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Introduction: FLT3 mutations are closely associated with the occurrence of
hematological and solid malignancies, especially with acute myeloid leukemia.
Currently, several FLT3 inhibitors are in clinical trials, and some have been applied
in clinic. However, the safety, efficacy and pharmacodynamics of these FLT3
inhibitors have not been systemically analyzed before.

Methods: We searched and reviewed clinical trial reports on the monotherapy of
13 FLT3 inhibitors, including sorafenib, lestaurtinib, midostaurin, gilteritinib,
quizartinib, sunitinib, crenolanib, tandutinib, cabozantinib, pexidartinib,
pacritinib, famitinib, and TAK-659 in patients with hematological and solid
malignancies before May 31, 2023.

Results: Our results showed the most common adverse events (AEs) were
gastrointestinal adverse reactions, including diarrhea, hand-foot syndrome and
nausea, while the most common hematological AEs were febrile neutropenia,
anemia, and thrombocytopenia. Based on the published data, the mean overall
survival (OS) and the mean progression-free survival (PFS) were 9.639 and 5.905
months, respectively. The incidence of overall response rate (ORR), complete
remission (CR), partial response (PR), and stable disease (SD) for all these FLT3
inhibitors was 29.0%, 8.7%, 16.0%, and 42.3%, respectively. The ORRs of FLT3
inhibitors in hematologic malignancies and solid tumors were 40.8% and 18.8%,
respectively, indicating FLT3 inhibitors were more effective for hematologic
malignancies than for solid tumors. In addition, time to maximum plasma
concentration (T,,a,) in these FLT3 inhibitors ranged from 0.7-12.0 hours, but
the elimination half-life (T;,,) range was highly variable, from 6.8 to 151.8 h.

Discussion: FLT3 inhibitors monotherapy has shown significant anti-tumor effect
in clinic, and the effectiveness may be further improved through combination
medication.

FLT3 inhibitor, hematological malignancies, solid tumors, safety, efficacy

Abbreviations: AML, acute myeloid leukemia; AE, adverse event; OS, overall survival; PFS,
progression-free survival; CR, complete remission; ORR, overall response rate; PR, partial response;
SD, stable disease.
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Introduction

The mechanisms underlying the development of cancers are
closely associated with gene mutations, which lead to the
excessive proliferation and/or impaired differentiation of blast
cells (Zou et al., 2022). FLT3 (FMS-like receptor tyrosine kinase
3), a member of the type III receptor tyrosine kinase family,
represents one of the most frequently identified mutated genes
that disturb cell proliferation and differentiation through
interfering intracellular signaling networks in hematologic
and solid malignancies (Sun et al., 2020; Zhao et al., 2022).

FLT3, located on 13ql2, encodes a 933 amino acid
transmembrane  receptor, whose molecular weight is
155-160 kDa. It mainly comprises five domains: an ectodomain
consisting of five immunoglobulin-like (Ig-like) domains
denominated D1, D2, D3, D4, and D5: D1, D2 and D3 are
required for the binding of FLT3 ligand (FLT3LG), and D4 and
D5 for receptor dimerization (Kazi and Ronnstrand, 2019). These
domains are required for cell surface recognition, FLT3/FLT3LG
interaction and consequent receptor dimerization. The functional
domains comprise: a transmembrane domain with unknown
function; a juxtamembrane domain (JMD) regulating the
activity of tyrosine kinase, is composed of a binding motif
(Y572 to M578), a switch motif (V579 to V592) and linker
peptide (D593 to W603); two tyrosine kinase domains (TKDs),
TKD1 and TKD2, are separated by a kinase insert region and
controlled by the activation loop (Grafone et al, 2012). The
mutational hotspots of FLT3 are mainly located in the
juxtamembrane region and the activation loop (Takahashi, 2011).

FLT3 mutations occur in approximately 30% of newly
diagnosed acute myeloid leukemia (AML) cases (Zhao et al,
2022). The most common type of FLT3 mutations is internal
tandem repeats (ITD) in the JMD and point mutations in the
TKDs (Takahashi, 2011). Previous studies suggested that
FLT3 was the only type III tyrosine kinase that develops ITD
(Takahashi, 2011). These mutations lead to the constitutive
receptor activation and constant activation of the downstream
signaling cascades. Generally, the binding of FLT3LG to the
mutated FLT3 of PI3K

(phosphoinositide 3 kinase) and MAPK (mitogen-activated

leads to excessive activation
protein kinase) signaling pathways (Takahashi, 2011; Zhao
et al, 2022). In AML, overactivated PI3K phosphorylates
AKTI, then the latter promotes the formation of the MDM2-
TP53 complex (Zou et al.,, 2022), the phosphorylation of BCL2
(B-Cell CLL/Lymphoma 2) and BAD (Bcl2 Antagonist Of Cell
Death), and the expression of MCL1 (Myeloid Cell Leukemia
Sequence 1), which together cause uncontrolled proliferation and
decreased differentiation of immature myeloid blast cells (Zhao
etal., 2022), while MAPK is involved in the development of AML
through enhancing the phosphorylation of ERK1/2 (Takahashi,
2011). Except that, FLT3-ITD still directly activates STATS,
which is independent of JAK or Src kinases (Lv et al., 2021).
Therefore, the therapy targeting FLT3 proteins is a promising
strategy for certain types of cancers.

Since the first FLT3 inhibitors sorafenib and sunitinib were
approved by U.S. Food and Drug Administration (FDA) in 2005
(Escudier et al., 2007) and 2006 (Goodman et al., 2007), respectively,
a variety of new FLT3 inhibitors have been developed. Tyrosine
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kinase inhibitors (TKIs) are small molecules which compete with the
ATP binding site of catalytic domain of several oncogenic tyrosine
kinases (Yazdi et al., 2017). According to the mode of binding to
FLT3, the FLT3 inhibitors are grouped into two types: Type I and IT
inhibitors (Senapati and Kadia, 2022). The Type I inhibitors bind to
the gatekeeper domain close to the activation loop or the ATP-
binding pocket of FLT3, which are not affected by its conformation,
while Type II inhibitors bind adjacent to the ATP binding domain in
the hydrophobic region when the protein is in an inactive
conformational state (Senapati and Kadia, 2022). Additionally,
type II inhibitors have a better inhibitory effect on FLT3-ITD
mutations than FLT3-TKD mutations (Senapati and Kadia,
2022). A diverse range of efficacy and side effects from
FLT3 inhibitors has been reported in different studies. In this
study, we analyzed the published clinical trials and summarized
the safety, efficacy and pharmacokinetics of FLT3 inhibitors
sorafenib, lestaurtinib, midostaurin,

including gilteritinib,

quizartinib, sunitinib, crenolanib, tandutinib, cabozantinib,
pexidartinib, pacritinib, TAK-659 (mivavotinib) and famitinib

(Supplementary Figure SI).

Methods

Study design, search strategy, and
study selection

Our study was guided by the Preferred Reporting Items for
Systematic Evaluation and Meta-Analysis (PRISMA) (Kolaski
et al., 2023), a statement as a guide, and was registered at
PROSPERO (CRD42022332826). The problem population,
interventions, comparison, and outcomes (PICO) format rules
mentioned here were organized: 1) patients with malignancies; 2)
interventions: treatment with one of the FLT3 inhibitors; 3)
comparison: with or without control; 4) outcomes: adverse
events (AEs), efficacy including event-free survival (EFS),
progression-free survival (PFS), overall survival (OS), duration
Of Therapy (DOT), partial response (PR), complete remission
(CR), stable disease (SD), overall response rate (ORR),
progressive disease (PD) and pharmacodynamics after drug
use, including Tj,.x (time to maximum plasma concentration)
and T;,, (elimination half-life). The literature search was
in PubMed, Embase
(by 31 May 2023).
inhibitors,  sorafenib,

performed and Cochrane Library
databases
FLT3
gilteritinib, quizartinib, sunitinib, crenolanib, tandutinib,

cabozantinib, pexidartinib, pacritinib, famitinib, TAK-659, and

Search keywords were

lestaurtinib, = midostaurin,

derived combinations without any filters.

The quality of the included studies was assessed using the
Methodological Index (MINORS) (Zeng et al, 2015) and the
Cochrane risk of bias tool for non-randomized and randomized
trials, respectively.

Inclusion and exclusion criteria

The eligibility criteria in the studies were as follows: 1)
clinical trials; 2) patients with malignancies enrolled in these
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1778 records
identified through

v

1778 articles

|

62 full-texts assessed
for eligibility.

FIGURE 1
Flow chart of the literature search and selection process.

trials were identified through the appropriate diagnostic criteria;
3) the patients were treated with one of FLT3 inhibitors alone
regardless of any prior treatment; 4) complete data on safety and/
or efficacy were provided in the article. The exclusion criteria
were as follows: 1) cellular experiments or animal experiments; 2)
articles without original data; 3) articles sharing the same original
data; 4) treatment with FLT3 inhibitor and the other drugs
simultaneously.

Data extraction

The extracted data were as follows: 1) basic information including
the name of FLT3 inhibitor, the first author, registration number and
phase of the clinical trial, publication date, the number, age, and cancer
type; 2) characteristics of adverse events (AEs); 3) survival indicators
including PES, EFS, OS, ORR, CR, PR and SD; 4) pharmacodynamics
including T and Ty
Analysis of target genes

The target genes of these FLT3 inhibitors in the published
articles were collected and summarized.

Statistical analysis

We analyzed data on survival and AEs using the Comprehensive
Meta-Analysis program (CMA 3.0). Event rates and 95% confidence
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1536 articles were excluded

Other reasons(for example,
inadequate data) n=60

intervals (CI) for survival and AEs were assessed using a statistical
threshold of p < 0.05. In the statistical analysis, a random-effects model
was used if F > 50% and p < 0.05, and otherwise a fixed-effects model
was applied.

Results
Literature search

By 31 May 2023, 1778 potentially relevant articles were
obtained by searching PubMed, Embase, and Cochrane

1,536 articles
excluded after an initial reading of the articles due to the

Library databases. There were that were
irrelevance. After careful evaluation of the remaining articles,
an additional 242 articles were rejected for non-clinical trials or
other reasons. Finally, 62 articles with 4,600 patients totally were
included in this study. The screening protocols are shown in
Figure 1, while the basic information of the selected studies is
shown in Table 1. The youngest and oldest patients were 4 and
97 vyears old, respectively. Till now, sorafenib, sunitinib,
cabozantinib, midostaurin, gilteritinib and pexidartinib have
been approved by FDA of USA on 20 December 2005,
26 January 2006, 29 November 2012, 28 April 2017,
28 November 2018, 2019, respectively.
Moreover, the other FLT3 inhibitors, for example, quizartinib,

and 2 August

pacritinib have been in phase lll. Here, 51 single-arm studies and
11 double-arm studies were included. Expect that crenolanib with
insufficient data, the AEs on the other 12 FLT3 inhibitors were
evaluated here.
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TABLE 1 Basic information of the selected articles.

FLT
inhibitor

Author

Clinical trial
registration
number

Publication
year

Number
of
patients

10.3389/fphar.2024.1294668

Cancer type

sorafenib Borthakur G NCT00217646 | 2011 50 single-arm  AML (n = 48), CMML (n= | 60 (21-88)
(Borthakur et al., 1), biphenotypic leukemia
2011) (n=1)
sorafenib Burchert A DRKS00000591 I 2020 43 double- FLT3-ITD-positive AML 54.17
(Burchert et al., arm (n = 43) (23.58-74.58)
2020)
sorafenib Chen YB (Chen NCT01398501 | 2014 22 single-arm =~ FLT3-ITD AML (n = 22) 54 (20-67)
et al., 2014)
sorafenib Semrad TJ NCT00810394 1l 2012 50 single-arm  non-small cell lung cancer | 61 (25-88)
(Semrad et al., (n = 15), colorectal cancer
2012) (n = 7), head and neck
cancer (n = 4), pancreatic
cancer (n = 3), soft tissue
sarcoma (n = 3),
hepatocellular cancer (n =
2), differentiated thyroid
cancer (n = 2), gastric
cancer (n = 2), adenoid
cystic carcinoma (n = 2),
prostate cancer (n = 2),
renal cell cancer (n = 1),
breast cancer (n = 1),
testicular cancer (n = 1),
mesothelioma (n = 1),
bladder cacner (n = 1),
melanoma (n = 1), thymic
carcinoma (n = 1), ovarian
cancer (n = 1)
sorafenib Lin SM (Lin et al,, = NCT01098760 v 2017 151 single-arm = advanced HCC (n = 151) 62.0 (28-97)
2017)
sorafenib Fierro-Maya LF NCT02084732 Il 2021 19 single-arm = advanced thyroid 61.8 (38-84)
(Fierro-Maya carcinoma (n = 19)
et al,, 2021)
sorafenib Huh KY (Huh — No 2021 30 single-arm = healthy male subjects 30.9
et al., 2021) mention (n = 30)
sorafenib Awada A (Awada = — | 2005 44 single-arm  colon tumor (n =15), breast | 58 (42-79)
et al., 2005) tumor (n = 7), kidney
tumor (n = 7), ovary tumor
(n = 1), liver tumor (n = 1),
gastrointestinal tumor (n =
2), head and neck tumor
(n = 1), lung tumor n = 1,
melanoma (n = 2),
unknown tumor (n = 5),
other tumor (n = 2)
sorafenib Li D (Li et al., NCT03434379 1l 2022 156 double- locally advanced metastatic | 64.4 (33-87)
2022) arm or unresectable HCC
(n = 156)
sorafenib Kudo M (Kudo NCT01761266 ] 2023 476 double- Unresectable HCC 62.0 (22-88)
et al., 2023) arm (n = 476)
lestaurtinib Knapper S — Il 2006 29 single-arm = older patients with AML 73 (67-82)
(Knapper et al., (FLT3-ITD mutation n = 2,
2006) FLT3-TKD mutation n = 3,
FLT3 wild type n = 24)
lestaurtinib Smith BD (Smith = — 171 2004 17 single-arm = relapsed (n = 7) or 61 (18-74)

et al., 2004)

refractory (n = 10) AML
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TABLE 1 (Continued) Basic information of the selected articles.

10.3389/fphar.2024.1294668

FLT Clinical trial Phase Publication @ Number Cancer type
inhibitor registration year of
number patients
lestaurtinib Marshall JL — | 2005 30 single-arm  prostate cancer (n = 5), 58.7 (29-81)
(Marshall et al., colorectal cancer (n = 3),
2005) renal cancer (n = 4),
pancreas cancer (n = 4),
lung cancer (n = 4), other
cancers (n = 10)
midostaurin Fischer T (Fischer = NCT00045942 Il 2010 95 single-arm ~ AML or MDS with either —
et al., 2010) wild-type (n = 60) or
mutated (n = 35) FLT3
midostaurin Propper DJ — | 2001 32 single-arm  colon cancer (n = 11), 62 (36-76)
(Propper et al., adenocarcinoma unknown
2001) primary cancer (n = 4),
breast cancer (n = 3),
melanoma (n = 2), other
cancers (n = 12)
midostaurin He H (He et al, — No 2017 6 single-arm  healthy subjects (n = 6) 22-51
2017) mention
gilteritinib Perl AE (Perl NCT02421939 1l 2019 247 double- patients with R/R AML 62 (20-84)
et al., 2019) arm (n = 247)
gilteritinib Numan Y — 1l 2022 113 single-arm =~ R/R FLT3 mutated AML 58.3 (18-92)
(Numan et al., (n =113)
2022)
gilteritinib Usuki K (Usuki NCT02181660 | 2018 24 single-arm =~ R/R AML (n = 24) 70.5 (60-81)
et al., 2018)
gilteritinib Hosono N NCT02421939 1] 2021 33 double- FLT3-mutated R/R AML 60 (22-84)
(Hosono et al., arm (n =33)
2021)
gilteritinib Perl AE (Perl NCT02014558 il 2017 252 single-arm  AML (n = 252) 59
et al.,, 2017)
gilteritinib Dumas PY NCT05193448 ] 2023 140 single-arm =~ FLT3-ITD and/or TKD 65.2
(Dumas et al., mutated AML (n = 140) (18.2-84.8)
2023)
quizartinib Cortes J (Cortes NCT00989261 I 2018 332 single-arm = primary or secondary AML | 63 (19-86)
et al., 2018a) (n = 332)
quizartinib Cortes JE (Cortes = NCT01565668 1Ib 2018 76 single-arm = secondary AML (n = 10), 55 (19-77)
et al., 2018b) primary AML (n = 66)
quizartinib Cortes JE (Cortes = NCT02039726 1l 2019 245 double- FLT3-ITD primary AML 55 (46-65)
et al., 2019) arm or AML
secondary to MDS
(n = 245)
quizartinib Usuki K (Usuki NCT02675478 | 2019 16 single-arm = R/R AML (n = 16) 68 (33-91)
et al., 2019)
quizartinib LiJ (Lietal,2020) = No mention No 2020 64 single-arm = healthy subjects (n = 64) 34 (18-55)
mention
sunitinib Fiedler W (Fiedler = — | 2005 15 single-arm  refractory or resistant AML | 72 (54-80)
et al., 2005) (n =15)
sunitinib Jo JC (Jo et al,, — 1l 2014 19 single-arm  advanced aggressive 30 (22-67)
2014) fibromatosis (n = 19)
sunitinib Balana C (Balana = NCT01100177 Il 2014 12 single-arm = newly diagnosed, non- 65 (48-70)

et al.,, 2014)

resectable glioblastoma
(n=12)
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TABLE 1 (Continued) Basic information of the selected articles.

10.3389/fphar.2024.1294668

FLT Author Clinical trial Phase Publication @ Number Cancer type
inhibitor registration year of
number patients
sunitinib Al Baghdadi T (Al | NCT02693535 1l 2020 10 single-arm = metastatic colorectal cancer | 56 (41-71)
et al,, 2020) with FLT3 amplification
(n =10)
sunitinib DuBois SG — | 2012 12 single-arm  high-grade glioma (n = 5), | 13 (4-21)
(DuBois et al., brain stem glioma (n = 4),
2012) ependymoma (n = 1),
mesothelioma (n = 1),
undifferentiated carcinoma
(=1
sunitinib Britten CD — | 2008 12 single-arm = colorectal tumor (n = 2), 57 (28-75)
(Britten et al., gastrointestinal stromal
2008) tumor (n = 2),
neuroendocrine tumor (n =
2), thyroid tumor (n = 2),
angiosarcoma tumor (n =
1), larynx tumor (n = 1),
hepatocellular tumor (n =
1), pancreas tumor (n = 1)
sunitinib O’Farrell AM — | 2003 29 single-arm =~ AML (n = 29) 67 (19-82)
(O’Farrell et al.,
2003)
sunitinib Faivre S (Faivre — — 2006 28 single-arm | renal cell carcinoma (n=4), = 55 (33-78)
et al., 2006) neuroendocrine tumors
(n = 4), colorectal cancer
(n = 3), non-small-cell lung
cancer (n = 2),
mesotheliomas (n = 2),
uterine carcinoma (n = 2),
breast cancer (n = 2),
pancreas adenocarcinoma
(n = 2), angiosarcoma (n =
2), esophagus carcinoma
(n = 1), undifferentiated
carcinoma of nasopharynx
(n = 1), parotid
adenocarcinoma (n = 1),
melanoma (n = 1),
gastrointestinal stromal
tumor (n = 1)
crenolanib Cortes JE (Cortes = NCT01657682/ Il 2016 69 single-arm  refractory/relapsed FLT3*
et al., 2016) NCT01522469 AML (ITD n = 29,
D835n =11, ITD +
D835 n = 29)
crenolanib Collins R (Collins | NCT01522469/ 1l 2014 19 single-arm =~ R/R FLT3 mutant AML 47 (21-81)
et al, 2014) NCT01657682 (n=19)
crenolanib Lewis NL (Lewis — | 2009 59 single-arm  colon cancer (n = 10), 58.6 (18-80)
et al., 2009) connective/soft tissue
tumor (n = 7), bronchus/
lung tumor (n = 5), ovary
tumor (n = 5), other tumor
(n =32)
tandutinib Grossman SA NCT00379080 7 2017 56 single-arm  recurrent or progressive 56 (24-77)
(NCT00379080, glioblastoma (n = 56)
2017)
tandutinib Shepard DR — I 2012 10 single-arm = mRCC refractory to 61 (55-78)
(Shepard et al., previous therapy with
2012) sunitinib or sorafenib
(n = 10)
tandutinib DeAngelo DJ — I 2006 40 single-arm ~ AML (n = 39), high-risk 70.5 (22-90)

(DeAngelo et al.,
2006)

MDS (n = 1)
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TABLE 1 (Continued) Basic information of the selected articles.

FLT
inhibitor

cabozantinib

Author

Fathi AT (Fathi
et al., 2018)

Clinical trial
registration
number

NCT01961765

Phase

Publication
year

2018

Number
of
patients

single-arm

10.3389/fphar.2024.1294668

Cancer type

R/R AML (n = 18) 68 (27-85)

cabozantinib

Matulonis UA
(Matulonis et al.,
2019)

NCT01716715

2019

57

double-
arm

persistent or recurrent —
epithelial ovarian, fallopian
tube or primary peritoneal
cancer (n = 57)

cabozantinib

Nguyen L
(Nguyen et al.,
2016)

2016

77

single-arm

healthy nonsmoking male 39 (18-55)
and female adult

individuals (n = 77)

cabozantinib

cabozantinib

Brose MS (Brose
et al., 2022)

Choy E (Choy
et al., 2022)

NCT03690388

NCT01588821

2022

2022

258

37

double-

single-arm

previously treated 65 (31-85)
radioiodine-refractory
differentiated thyroid

cancer (n = 258)

renal cell (n = 7), lung non-
small (n = 5), osteosarcoma
(n = 3), radioiodine-
refractory differentiated
thyroid cancer (n = 3),
Ewing’s sarcoma (n = 3),
chondrosarcoma (n = 2),
leiomyosarcoma (n = 2),
melanoma (n = 2), alveolar
soft parts sarcoma (n = 1),
head and neck squamous
cell carcinoma (n = 1),
adenoid cystic carcinoma
(n = 1), chondroblastoma
(n = 1), chordoma (n = 1),
fibroblastic sarcoma (n = 1),
liposarcoma (n = 1),
myxofibrosarcoma (n = 1),
salivary duct carcinoma

(n = 1), olfactory
neuroblastoma (n = 1)

54 (18-83)

cabozantinib

cabozantinib

Nakaigawa N
(Nakaigawa et al.,
2023)

Procopio G
(Procopio et al.,
2023)

NCT03339219

NCT03463681

2023

2023

35

31

single-arm

single-arm

advanced renal cell 63 (42-84)

carcinoma (n = 35)

mRCC (n = 31) 62 (29-79)

pexidartinib

pexidartinib

pexidartinib

Smith CC (Smith
et al., 2020)

Tap WD (Tap
et al., 2019)

Lee JH (Lee et al.,
2020)

Frontiers in Pharmacology

NCT01349049

NCT02371369

NCT02734433

7

2020

2021

2020

07

90

61

single-arm

double-
arm

single-arm

R/R FLT3-ITD-mutant
AML (n = 90)

55.9 (22-83)

advanced tenosynovial 44 (22-75)

giant cell tumor (n = 61)
bladder cancer/urothelial 64 (23-82)
carcinoma (n = 1),
epithelioid trophoblastic
tumor (n = 1), gallbladder
neuroendocrine carcinoma/
large cell type (n = 1), liver
cancer (n = 1), malignant
fibrous histiocytoma (n =
1), renal cell carcinoma (n =
1), renal pelvic cancer,
right; urothelial carcinoma
(n = 1), sacral chordoma
(n = 1), salivary gland
cancer/right
submandibular
pleiomorphic

(Continued on following page)
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TABLE 1 (Continued) Basic information of the selected articles.

FLT
inhibitor

Author

Clinical trial
registration

number

Phase

Publication

year

Number
of
patients

Study
design

10.3389/fphar.2024.1294668

Cancer type

adenocarcinoma (n = 1),
submandibular gland/left;
adenoid cystic carcinoma
(n = 1), tenosynovial giant
cell tumor (n = 1)

pexidartinib Boal LH (Boal NCT02390752 | 2020 16 single-arm = sarcomas (osteosarcoma, 16 (4-21)
et al,, 2020) Ewing Sarcoma,
rhabdomyosarcoma,
malignant peripheral nerve
sheath tumor) (n = 8),
neurofibromatosis type 1
(NF1) plexiform
neurofibroma (n = 3),
central nervous system
tumors (n = 3), AML (n =
1), peritoneal mesothelioma
(n=1)
pacritinib Mesa RA (Mesa NCT01773187 1l 2017 220 double- primary myelofibrosis (n = | 67 (60-73)
et al,, 2017) arm 144), post-polycythemia
vera myelofibrosis (n = 48),
post-essential
thrombocythemia
myelofibrosis (n = 27),
missing (n = 1)
pacritinib Verstovsek S NCT00719836 il 2016 76 single-arm | myelofibrosis (n = 69), 69 (47-86)
(Verstovsek et al., AML (n =7)
2016)
pacritinib Younes A (Younes = NCT00741871 | 2012 34 single-arm = advanced lymphoid 49 (22-80)
et al., 2012) malignancies (n = 34)
pacritinib Komrokji RS NCT00745550 Il 2015 35 single-arm | primary and secondary 69 (44-84)
(Komrokji et al., myelofibrosis (n = 35)
2015)
TAK-659 Gordon LI NCT02000934 | 2020 105 single-arm = lymphomas (n = 86), solid | 65 (23-85)
(Gordon et al., tumors (n = 19)
2020)
TAK-659 Kaplan JB (Kaplan = — | 2016 36 single-arm = diffuse large B-cell 60.5 (23-82)
et al., 2016) lymphoma (n = 30),
follicular lymphoma (n =
4), mantle cell lymphoma
(n = 1), chronic
lymphocytic leukemia
(n=1)
TAK-659 Pratz KW (Pratz NCT02323113 Ib 2023 43 single-arm = R/R AML (n = 43) 65 (25-86)
et al., 2023)
famitinib Xu RH (Xu et al, = NCT01762293 1l 2017 99 double- refractory metastatic 55 (24-70)
2017) arm colorectal cancer (n = 99)
famitinib Zhang W (Zhang ~ NCT01829841 171 2013 24 single-arm  mRCC (n = 24) 52 (24-66)
et al., 2013)
famitinib Zhou A (Zhou — | 2013 55 single-arm =~ RCC (n = 12), sarcoma (n = | 45 (19-67)

et al., 2013)

11), colorectal cancer (n =
7), lung cancer (n = 4),
gastric cancer (n = 3),
hepatocellular carcinoma
(n = 2), breast cancer (n =
2), GIST (n = 2),
nasopharyngeal carcinoma
(n = 2), other (n = 10)

Note: AML, acute myeloid leukemia; R/R, relapsed/refractory; ITD, internal tandem duplication; TKD, tyrosine kinase domain; mRCC, metastatic renal cell carcinoma; HCC, hepatocellular

carcinoma.
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A Hematological AEs, All grade, Random Model

Group by Statistics for each study

Subgroup within study

Event Lower Upper

Event rate and 95% CI

rate  limit  limit Z-Value p-Value
Anemia 0292 0.254 0334 -8.923 0.000 ’
Febrile neutropenia 0356 0298 0418 -4.434  0.000 L 3
Neutropenia 0266 0.183 0371 -4.103 0.000 ‘
Thrombocytopenia 0249 0.201 0304 -7.803 0.000 .
-1.00 -0.50 0.00 0.50 1.00
Favours A Favours B
B Non-hematological AEs, All grade, Random Model
Group by Statistics for each study Event rate and 95% CI
Subgroup within study
Event Lower Upper
rate  limit  limit Z-Value p-Value
Diarrhea 0396 0349 0445 -4.143 0.000 ’
Fatigue 0.329 0.283 0378 -6.490 0.000 ’
Hand-foot syndrome 0.389 0.283 0.506 -1.861 0.063
Nausca 0321 0266 0383 -5439  0.000 3
-1.00 -0.50 0.00 0.50 1.00
Favours A Favours B
C Hematological AEs, Grade>3. Random Model
Group by Statistics for each study Event rate and 95% CI
Subgroup within study
Event Lower Upper
rate  limit  limit Z-Value p-Value
Anemia 0.195 0.155 0.241 -10.113 0.000 ‘
Febrile neutropenia 0345 0285 0410 -4525  0.000 <
Neutropenia 0.131 0.088 0.189 -8.488 0.000 ’
Thrombocytopenia 0.153  0.116 0.200 -10.340 0.000 .
-1.00 -0.50 0.00 0.50 1.00
Favours A Favours B
D Non-hematological AEs, Grade>3, Random Model
Group by Statistics for each study Event rate and 95% CI
Subgroup within study
Event Lower Upper
rate  limit  limit Z-Value p-Value
Hand-foot syndrome 0.123  0.082 0.181 -8.521 0.000 .
Hypertension 0.092 0.054 0.153 -7.778 0.000 ’
Increased AST 0.083 0.051 0.130 -9.332 0.000 ’
Pncumonia 0.093  0.063 0.133 -10.887 0.000 ’
-1.00 -0.50 0.00 0.50 1.00
Favours A Favours B
FIGURE 2
The top four hematological and non-hematological AEs of all grades (A,B) and grade >3 (C,D) in FLT3 inhibitors monotherapy.
Quality assessment Safety
Considering that the included studies contained both randomized ~ TOXICity
and non-randomized experiments, we assessed the quality of
randomized and non-randomized studies using REVMAN and The single-arm or double-arm studies with AEs of

MINORS, respectively. As shown in Supplementary Table SI and
Supplementary Figure S2, the results of quality assessment showed
that all studies received satisfactory scores.
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FLT3 inhibitors were selected in this study. Several clinical trials
of FLT3 inhibitors were conducted in patients with hematological
malignancies (leukemia, lymphoma, myelofibrosis) and solid
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tumors (glioblastoma, renal cancer, pancreatic cancer, bile duct
cancer, lung cancer, colorectal cancer, head and neck cancer, soft
tissue sarcoma, hepatocellular cancer, thyroid cancer, gastric cancer,
prostate cancer, breast cancer, testicular cancer, mesothelioma,
et al.). AEs are shown for all of these 13 FLT3 inhibitors. The
top four AEs of all grades caused by the 12 FLT3 inhibitors were
diarrhea, hand-foot syndrome, febrile neutropenia and fatigue
(Figure 2). The top two hematological AEs of all grades and
grade >3 caused by these FLT3 inhibitors were febrile
neutropenia (35.6%, 34.5%) and anemia (29.2%, 19.5%) (Figures
2A, C). In addition, the top three all-grade non-hematologic AEs for
the monotherapy with these FLT3 inhibitors were diarrhea (39.6%,
95% CI: 0.349-0.445), hand-foot syndrome (38.9%, 95% CI:
0.283-0.506) and fatigue (32.9%, 95% CI: 0.283-0.378) (Figure 2B).

Also, the most common AEs of all grades of FLT3 inhibitors in
the non-hematological system were summarized. As shown in
Supplementary Figure S3, the most common AEs of all grades
occurred in gastrointestinal system (28.0%, 95% CI: 0.254-0.308),
skin (26.2%, 95% CI: 0.205-0.329) and general disorders (24.0%,
95% CI: 0.214-0.267). In addition to diarrhea, the non-hematologic
AEs of all grades with an overall incidence greater than 30% were
hand-foot syndrome (38.9%, 95% CI: 0.283-0.506), fatigue (32.9%,
95% CI: 0.283-0.378) and nausea (32.1%, 95% CI: 0.266-0.383)
(Supplementary Figure S4).

However, the top three grade >3 non-hematologic AEs
among the 12 FLT3 inhibitors were hand-foot syndrome
(HFS) (12.3%), pneumonia (9.3%), and hypertension (9.2%)
(Figure 2D). Additionally, the grade>3 AEs of FLT3 inhibitors
with the >5%
hypokalaemia, increased

have
ALT,

incidence increased AST, pyrexia,

fatigue and diarrhea
(Supplementary Figure S5).

Febrile neutropenia was reported in 14 articles with eight
FLT3 inhibitors, including sorafenib, midostaurin, gilteritinib,
quizartinib, cabozantinib, pexidartinib, tandutinib and TAK-659
(Supplementary Figure S6A), and ranked first in all grades and
grade>3 of hematologic AEs. The incidence of febrile neutropenia of
all grades ranged from 10.8% (quizartinib) to 60.0% (TAK-659) with
the average of 35.6% (95% CI: 0.298, 0.418). Moreover, febrile
neutropenia caused by FLT3 inhibitors was
grade>3 [34.5% (95% CI: 0.285, 0.410)] (Figure 2).

Diarrhea was the most common AE of all grades reported in all
of these 13 FLT3 inhibitors and fourty-two of the clinical trials

included in this study (Supplementary Figure S6B). The incidence of

mainly in

diarrhea in these inhibitors was all greater than 20%, with the highest
incidence of 64.4% caused by cabozantinib, and the lowest of 21.8%
by famitinib.

Dose-limiting toxicity (DLT)

The DLT was found in the monotherapy of 11 FLT3 inhibitors,
including cabozantinib, gilteritinib, lestaurtinib, midostaurin,
pacritinib, pexidartinib, quizartinib, sorafenib, sunitinib, TAK-659
and tandutinib (Supplementary Table S2). The known DLTs were
diarrhea, nausea, vomiting, fatigue, QT prolongation, anemia,
thrombocytopenia, hand-foot syndrome, hypertension, edema,
pain, weight loss, anorexia, dyspepsia, asthenia, dehydration,
tumor lysis syndrome, syncope, elevated amylase, elevated blood
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creatine phosphokinase, elevated blood lactate dehydrogenase,

increased lipase, increased glutamyltransferase, increased
aspartate aminotransferase, hypoxia, proteinuria, pancreatitis,
transaminitis, stomatitis, mucositis, gastrointestinal bleeding,
dizziness, hypophosphatemia. Among them, the most common
DLTs were diarrhea, nausea, fatigue, and QT prolongation.
Therefore, the dosing regimen and dosage should be timely
adjusted according to the patient’s condition. In addition, we
paid special attention to the IC50 of FLT3 inhibitors in tumors

and the final human doses (Supplementary Tables S3, S4).

Emergency AEs leading to drug withdrawal

Some AEs can be life-threatening to the patient: The fatal AEs
associated with pexidartinib is cytokine release syndrome, sepsis,
pneumonia, pneumonia aspiration, respiratory failure, cardiac
arrest and cerebral hemorrhage, which twelve patients died of
reported by Smith CC et al (Smith et al, 2020) The fatal AEs
caused by gilteritinib were pneumonia, subdural hematoma,
aspartate
aminotransferase, elevated blood creatine phosphokinase and

elevated aminotransferase,  elevated  alanine
elevated lactate dehydrogenase (Usuki et al, 2018; Perl et al,
2019), while the most common emergency AEs of quizartinib
leading to discontinuation or death was QT prolongation,
pneumonia, sepsis, pericardial effusion, pericarditis, diarrhea,
neutropenic sepsis, pleural effusion, intracranial haemorrhage,
bronchopulmonary aspergillosis (Cortes J. et al., 2018; Cortes JE.
et al.,, 2018; Cortes et al,, 2019; Usuki et al., 2019). For pacritinib, the
patients discontinued treatment due to diarrhea, QT prolongation,
fatigue, increased transaminases, hypersensitivity, pruritus,
thrombocytopenia, hyperbilirubinemia, subdural hematoma, and
nausea, while the fatal AEs were pneumonia, subdural hematoma,
intracranial hemorrhage, septic shock, asthenia, cardiorespiratory
arrest, anemia, subdural hematoma and AML (Komrokji et al,
2015; Verstovsek et al.,, 2016; Mesa et al., 2017). For TAK-659, the
drug-related serious AEs leading to discontinuation were sepsis and
pneumonia, and those leading to death were sepsis (Kaplan et al.,
2016) and multiorgan failure (Pratz et al., 2023).

To compare the toxicity of different drugs, we collected the
percentage of patients discontinuing due to severe AEs caused by
FLT3 reported the
(Supplementary Figure S7). A total of 32 articles reported the

these inhibitors in included articles
percentage of patients discontinuing due to severe AEs of
12 FLT3 inhibitors. The overall incidence was 16.4% (95% CI:
0.137-0.195), the lowest was caused by lestaurtinib (6.9%), and
the highest was by sorafenib (23.5%). This data indicated that

sorafenib had the highest toxicity among these drugs.

Pharmacokinetics

Based on published pharmacokinetic results (Table 2), the Ty«
for these FLT3 inhibitors ranged from 0.7-12.0 h. Among them, the
FLT3 inhibitor with the shortest T, is midostaurin and
lestaurtinib, while the one with the longest Ty, is quizartinib.
The published T/, for most of the FLT3 inhibitors exceeded 10 h.
The longest T;,, was 84.0-146.0 h, 84.0-126.0h and 107.8 h for
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TABLE 2 Pharmacodynamics of 13 FLT3 inhibitors.

FLT3 inhibitors

10.3389/fphar.2024.1294668

Author/publication year

sorafenib Huh KY, 2021 (Huh et al., 2021) 40h 222 +51h
sorafenib Awada A, 2005 (Awada et al., 2005) - 24.0-39.0 h
lestaurtinib Smith BD, 2004 (Smith et al., 2004) - 6.8-9.2h
lestaurtinib Marshall JL, 2005 (Marshall et al., 2005) 0.8-2.7 h -
midostaurin Propper DJ, 2001 (Propper et al., 2001) - 384h
midostaurin He H, 2017 (He et al., 2017) 0.7-2.7 h 203 +£6.7h
gilteritinib Numan Y, 2022 (Numan et al., 2022) 3.0-7.0 84.0-126 h
gilteritinib Perl AE, 2017 (Perl et al., 2017) 2.0-6.1h 459-151.8 h
quizartinib Usuki K, 2019 (Usuki et al., 2019) 524 h -
quizartinib Li J, 2020 (Li et al., 2020) 4.0-12.0 h 107.8 h
sunitinib DuBois SG, 2012 (DuBois et al., 2012) 4.0-8.0 h -
sunitinib Britten CD, 2008 (Britten et al., 2008) 6.0h -
sunitinib O’Farrell AM, 2003 (O’Farrell et al., 2003) 4.0-8.0 h 44,0 + 186 h
sunitinib Faivre S, 2006 (Faivre et al., 2006) 50h 41.0-86.0 h
crenolanib Lewis NL, 2009 (Lewis et al., 2009) 4.0-6.0 h 12.3-185h
tandutinib Grossman SA, 2017 (NCT00379080, 2017) - 10.4-13.2 h
cabozantinib Nguyen L, 2016 (Brose et al., 2022) 35-4.0 h 84.0-146.0 h
pexidartinib Lee JH, 2020 (Lee et al., 2020) 1.0-2.1h -
pexidartinib Boal LH, 2020 (Boal et al., 2020) 2.0-12h 12.7-242 h
pacritinib Younes A, 2012 (Younes et al., 2012) 5.0-9.0 h 24.0-96.0 h
TAK-659 Kaplan JB, 2016 (Kaplan et al.,, 2016) 2.0-3.0h -
TAK-659 Pratz KW, 2023 (Pratz et al., 2023) 1.0-3.0h -
famitinib Zhou A, 2013 (Zhou et al., 2013) 33-53h 28.7-33.8 h

cabozantinib, giltertinib and quizartinib, respectively, and the
shortest was 6.8-9.2h for lestaurtinib. This suggested that
cabozantinib, giltertinib and quizartinib may have the longest
duration of action, while lestaurtinib may have the shortest.

Efficacy
Survival outcome

As shown in Figure 2A, nine FLT3 inhibitors included in a total
of 17 clinical trials prolonged overall survival in tumor patients, with
the mean OS of 9.639 months (Figure 3A). When one of sorafenib,
gilteritinib and cabozantinib was used to treat FLT3-mutated AML
or radioiodine-refractory differentiated thyroid cancer, the mean
HR for death was 59.0% (95% CI 0.297, 0.884) (Figure 3B). Among
them, the strongest anti-tumor effect was achieved by sorafenib [HR
0.516 (95% CI: 0.048, 0.984, p = 0.031)]. However, cabozantinib [HR
2.27 (95% CI: 1.030, 5.004, p = 0.042)] was not recommended for the
treatment of recurrent ovarian cancer at the doses and schedule
studied in this study (Matulonis et al., 2019).
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As shown in Figure 3C, six FLT3 inhibitors sorafenib, sunitinib,
cabozantinib, pexidartinib, famitinib and lestaurtinib, prolonged
mPFS of 5.905 months (95% CI 5.272, 6.537). EES was reported
in three articles for two inhibitors, gilteritinib and quizartinib, and
the mEFS was 2.703 months (95% CI 1.518, 3.889) (Figure 3D).
Simultaneously, duration of therapy was reported in sorafenib,
gilteritinib and quizartinib with the range of 1.94-4.6 months
(Awada et al., 2005; Borthakur et al., 2011; Semrad et al., 2012;
Chen et al,, 2014; Lin et al., 2017; Perl et al., 2017; Cortes J. et al.,
2018; Cortes JE. et al., 2018; Usuki et al., 2018; Cortes et al., 2019;
Perl et al., 2019; Usuki et al., 2019; Burchert et al., 2020; Li et al.,
2020; Fierro-Maya et al., 2021; Hosono et al., 2021; Huh et al., 2021;
Li et al, 2022; Numan et al., 2022; Dumas et al., 2023; Kudo
et al., 2023).

Response outcomes
The mean ORR for tumor patients was 29.0% (95% CI 0.204,

0.395) (Figure 4A). The highest ORR of 72.7% was achieved by
giltertinib in the treatment of FLT3-ITD mutated AML, while the
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A Random Model

Study name Subgroup within study Statistics for each study Mean and 95% CI
Standard Lower Upper
Mean  error Variance limit limit Z-Valuep-Value
sorafenib, Lin SM, 2017 os 8.600 0.049 0002 8504 8.696175255 0.000 .
sorafenib, Fierro-Maya LF, 2021 os 21.300 0.401 0.161 20.513 22.087 53.054  0.000 .
sorafenib, Li D, 2022 os 13.400 0.071 0.005 13.261 13.539188.528  0.000 [ ]
sorafenib, Kudo M, 2022 os 12.300 0.027  0.001 12.248 12.352460.299  0.000 [ ]
midostaurin, Fischer T, 2010 os 4.280 0031 0001 4219 4341138223 0.000 [ ]
il inib, Perl AE, 2019 os 9.300 0.032  0.001 9238 9362292322 0.000 [ ]
, Numan Y, 2022 os 7.000 0.066  0.004 6.871 7.129106.301 0.000 ‘
gilteritinib, Perl AE, 2017 os 5.757 0.024 0001 5709 5805236.573 0.000 .
gilteritinib, Dumas PY, 2023 os 6.400 0.162  0.026 6.082 6.718 39.502 0.000 .
quizartinib, Cortes JE, 2018 os 5.198 0.037  0.001 5.126 5270140.730 0.000 .
quizartinib, Cortes JE, 2019 os 6.200 0.023 0001 6.155 6.245269.593 0.000 .
itinib, Balana C, 2014 os 2.869 0447 0200 1993 3.745 6420 0.000 .
ib, Al Baghdadi T, 2020 os 7.509 0881 0777 5782 9236 8520 0.000 L 3
NCT00379080, 2017 os 8.800 0427  0.182 7.964 9.636 20.630 0.000 .
cabozantinib, Fathi AT, 2018 os 3.403 0213 0.045 2986 3.820 15989 0.000 .
cabozantinib, Brose MS, 2022 os 19.400 0.144  0.021 19.118 19.682134.864  0.000 ®
cabozantinib, Procopio G, 2023 os 13800 0972 0.945 11.895 15705 14.195  0.000 L
pexidartinib, Smith CC, 2020 os 3.680 0.080  0.006 3.523 3.837 45.898 0.000
famitinib, Zhang W, 2013 os 33.000 2480  6.151 28.13937.861 13.306 0.000 )
9.639 0741 0550 $.18611.092 13.000 0.000 <
-38.00 -19.00 0.00 19.00 38.00
Favours A Favours B
B  Fixed Model
Study name Subgroup within study Statistics for each study Mean and 95% CI
Standard Lower Upper
Mean error Variance limit limit Z-Value p-Value
sorafenib, Burchert A, 2020 oS 0.516 0.239 0.057 0.048 0984 2159 0.031 +
gilteritinib, Perl AE, 2019 0os 0.640 0.490 0240 -0320 1.600 1306 0.192 ’
gilteritinib,Hosono N, 2021 0os 0.605 0.236 0.056 0.142 1.068 2564 0.010 —.—-
cabozantinib, Brose MS, 2022 os 0.760 0.450 0203 -0.122 1642 1.689 0.091 '
0.590 0.150 0.022 0297 0884 3942 0.000 0
-2.00 -1.00 0.00 1.00 2.00
Favours A Favours B
C__ Random Model
Study name Statistics for each study Mean and 95% CI
Standard Lower Upper
Mean  ervor  Variance limit  limit Z-Valuep-Value
sorafenib, Lin SM, 2017 PFS 2.700 0018 0000 2665 2735152193 0.000 '
sorafenib, Fierro-Maya LF, 2021 PFS 16700 0551 0303 15.621 17.779 30331  0.000 L 2
sorafenib, Li D, 2022 PFS 4270 0.020 0.000 4230 4.310209.348 0.000 ‘
sorafenib, Kudo M, 2022 PFS 3.700 0.008 0000 3.685 3715483380 0.000 .
suni , Balana C, 2014 PFS L7 0019 0000 1734 1808 92953 0.000 .
sunitinib, Al Baghdadi T, 2020 PFS 2421 0209 0044 2012 2830 11.600 0.000 [ )
cabozantinib, Brose MS, 2022 PFS 11.000 0203 0.041 10,602 11.398 54.134  0.000 .
cabozantinib, Procopio G, 2023 PFS 8300 0616 0380 7.092 9.508 13.470 0.000 l.'
pexidartinib, Smith CC, 2020 PFS 1580 0031 0001 1.520 1.640 51.407 0.000 [ ]
famitinib, Zhang W, 2013 PFS 10.700 0378  0.143 9.960 11.440 28335 0.000 .
sorafenib, Semrad TJ, 2012 PFS 4700 0064 0004 4575 4825 73853 0.000 [ ]
lestaurtinib, Knapper S, 2006 PFS 0.821 0405 0164 0028 1614 2029 0.043
cabozantinib, Nakaigawa N, 2023 PFS 12.000 0.586  0.344 10.851 13.149 20467 0.000 '.-
5.905 0323 0.104 5272 6.537 18308 0.000 .
-18.00 -9.00 0.00 9.00 18.00
Favours A Favours B
D Random Model
Study name Subgroup within study Statistics for each study Mean and 95% CI
Standard Lower Upper
Mean  error Variance limit limit Z-Valuep-Value
gilteritinib, Dumas PY, 2023 EFS 3.900 0.137 0019 3.632 4.168 28.538 0.000 .
quizartinib, Cortes JE, 2018 EFS 2.829 0.028  0.001 2774 2.884100.664 0.000 .
quizartinib, Cortes JE, 2019 EFS 1.400 0.023 0.001 1.355 1.445 60.876 0.000 .
2703 0605 0366 1518 3.889 4469 0.000 <&
-18.00 -9.00 0.00 9.00 18.00
Favours A Favours B

FIGURE 3
The statistical analysis results of OR of single-arm (A) and double-arm (B) studies, and of PFS (C) and EFS (D) of FLT3 inhibitors.

lowest of 1.6% and 2.8% occurred in the treatment of the solid The mean CR rate of patients was 8.7% (95% CI 0.058, 0.128)
tumors and AML by lestaurtinib (Marshall et al., 2005; Knapper ~ (Figure 4B), while the highest CR rate was 29.0% reported by
et al, 2006), respectively, indicating the poor efficacy of Kaplan JB when using TAK-659 to treat lymphoma and
lestaurtinib. leukemia (Kaplan et al.,, 2016). However, the lowest CR rate
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FIGURE 4
The statistical analysis results of ORR (A), CR (B), PR (C), SD (D)
and PD (E) of FLT3 inhibitors.

of 0.9%-1.4% occurred in the cabozantinib treatment group of
solid tumors (Matulonis et al., 2019; Brose et al., 2022;
Nakaigawa et al., 2023).
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The mean PR rate reported for patients was 16.0% (95% CI,
0.129, 0.197) (Figure 4C), with a maximum PR rate of 50% when
using famitinib to treat metastatic renal cell carcinoma (mRCC)
(Zhang et al,, 2013), and a minimum of 7% in the treatment of
gynecological tumors using cabozantinib (Matulonis et al., 2019).
The second highest PR rate was 42.3%, which was achieved with
cabozantinib in the treatment of mRCC (Procopio et al., 2023).

The mean SD rate for tumor patients was 45.0% (95% CI 0.384,
0.518) (Figure 4D), with a maximum SD rate of 69% in the treatment
of advanced RCC using cabozantinib (Brose et al, 2022), and a
minimum of 8.3% in the treatment of non-resectable glioblastoma
using sunitinib (Balana et al., 2014). In contrast, the mean PD rate
for tumor patients was 23.2% (95% CI 0.141, 0.355) (Figure 4E), with
a maximum PD rate of 91.6% in the treatment of non-resectable
glioblastoma using sunitinib (Balafa et al., 2014), and a minimum of
2.3% in the treatment of myelofibrosis and AML using pacritinib
(Verstovsek et al.,, 2016). From these results, we concluded that
sunitinib was not so effective in the treatment of primary
glioblastoma.

Additionally, the clinical effect of FLT3 inhibitors in
hematologic malignancies and solid tumors was compared.
The statistical results showed the ORR (40.8% vs. 18.8%) and
CR (10.3% vs. 2.3%) were higher in hematological malignancies
than in solid tumors, while the PR (15.7% vs. 16.3%) and SD
(47.5% vs. 44.4%) was not significantly different from each other
(Figure 5; Supplementary Figure S8). The statistical results
showed the OS (5.694 months vs. 13.343 months) was lower
than in solid tumors

in hematological malignancies

(Supplementary Figure S9).

Target genes

The target genes of these FLT3 inhibitors in the published
articles were summarized in the Supplementary Table S5. Among
them, their common target gene was FLT3, and the other core genes
regulated by these 13 FLT3 inhibitors were mainly AKT1, KIT,
MTOR, PDGEFR, STAT5 and STAT3 (Supplementary Table S6).

Discussion

FLT3 is one of type III receptor tyrosine kinases that plays an
important role in cell survival, proliferation and differentiation.
FLT3 mutations are the most common genetic aberrations in
acute myeloid leukemia (AML): approximately 25% of adult
patients with AML carry FLT3-ITD mutation and 10% carry
FLT3-TKD point mutations or deletions (Kiyoi et al., 2020). Both
mutant FLT3 molecules are activated through ligand-independent
dimerization and trans-phosphorylation, resulting in constitutive
activation (Kiyoi et al., 2020). Mutant FLT3 induces the activation of
multiple intracellular signaling pathways, mainly STAT5, MAPK
and AKT signals, leading to cell proliferation and anti-
apoptosis effect.

The patients with FLT3-mutated AML have a poor prognosis
compared to those with FLT3-WT (wild-type). Though response
rates to traditional chemotherapy are similar in FLT3-mutated AML
compared to FLT3- AML, FLT3-mutated AML patients are more
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Random Model
Study name Subgroup within study Statistics for each study Event rate and 95% CI
Event Lower Upper
rate  limit  limit Z-Value p-Value
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B
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Study name Subgroup within study Statistics for each study Event rate and 95% CI
Event Lower Upper
rate  limit  limit Z-Value p-Value
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FIGURE 5
Clinical effects (ORR and PR) of FLT3 inhibitors in hematological malignancies (A) and solid tumors (B).
likely to relapse, even after allogeneic hematopoietic stem-cell The type I inhibitors including lestaurtinib, sunitinib,

transplantation (HSCT) (Schlenk et al., 2008; Bazarbachi et al,  midostaurin, crenolanib, gilteritinib, cabozantinib, pexidartinib,
2020). Therefore, the advent of targeted FLT3 inhibitors widens  pacritinib, TAK-659 and famitinib, can bind to both active and
treatment options in these FLT3-mutated patients. inactive conformations of FLT3. Except FLT3, these inhibitors can
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still bind to the other kinases which share the similar protein
structure of the ATP-binding region with FLT3. However, the
type II inhibitors including sorafenib, quizartinib and tandutinib,
only can bind to an inactive conformation. They insert into the back
pocket of the ATP-binding region of inactive FLT3, and interact
with its amino acid residues, promoting inhibitory activity and
selectivity. However, they have no binding affinity to an active
conformation of FLT3, due to the use of the back pocket of the
ATP-binding region.

The efficacy of FLT3 inhibitors through inducing cell apoptosis,
ferroptosis, Pyroptosis, and/or differentiation (Hage et al., 2019;
Arries and Yohe, 2020; Gao et al., 2021; Yuan et al., 2022) have been
extensively proved in the various oncology indications. However, to
date, the AEs and effects of these inhibitors have not been reported
extensively and comprehensively. In this study, the published
FLT3 inhibitors of type I and II are selected. Their safety,
efficacy, pharmacodynamics and target genes are systematically
analyzed based on registered clinical trials, published articles and
public database.

With regards to the toxicity of these inhibitors, we analyzed
AEs caused by FLT3 inhibitors monotherapy in patients with
hematological diseases and solid tumors. The most common
hematological AEs caused by these inhibitors were febrile
neutropenia, anemia, and thrombocytopenia, and they were
also the most severe hematological AEs. Febrile neutropenia
of all grades was observed in approximately 35% of the patients.
In addition, the most common non-hematologic AEs were
hand-foot
descending order.

diarrhea, syndrome, fatigue, and nausea in

FLT3 inhibitors are non-specific, and can also suppress
VEGFR, PDGFRA, PDGFRB, AXL, EGFR, and KIT. The
inhibition of these receptors, which are also expressed on
by FLT3 lead

toxicity, cutaneous,

normal cells, inhibitors  may to

extrahematological for  example,
gastrointestinal, and cardiovascular toxicities.

Notably, in clinic, the overall safety of TKIs as well as the
incidence of the most common AEs (especially specific AEs) is
considered firstly, rather than the efficacy (Krawczyk et al., 2023).
The diverse emergency AEs, especially pneumonia, which led to
drug discontinuation, even the death of the patients, was reported in
12 FLT3 inhibitors. Therefore, in the treatment of tumors using
FLT3 inhibitors, the infection should be controlled timely to prevent
the occurrence of fatal complications such as pneumonia, sepsis and
respiratory failure.

Additionally, the DLTs of FLT3 inhibitors varied in different
inhibitors, but the most common and highest occurring DLT was
fatigue. Moreover, the available clinical data showed a significant
increase in the incidence of AEs caused by these inhibitors
compared to the placebo group. Therefore, it is necessary to
closely monitor the extent of AEs and discontinue the medication
if necessary.

Based on the current data, after monotherapy with thirteen
FLT3 inhibitors, the patients’ OS, PFS, and EFS were 9.639,
5.905 and 2.703 months, respectively. Previous studies have
indicated that the combination of ICIs and TKIs as first-line
treatment can significantly improved OS in patients with
advanced HCC and was associated with better PFS (Wu et al.,
2023). Furthermore, the overall ORR, CR, PR, SD and PD were
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29.0%, 8.7%, 16.0%, 45.0% and 23.2%, respectively, indicating the
good efficacy of FLT3 inhibitors as a whole. The patient’s highest
CR reached 29%, when TAK-659 was used to treat lymphoma
and leukemia (Kaplan et al., 2016), and the overall ORR was
higher in hematological malignancies than in solid tumors
(40.8% vs. 18.8%), indicating FLT3 inhibitors might be more
effective when applied in the treatment of hematological
malignancies than in that of solid tumors. What’s more,
although all of these inhibitors share the common target
FLTS3,
satisfactory results, so it was not recommended in the

lestaurtinib and cabozantinib had not shown
treatment of hematological and/or solid malignancies.

The T, for these FLT3 inhibitors was between 0.7 and
12.0 h, indicating rapid oral absorption efficiency. Take sorafenib
for example, considering possibly decreased bioavailability under
high-fat meal, sorafenib can be administered without food or
with low/moderate-fat meal (Di Gion et al., 2011). In contrast,
sunitinib and quizartinib can be administered without regard to
food (Di Gion et al., 2011; Li et al., 2020), and the bioavailability
of midostaurin and cabozantinib increases significantly under
high-fat fed condition (Wang et al.,, 2008; Lacy et al., 2017).
Additionally, pexidartinib is recommended to be administered
with a low-fat meal (Zahir et al., 2023). As shown in Table 2, the
T/, of FLT3 inhibitors varied significantly. The longest T;,, was
approximately 100 h for cabozantinib, giltertinib and quizartinib,
while the shortest T;,, were 6.8-9.2 h for lestaurtinib, which may
well explain the reason why these FLT3 inhibitors have different
clinical effects.

In short, thirteen FLT3 inhibitors were included and
this study. Although they had distinct

pharmacodynamics profiles and clinical response data, all of

evaluated in
them exhibited similar safety outcomes. Their overlapping
toxicities were mainly diarrhea and febrile neutropenia, which
were simultaneously the most common and severe AEs. In
addition,
favorable pharmacodynamics profile with a longer half-life

cabozantinib and quizartinib showed a more
of >100 h. By contrast, lestaurtinib had an unfavorable clinical
pharmacodynamics profile with the shortest half-life. Based on
the available data, except lestaurtinib and cabozantinib, the other
FLT3 inhibitors showed obvious anti-tumor effects. The patients
with different tumors benefited from different FLT3 inhibitors,
and those with hematological malignancies benefited more than
solid tumors. And FLT3 inhibitors can be used with or after
chemotherapeutic agents (Awada et al., 2005). However, the
emergency AEs caused by these inhibitors should be paid
special attention to in the treatment of tumors.

Study Highlights

What is the current knowledge on the topic?

Several FLT3 inhibitors (FLT3i) are in clinical trials. However,
the safety, efficacy and pharmacodynamics of these FLT3i have not
been systemically analyzed before.

What question did this study address?
In this study, we analyzed the published clinical trials and
summarized the safety, efficacy and pharmacokinetics of FLT3i
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including  sorafenib, lestaurtinib, midostaurin, gilteritinib,

quizartinib, sunitinib, crenolanib, tandutinib, cabozantinib,

pexidartinib, pacritinib, TAK-659 (mivavotinib) and famitinib.

What does this study add to our knowledge?

The most common adverse events (AEs) of FLT3i were
gastrointestinal adverse reactions, including diarrhea, hand-
foot while the
hematological AEs were febrile neutropenia, anemia, and

syndrome and nausea, most common
thrombocytopenia. FLT3i monotherapy has shown significant

anti-tumor effect in clinic, especially in hematologic

malignancies.

How might this change clinical pharmacology or
translational science?

FLT3i monotherapy has shown significant anti-tumor effect in
clinic,c which can be improved further through structural
modification and combination medication. Meanwhile, the AEs
of these FLT3i implied the safety should be closely monitored
when used clinically.

Limitations

Here, there are some inevitable factors to affect our systematic
analysis results. First, most of the involved studies were single-
armed, thus not designed according to the principle of randomized
controlled trials. Secondly, the drugs were in the different phases of
clinical trials, so the data adopted in this study were from phases I/11/
HI/IV. Thirdly, the data on AEs, efficacy, pharmacokinetic and
pharmacodynamic analysis were not published completely, and
these clinical studies enrolled the patients with different types
and stages of tumors, which were administered the different
drugs, doses and times, making a systemic, comprehensive
retrospective comparison of antitumor clinical effect among these
drugs not possible.
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