | treatment cycles weeks 31% patients
cell transplant >2 year
NCT02984995 Phase I 38 (20 years and older) Refractory or relapsed | Once-daily Without results
AML with FLT3-ITD(+)
NCTO01565668>' | Phase lib 76 (18 years and older) Refractory or relapsed | 28-day cycles OR: 30 mg group: 61%
AML with FLT3-ITD(+) 60 mg group: 71%
NCT02039726%” | Phase llI 367 (18 years and older) Refractory or relapsed | 20 or 30 mg quizartinib Median OS: 27 weeks
AML with FLT3-ITD(+)
NCTO03746912 | Expanded 18 years and older Relapsed or refractory | Once-daily oral adminis- Recruiting
treatment | (adult, older adult) AML with FLT3-ITD tration at doctor- without results
mutations recommended dose in
continuous 28-day cycles

Abbreviations: AML, acute myeloid leukemia; CRs, complete remissions; OR, overall response; MS, median survival; OS, overall survival; PRs, partial remissions.

mutation and two were for relapsed/refractory AML.
Furthermore, one of the six clinical trials have been com-
pleted and the other five are underway. Jorge et al divided
333 patients with relapsed/refractory AML into two groups
to evaluate the effect of quizartinib. Patients aged 60 or older
who received first-line treatment within 1 year were listed in
group 1, and those aged 18 or older who received salvage
chemotherapy or hematopoietic stem cell transplantation
were listed in group 2, FIT3-ITD mutation was detected
among all patients; the doses of quizartinib were 135 mg/d
for male and 90 mg/d for female in 28-day treatment cycles
continued until relapse. Among 332 evaluable patients, the
composite complete remission rates were similar in patients
with FLT3-ITD-positive and those with less than 10% allelic
frequency, but lower in those with undetectable FLT3-ITD
mutations (Figure 2). In patients with positive FLT3-ITD
mutation, the median total survival was similar between the
two groups, with 25+4 weeks in the first group and 24 weeks
in the second group.”®

In another randomized, open-label, two dosing regi-
mens, Phase IIb clinical trial, the potency and security of
quizartinib were estimated in 76 relapsed/refractory AML
patients with FLT3-ITD mutations who had previously
experienced a second-line remedial treatment or had
received transplantation, and these patients were scheduled

to take quizartinib at a dose of 30 mg or 60 mg per day
according to randomization. The results demonstrated that
the composite complete remission rates were 47% in both
groups. The bridge to graft rate for the two group patients
was 32% and 42%, the continuation of composite com-
plete remission was 4.2 and 9.1 weeks and the median
overall survival time was 20.9 and 27.3 weeks, respec-
tively. It showed that a daily dose of 60 mg is more
effective than a daily dose of 30 mg.”!

Phase Il

The current Phase III clinical trials of quizartinib as
a promising drug for AML, compared the efficacy of quizar-
tinib with induction/consolidation chemotherapy and salvage
chemotherapy and further assessed the potency of quizartinib
in maintenance treatment. A Phase III clinical trial conducted
by Schlenk et al demonstrated that patients receiving quizar-
tinib had a 24% lower risk of death than those receiving
salvage chemotherapy. The median total survival time of
patients receiving salvage chemotherapy was 6.2 months
(95% CI 5.3-7.2 on both sides), and 4.7 months for patients
receiving quizartinib (95% CI 4.0-5.5 on both sides). The
1-year survival rate for quizartinib was 27%, compared with
20% for patients receiving salvage chemotherapy.>
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The composite complete remission rate of
patients with different allelic frequency
FLT3-ITD mutation

56
58

Cohort 1: Patients aged

60 or older who received
first-line treatment within
1 year

m Cohort 2: Patients aged
18 or older who received
salvage chemotherapy or
hematopoietic stem cell
transplantation

Figure 2 The composite complete remission rate of patients with different allelic frequency FLT3-ITD mutation. Among 332 evaluable patients, the composite complete
remission rate of FLT3-ITD-positive patients were 56% in cohort | and 46% in cohort 2. Among FLT3-ITD-negative patients with low but detectable FLT3-ITD allelic frequency
(£10%), composite complete remission was 58% in cohort | and 36% in cohort 2, and in those with undetectable FLT3-ITD mutations, the composite complete remission

rate was 28% in cohort | and 27% in cohort 2.

Mechanisms of resistance to
quizartinib

Ordinarily, resistance to FLT3 inhibitors gives rise to treat-
ment failure.>® Data obtained from clinical trials applying
FLT3-TKI monotherapy illustrate the existence of primary
resistance in almost 30% of FLT3-mutated AML patients.>’
Current data have revealed that high expression of RUNX/
is one inference for emerging quizartinib-resistant FLT3/
ITD+ cells. When RUNX1 was silenced, the emergence and
proliferation of quizartinib-resistant FLT3/ITD+ cells

became ineffective while quizartinib was applied.>®
Some researchers have shown that re-activation of

downstream FGF/Ras/ERK and Wnt
a significant mechanism of resistance to quizartinib.>’

signaling as
FGF2 promoted resistance by activating FGFR1 and
downstream MAPK effectors.” p21Cdknla (p21) and
pre-B cell leukemia transcription factor 1 (Pbx1), which
can inhibit the proliferation of FLT3-ITD cells, are also
important pathways involved in quizartinib resistance.®'
The effect of FLT3 kinase domain mutation on drug
resistance may be due to the disturbance of protein inacti-
vation, which is necessary for drug binding, resulting in
a reduction in drug affinity to mutant.> The co-crystal
structure of FLT3-quizartinib suggests that the combina-
tion of quizartinib depends on the basic aromatic interac-
tions with the gatekeeper F691 residue and F830. Any
changes in F691 and F830 may result in a significant
loss of binding affinity.®> Furthermore, in most AML
FLT3-ITD mutations activated when

patients, are

acquiring resistance to the FLT3 inhibitor quizartinib,
accompanying enormous clonal diversity. Besides, great
ancestral heterogeneity also destroys the response to the
targeted therapeutics with quezatinib.>®

Adverse effect

Quezatinib produces adverse effects, although it is
reported to be ordinarily well tolerated by patients. But
the adverse effects were considered manageable. Common
adverse effects included febrile neutropenia, neutropenia,

thrombocytopenia, anemia and QTcF prolongation.*”¢4¢¢

Conclusion and future directions

Quizartinib is an effective therapy for patients with FLT3-
ITD AML, continuing to inhibit the activity of FLT3 gene,
leading to apoptosis of tumor cells. In clinical trials, qui-
zartinib presents its advantages as a very promising agent
in the treatment of AML, though some side effects still
happened in patients, and there was quizartinib resistance
in clinical treatment. We mentioned that the high expres-
sion of RUNXI leads to the emergence of quizartinib-
resistant FLT3/ITD+ cells, so the development of targeted
drugs for RUNXI and the combination with quizartinib are
the future considerations. In addition, it is worth noting
that 30% of the FLT-WT cases have shown benefit with
quizartinib therapy and so identifying a predictive biomar-
ker of response in this population should become next
focus. Furthermore, a larger sample of clinical trials is
needed to verify its safety and efficacy, and the efficacy
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of quizartinib combined with chemotherapy or allogeneic
hematopoietic cell transplantation should also be estimated
in clinical trials. Meanwhile, for the side effects of quizar-
tinib, further studies are needed to find a way to reduce its
toxicity.
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