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Abstract
FLT3 is a receptor tyrosine kinase with important roles in hematopoietic stem/progenitor cell survival
and proliferation. It is frequently overexpressed in acute leukemias and is frequently mutated in acute
myeloid leukemia (AML). FLT3 internal tandem duplication (ITD) mutations in AML portend poor
prognosis in both adult and pediatric patients. A number of small molecule tyrosine kinase inhibitors
(TKIs) with activity against FLT3 have been discovered. Many of these are still in preclinical
development, but several have entered clinical phase 1 and 2 trials as monotherapy in patients with
relapsed AML. These trials have resulted in frequent but short-lived responses of peripheral blasts
and less frequent responses of bone marrow blasts. This led to clinical testing of FLT3 TKIs in
combination with conventional chemotherapy. Several combination trials are ongoing or planned in
both relapsed and newly diagnosed FLT3-mutant AML patients. Anti-FLT3 antibodies may also
prove to be an excellent way of targeting FLT3 in AML and acute lymphocytic leukemia (ALL) by
inhibiting signaling and through antibody-dependent cell-mediated cytotoxicity.

Introduction
The human homologue of the murine fetal liver tyrosine kinase (FLT) gene was cloned by the
Small laboratory at Johns Hopkins more than 15 years ago.1 Its product, FLT3, is a single
transmembrane receptor with 5 immunoglobulin-like folds. The extracellular domain binds its
growth factor, known as FLT3 ligand or FL. A single domain traverses the membrane, and
then a kinase domain is split by the kinase insert. The kinase domain belongs to the type III
receptor tyrosine kinase family, which includes KIT, FMS, and 2 genes for the platelet-derived
growth factor receptors. Its ligand stimulates the proliferation of hematopoietic stem progenitor
and dendritic cells. Studies have shown that FLT3 is highly expressed in most acute leukemias.
2,3 In acute myeloid leukemia (AML) and acute lymphocytic leukemia (ALL), FLT3 is
expressed at very high levels. FLT3 is also expressed in chronic myeloid leukemia (CML) in
blast crisis but not in chronic phase. Overall, FLT3 is expressed in approximately 98% of pre-
B ALL patients and in about 90% of AML patients.

The discovery of internal tandem duplication mutations (ITDs) in FLT3 was a major
breakthrough in the understanding of FLT3’s important role in myeloid transformation.4 FLT3/
ITD mutations are the most common type of FLT3 mutation in AML, and FLT3 mutations are
the most frequent mutations in AML.5 The coding frame stays intact, so the protein is not
truncated but gains new properties. These mutations constitutively activate the kinase activity
of FLT3, analogous to a BCR/ABL fusion, which constitutively activates ABL kinase activity.
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FLT3 in AML
Between 15% and 34% of AML patients show FLT3/ITD mutations, with the lower frequency
in children and higher frequency in older adults. All of these mutations map to the negative
regulatory juxtamembrane (JM) domain. The mutations change the amino acid sequence,
which subsequently interrupts inhibition and constitutively activates the region. In addition,
8% to12% of AML patients have other types of FLT3 mutations that map to the activation
loop, most frequently involving aspartic acid 835 or the immediately adjacent isoleucine
836.6-8 Both adult and pediatric AML patients with FLT3/ITD mutations have very poor
prognosis.9,10 For example, in one study the cure rate with chemotherapy for pediatric patients
without a FLT3/ITD mutation was 44% compared to 7% for those with a mutation.9 Overall
cure rates are between 10% and 20% in AML patients with a FLT3/ITD mutation.11 Patients
with a high FLT3/ITD allelic ratio, those with a ratio of mutant gene to wild type allele greater
than 0.4, have little chance for cure.12 A low allelic ratio suggests that the mutation occurred
in a late progenitor cell rather than in a very immature stem or early precursor cell. These
patients do as well as the nonFLT3-mutant patients.12

There are now some indications of improved outcome in FLT3/ITD patients with a matched,
related donor transplant. Studies have shown improved survival of FLT3/ITD patients who
received a matched, related donor transplant after complete response to initial therapy (CR1).
13 A number of centers and cooperative groups are now including FLT3/ITD patients among
those with very bad cytogenetics and are taking them to transplant in CR1 if a suitable donor
is available.12,14

FLT3 Inhibition
Mutated FLT3 signals via activation of multiple downstream pathways. The exploration of
potential ways to reverse the consequences of FLT3 mutation in AML requires looking at these
signal transduction pathways. Normally, FLT3 remains a monomeric protein on the cell
surface. The binding of FLT3 ligand (FL) causes the FLT3 protein to dimerize, initiating kinase
activity which includes autophosphorylation and phosphorylation of substrate proteins. In the
case of constitutively activated FLT3 mutation, the kinase is always active, which in turn
activates the PI3 kinase/AKT pathway, the RAS/MAP kinase pathway, and the STAT 5
phosphorylation pathway. Ultimately, all of these pathways impinge on the processes of
apoptosis, differentiation, and proliferation (Figure 1).

One way to interfere with FLT3 activity is to inhibit its kinase activity. PDGFR is a member
of the same family of receptors as FLT3 and the first FLT3 inhibitors, AG1295/6, were
discovered by screening a number of compounds active against PDGFR. The tyrosine kinase
inhibitors compete with ATP for binding to the active pocket. Though the protein is still being
expressed, it is unable to phosphorylate itself or substrate proteins by transferring the terminal
phosphate of ATP. This inability interrupts signal transduction produced by the mutated
receptor. In cell lines dependent on FLT3/ITD signaling, this process induces a cytotoxic and/
or differentiative response.

The FLT3 tyrosine kinase inhibitor AG1295 was used in 23 consecutive samples from the
Johns Hopkins AML bank.15 Samples containing FLT3/ITD mutations were preferentially
sensitive to killing by FLT3 inhibition. This is an interesting demonstration of Robert
Weinberg’s oncogene addiction hypothesis,16 in which cells with active oncogenes tend to be
dependent on, or addicted to, the mutant signaling pathways for their survival.

Lestaurtinib (CEP701) is a small-molecule inhibitor that produces dose-dependent inhibition
of FLT3 phosphorylation with a half maximal inhibitory concentration (IC50) of 2 to 3
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nanomolar (nM) range.17 No significant inhibition of PDGFR, FMS, or KIT, the most closely
related receptor tyrosine kinases in the FLT3 family, was observed at less than 500 nM.

When lestaurtinib was used to treat leukemic cell samples from pediatric AML patients, it
caused the greatest cytotoxicity in samples that had a FLT3/ITD mutation.18 Samples
containing point mutant or wild-type FLT3 had lower cytotoxicity.

Both ITD and point mutations of FLT3 appear to constitutively activate FLT3, even in the
absence of growth factor binding. In the case of a normal hematopoietic stem progenitor cell
where FLT3 is normally expressed, very low levels of the receptor are expressed on the surface,
and the growth factor is made by the surrounding bone marrow stromal cells. However,
leukemic cells frequently overexpress FLT3 and coexpress the growth factor, setting up a
positive feedback autocrine signaling loop.

FLT3 Inhibition in AML
As FLT3 activating mutations are the most common mutations in AML, FLT3 is a promising
target for therapeutics in leukemia. As noted above, expression of FLT3/ITD mutations
portends poor prognosis for AML patients, FLT3 inhibition induces cytotoxicity in AML cells
with FLT3/ITD mutations, and cytotoxic responses occur, albeit at a much lower rate, when
wild-type FLT3 is activated by ligand coexpression. This begs the question: Could FLT3
inhibitors be as effective as imatinib (Gleevec®, Novartis) for AML? There are a number of
potential problems that make this unlikely. The acute leukemias require multiple “hits” to fully
transform hematopoietic cells and FLT3 inhibitors will only take care of one of these mutations.
Also, because of the genetic plasticity of cancer, these cells can accumulate additional
mutations that render FLT3 signaling dispensable. FLT3 mutations can also occur, as noted
above, at a stage later than the leukemic stem cell. When this is the case, a FLT3 inhibitor
would not affect the leukemic stem cell, which must happen to achieve a cure. In addition, the
development of resistance is likely, as has been seen in CML, through mutations within the
FLT3 molecule itself, which render the drugs unable to bind and thus unable to competitively
inhibit the binding of ATP to the active pocket.

Nevertheless, lestaurtinib showed activity as a single agent in patients with relapsed or
refractory AML.19 Peripheral and bone marrow blasts were reduced, and, unlike the usual
effect of chemotherapy in AML, the absolute neutrophil count (ANC) rose after administration
of lestaurtinib. Figure 2 shows a patient response to lestaurtinib.

There are several other FLT3 inhibitors currently in clinical development, such as PKC412
(midostaurin), BAY-93006 (sorafinib), and SU11248 (sunitinib). Many other FLT3 inhibitors
are currently being tested in clinical or preclinical trials. To date, early clinical trials have been
completed with lestaurtinib,20 midostaurin,21 sunitinib,22,23 and MLN518 (tandutinib).24,
25 All of these trials involved oral administration of single agents to relapsed or refractory
AML patients including at least some with FLT3 mutations. Dosages and regimens were mostly
well-tolerated. FLT3 phosphorylation was shown to be inhibited in a sustained fashion in these
trials. Clinical activity was seen with all of them, with clearance of peripheral blasts typically
seen in 30% to 50% of patients. Bone marrow blasts were reduced 2- to 3-fold or more in some
patients, but that was less common than clearance of peripheral blasts. A few patients could
be said to have had a CR in these trials, but the responses have been transient, lasting anywhere
from weeks to months.

Combination Therapy
The monotherapy experience with FLT3 inhibitors demonstrates that, until targeted therapies
are available for other mutations that contribute to transformation in AML, the best approach
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at the present time is to combine these agents with conventional chemotherapy. However, cell-
cycle dynamics must be carefully considered. FLT3 has a very strong proliferative signal, and
many chemotherapeutic agents require cells to be actively proliferating. FLT3 inhibitors used
before chemotherapy can decrease the percentage of cells in S/G2/M phase, which will
antagonize the effect of chemotherapy. In contrast, use of FLT3 inhibitors either with
chemotherapy or after chemotherapy has induced DNA damage, resulted in synergistic killing
of actively dividing cells.26,27

A trial is underway using lestaurtinib in combination with conventional chemotherapy in
relapsed FLT3-mutant AML patients. The trial has shown a correlation of CRs if FLT3 is more
than 85% inhibited and if the blasts from a patient are sensitive to FLT3 inhibition in vitro.
28 Midostaurin has been used in a combination trial in newly diagnosed AML patients
regardless of their FLT3 status.29 The subset of patients with FLT3 mutations showed a CR
rate of 92%. Tandutinib has also been used with standard induction chemotherapy in newly
diagnosed and secondary AML patients, regardless of FLT3 status, and the CR rate was about
50% for the FLT3-mutant patients.24 Based on the results with lestaurtinib, a new British
Medical Research Council trial has begun randomizing FLT3-mutant patients to receive
lestaurtinib.30

FLT3 signaling may also play an important role in ALL. Samples from ALL patients expressing
high levels of FLT3 are preferentially susceptible to the induction of a cytotoxic response when
treated with FLT3 tyrosine kinase inhibitors and synergize nicely with cytotoxics in these cells
when compared to those with low FLT3 expression.31,32

Antibody Approaches to FLT3 Mutation Inhibition
FLT3 can also be targeted via an antibody approach for therapy of both AML and ALL.
Antibodies that bind to FLT3 and inhibit FL binding to the receptor have been developed. The
anti-FLT3 antibody IMC-EB10 can inhibit FLT3 signaling in some leukemic samples as well
as decrease the engraftment of primary AML FLT3/ITD cells and improve survival of NOD/
SCID mice injected with MOLM-14 human leukemia cells.33 The antibody inhibits FLT3
autophosphorylation and decreases cell engraftment from greater than 80% to very low levels
in this mouse model. In another set of experiments, SEM K2 cells, which have extreme
overexpression of constitutively activated wtFLT3, were transformed with a luciferase
reporter.34 Using this tag, the cells can be identified on a scan in real time after injecting the
mice with luciferin. Eleven days after injection of the cells, the mice showed activity, and
locations of proliferation were identified. The mice were then treated with either erbitux, an
anti-EGFR antibody, or EB10, an anti-FLT3 antibody. A scan performed 3 days after a single
dose of antibody revealed that the mice treated with erbitux had evidence of increasing SEM
K2 activity. In contrast, the mice treated with EB10 showed less leukemic activity. These
monoclonal antibody approaches may soon be ready to enter testing in the clinic.

Conclusion
FLT3/ITD mutations in AML portend poor prognosis in both adult and pediatric patients, but
kinase point mutations do not appear to have prognostic significance. It is not yet clear why
signaling through the point mutants does not also give poor prognosis. Constitutively activated
FLT3 signals through pathways that include ras/MAP kinase, STAT5, and PI3 kinase/AKT,
contributing to blocks in apoptosis and differentiation and stimulating proliferation.
Smallmolecule tyrosine kinase inhibitors have been developed and have been shown to
successfully inhibit FLT3 signaling both in vitro and in vivo. Clinical trials of FLT3 inhibitors
as monotherapy have resulted in frequent responses in peripheral blasts, but less frequent
significant responses in bone marrow blasts. The responses also tend to be short-lived. Trials
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of these agents in combination with chemotherapy are ongoing and show very encouraging
responses, but clinical responses appear to correlate with in vitro sensitivity of the blasts and
the achievement of adequate levels of FLT3 inhibition in vivo. The pharmacodynamic studies
associated with these trials are thus very important. Anti-FLT3 antibodies may also prove to
be an excellent way to target FLT3 in both AML and ALL by inhibiting signaling and through
antibody-dependent cellular-mediated cytotoxicity.
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Figure 1. Mutated FLT3 signals via activation of multiple downstream pathways
The binding of FLT3 ligand causes the FLT3 protein to dimerize, initiating
autophosphorylation and kinase activity. The kinase, which is always active in constitutively
activated FLT3 mutation, activates numerous pathways, including the PI3 kinase/AKT
pathway, the ras/MAP kinase pathway, and the STAT 5 phosphorylation pathway. All of these
pathways interrupt the processes of apoptosis, differentiation, and proliferation
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Figure 2. Patient response to CEP701 (lestaurtinib)
A typical individual patient response after CEP701 monotherapy. Peripheral blasts were 75%
initially, by day 8 were reduced to about 15%, and by day 15 were undetectable.
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