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Summary

A consistent pattern of response has been observed when FMS-like tyrosine kinase 3 (FLT3)

tyrosine kinase inhibitors (TKIs) have been used as monotherapy to treat patients with relapsed or

refractory FLT3- internal tandem duplication (ITD) acute myeloid leukaemia (AML). Circulating

blasts are cleared from the peripheral blood, while bone marrow blasts are either unaffected or are

cleared from the marrow at a much slower rate. We used an in vitro model of FLT3-ITD AML

blasts co-cultured with normal human bone marrow stromal cells to investigate the basis for this

dichotomous response pattern to FLT3 inhibitors. We have found that in blasts on stroma, potent

FLT3 inhibition predominantly results in cell cycle arrest rather than apoptosis. The anti-apoptotic

effect is mediated through a combination of direct cell-cell contact and soluble factors. The

addition of exogenous FLT3 ligand (FL) augments the protection, primarily by shifting the 50%

inhibitory concentration for FLT3 inhibition upwards. Cytokine-activated extracellular regulated

kinase (ERK), rather than STAT5, appears to be the most important downstream signalling protein

mediating the protective effect, and inhibition of MEK significantly abrogates stromal-mediated

resistance. These findings explain the phenomenon of peripheral blood versus bone marrow blast

responses and suggest that the combination of potent FLT3 inhibition and MEK inhibition is a

promising strategy for the treatment of FLT3-ITD AML.
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Acute myeloid leukaemia (AML) is a haematological disorder characterized by de-regulated

proliferation of myeloid cells. The overall survival for AML patients is generally poor, and

is even more dismal for those AML patients harbouring internal tandem duplication (ITD)

mutations in the receptor tyrosine kinase FLT3 (FLT3-ITD) (Levis & Small, 2003). FLT3

(FMS-like tyrosine kinase 3) is a class III receptor tyrosine kinase, expressed mainly in

CD34+ haematopoietic stem/progenitor cells and differentiated dendritic cells. It can be

activated through dimerization upon ligand binding, but mutations such as an ITD (23%) in

its juxtamembrane domain or a point mutation (7%) in the activation loop will result in

ligand-independent constitutive autophosphorylation. A series of downstream signalling

cascades, including STAT5, PI3K-Akt and Ras-ERK pathways, are activated by FLT3,

resulting in increased proliferation and blockade of apoptosis and differentiation.

With the identification of mutant FLT3 as a target for AML therapy, several drugs have

been advanced into clinical trials, either as monotherapy (e.g., sunitinib,(Fiedler et al, 2005)

tandutinib (DeAngelo et al, 2006), lestaurtinib (Smith et al, 2004), midostaurin (Stone et al,

2005), KW-2449 (Pratz et al, 2009), sorafenib (Borthakur et al, 2011)) or in combination

with other chemotherapies (Pratz & Levis, 2008; Ravandi et al, 2010; Levis et al, 2011).

Despite this effort, the clinical benefits of FLT3 inhibition have been somewhat

disappointing to date. The responses to FLT3 inhibitor monotherapy usually consist of rapid

clearance of peripheral blasts, but a limited effect on bone marrow blasts. FLT3 inhibitors

with greater in vivo potency, such as sorafenib and quizartinib, have recently been

developed, and are associated with higher rates of response in the bone marrow (Zarrinkar et

al, 2009; Borthakur et al, 2011; Levis et al, 2012). However, as we have recently reported,

there is now evidence to suggest that the high level of FLT3 inhibition induced by these

newer agents is associated not with rapid apoptosis of marrow blasts, but rather with cell-

cycle arrest and terminal differentiation of blasts over several weeks (Sexauer et al, 2012).

The responses remain short-lived (from a few weeks to several months), primarily due to the

emergence of resistance-conferring FLT3 point mutations (Smith et al, 2012). The

combination of FLT3 inhibition with either chemotherapy or other targeted therapies has the

potential for a more rapid therapeutic effect and to prevent the development of resistance.

It has been well-established that the bone marrow microenvironment confers some degree of

protection for leukaemia cells against virtually any type of therapy, either through various

cytokines/growth factors (e.g., PDGF, VEGF, EGF, SCF, etc.) or through cell-cell surface

contact (e.g., SDF1/CXCR4, VLA4/VCAM1, CD44/E-selectin, etc.) (Manabe et al, 1994;

Wilson & Trumpp, 2006; Weisberg et al, 2008; Zeng et al, 2009; Sison & Brown, 2011). It

has been reported that FLT3-ITD leukaemia stem/progenitor cells are better protected by

bone marrow than FLT3 wild type leukaemia cells (Parmar et al, 2011). Moreover, FLT3-

ITD AML cells are still responsive to exogenous FLT3 ligand (FL), which impedes the

efficacy of FLT3 inhibitors (Sato et al, 2011). FL levels are routinely elevated in AML
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patients undergoing therapy, and so the protective effects of the combination of bone

marrow stroma and FL represents a significant obstacle to achieving a meaningful clinical

benefit from FLT3 inhibition (Sato et al, 2011). To begin to address these issues, we have

studied the effects of FLT3 inhibitors on AML blasts co-cultured with bone marrow stromal

cells and exogenous FL. Our results indicate that extracellular regulated kinase (ERK)

represents a central nexus in the mechanism of resistance conferred by stroma and FL

towards FLT3 inhibition, and that targeting MEK (MAPK/ERK Kinase), which activates

ERK, abrogates much of this microenvironmental resistance. Our findings suggest that the

combination of FLT3 and MEK inhibition, therefore, represents a potentially important

novel approach to this disease that could be explored clinically.

Methods

Cell culture and reagents

All cell lines and primary blast samples were cultured as described (Pratz et al, 2010a).

Molm14 cells were obtained from the Deutsche Sammlung von Mikroorganismen und

Zellkulturen (DSMZ; Braunschweig, Germany). Quizartinib, sorafenib, and

PD0325901were dissolved in dimethyl sulfoxide (DMSO) at stock concentrations of 10

mmol/l. Sequential dilutions were made with RPMI medium (DMSO ≤ 0·1%). Quizartinib

was supplied by Ambit Biosciences, Inc. (La Jolla, CA, USA). Sorafenib was obtained from

LC Laboratories, Inc. (Woburn, MA, USA). PD0325901 and hydrocortisone was ordered

from Sigma-Aldrich Co. (St. Louis, MO, USA). Trametinib (GSK1120212) was obtained

from Selleck (Houston, TX, USA). L-Glutamine and Penicillin/Streptomycin were from

Invitrogen (Carlsbad, CA, USA). Antibodies for flow cytometry analysis [phycoerythrin

(PE) mouse anti-human CD33, allophycocyanin (APC) mouse anti-human CD45, etc.] and

fluorescein isothiocyanate (FITC) Annexin V were purchased from BD Pharmingen, BD

Biosciences (San Jose, CA, USA). Anti-FLT3 and anti-STAT antibodies were obtained from

Santa Cruz Biotechnologies (Santa Cruz, CA, USA).

Patient samples

Whole blood and bone marrow aspirates from healthy donors and leukaemia patients were

collected and banked separately as part of an institutional protocol supported by the

Regional Oncology Research Center Grant # 2 P30 CA 006973-44. All patients gave

informed consent according to the Declaration of Helsinki. Leukaemia blasts were separated

by centrifugation over a layer of Ficoll-paque PLUS (GE Healthcare, Fairfield, CT, USA),

collected as the buffy coat and stored in freezing medium [fetal bovine serum (FBS) with

10% DMSO] in a liquid nitrogen tank.

Bone marrow stromal culture

Bone marrow stromal cultures were prepared in a manner similar to that described by others

(Kaneko et al, 1982; Chamberlain et al, 2007; Brinchmann, 2008). Unused bone marrow

from healthy donor harvests was collected and diluted with phosphate-buffered saline

(PBS). After centrifugation over a layer of Ficoll-paque PLUS, the buffy coat of

mononuclear cells was collected and washed with PBS. Cells were re-suspended in stroma

medium (RPMI medium/10% FBS/1% L-Glutamine/1% Penicillin-Streptomycin/1 μmol/l
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Hydrocortisone) and cells counted on a Coulter counter (Beckman Coulter, Indianapolis, IN,

USA). Then cells were plated into a T-75 (75 cm2) tissue culture flask with an average of 60

× 106 cells/flask in 15 ml RPMI culture medium and incubated at 33°C in 5% CO2. After 24

h, medium containing non-adherent cells was removed and replaced with 15 ml of fresh

stroma medium in each flask. The culture medium was replenished every 2 weeks until 95–

100% cell confluence was reached (in 1~2 months). At that point, the stromal layers were

harvested with 0·25% Trypsin-EDTA (Sigma, St. Louis, MO, USA) and the cells seeded

into 6- or 96-well plates (Becton Dickinson, Franklin Lakes, NJ, USA) for future assays.

The stromal cell composition was analysed by flow cytometry after being stained for CD73,

CD105, CD33 and CD45 at 2, 4 and 6 months of culturing. Cells harvested in this manner

stained positive for CD73 and CD105 at these time points. The cells were negative for CD33

and CD45 for at least the first 4 months, but at 6 months, some low-level surface staining of

CD33 and CD45 could be detected. For the experiments in this report, bone marrow from

more than five different donors was used for cell signalling, apoptosis and cell cycle assays.

Most stromal cultures were 2–4 months old. Leukaemia cells, when added to established

stromal cultures, adhere to the stromal layers tightly enough such that they are not dislodged

by gentle swirling of the plate (as visualized by light microscopy), but can be dislodged by

pipetting up and down. This pipetting does not result in removal of stromal cells, which

require trypsinization for removal.

Cytotoxicity assays

Proliferation and cytotoxicity were assessed using dimethylthiazol diphenyl tetrazolium

bromide (MTT, Roche, Indianapolis, IN, USA) as previously described (Pratz et al, 2010a).

For the assays with bone marrow stromal co-culture, 7000~8000 stromal cells were seeded

in each well of the 96-well plate 1 month beforehand to allow stromal attachment and

monolayer formation. One plate of stroma was co-cultured with leukaemia cells and one

without (serving as background control); each condition was performed in sets of six wells,

and MTT agent was added 3 d later. The highest and lowest 570 nm optical density (OD)

values of each condition were taken out as outliers and the remaining four readings were

averaged. The final results were obtained by subtracting the average background control

from the average reading of each condition.

Flow cytometry

Flow cytometric immunophenotyping was performed as described (Sexauer et al, 2012) on

Molm14 cells and primary patient blasts treated with quizartinib, sorafenib and PD0325901

in the presence and absence of stromal co-culture. Stromal cells (50 000~100 000/well) were

seeded into each well of the 6-well plate 1 month beforehand to allow stromal attachment

and monolayer formation. Leukaemia cells were seeded in 6-well plates with or without a

confluent stromal cell monolayer at a density of 2 × 106 suspension cells in 8 ml of RPMI

medium with different concentrations of inhibitors. After incubation for 2 d (Molm14 cells)

or 3 d (primary samples), the leukaemia cells were harvested by pipetting and then

centrifuged into pellets and analysed as described for CD33, CD45, propidium iodide, and

Annexin V (Levis et al, 2004). Each assay was duplicated with stromal cells from a different

donor, and a consistent pattern was observed. One set of data was plotted as a representative

figure.
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Immunoblotting

In each well of the 6-well plate, Molm14 (3·5 × 106) cells or patient primary blasts (7~8 ×

106) were pre-incubated with or without a stromal monolayer in 4 ml RPMI medium at 37°C

overnight. Quizartinib solution (4 ml with 2 × concentration) was added and incubated with

the cells at 37°C. One hour later, FL (100 ng/ml, 200 μl) or/and PD0325901 (100 μmol/l, 4

μl) was added into the culture medium of designated wells. After incubation at 37°C for an

additional 30 min, the cells were lifted and pelleted. Leukaemia cells were lysed and

analysed by immunoblotting for FLT3, STAT5, ERK, and AKT as described (Pratz et al,

2010b). Antibodies to AKT and ERK were obtained from Cell Signalling (Bedford, MA,

USA). Each Western blot assay was performed in triplicate with bone marrow stroma

derived from different donors, and the same pattern was observed.

Antibody arrays

Secreted proteins and membrane-expressed proteins of human bone marrow stromal cells

were detected with a Biotin Label-Based Human Antibody Array (AAH-BLG-1-4, RayBio,

Norcross, GA, USA), according to the manufacturer’s recommended protocols. The

confluent stromal cells in a T-75 flask were incubated in RPMI medium without serum or

with 10% FBS. After 2 d, the supernatant medium was collected and the stromal layer was

harvested using GIBCO PBS-based cell dissociation buffer (Invitrogen, Carlsbad, CA,

USA). The stromal cells were pelleted and washed once with PBS. Hypotonic buffer (25

mmol/l Tris, 2 mmol/l MgCl2, pH 7·5) with protease inhibitors was used to re-suspend the

stromal cells, and the suspension was subjected to Dounce homogenization. The

homogenized suspension was centrifuged at 400 g for 5 min to remove the cell nuclei. Then

the supernatant was collected and centrifuged at 12 000 g for 10 min to enrich for

membrane-bound proteins in micelles. The micelles were lysed using the same lysis buffer

as the one used in ‘Immunoblotting’. Both the supernatant medium and the membrane-

bound protein solution were diluted with 1 × PBS to a final total protein concentration of

250 μg/ml before the microarray studies. The protein solutions were dialysed and

biotinylated according to the manufacturer’s protocol. The hybridization was carried out

overnight at 4°C. All slides were scanned using a GenePix 4000B Microarray Scanner

(Molecular Devices, Sunnyvale, CA, USA) and analysed using the software GenePix Pro

6.0 (Molecular Devices).

Results

Both bone marrow stromal cells and exogenous FL confer a protective effect against FLT3
inhibition

We first used a cell line model to study the protective effects of the microenvironment on

AML cells exposed to a FLT3 inhibitor. The Molm14 cell line is an AML cell line derived

from a patient with a FLT3-ITD mutation (Matsuo et al, 1997). Using Molm14 cells co-

cultured with mesenchymal stromal cells, in the presence and absence of exogenous FL, we

examined the effects of FLT3 inhibitors using three different assays for cell viability: MTT/

proliferation; Annexin V (apoptosis); and cell cycle analysis with propidium iodide. Stromal

cells, and to a somewhat lesser degree FL, augmented the proliferation of Molm14 cells in

the absence of FLT3 inhibition (Fig 1A). Both stroma and FL conferred a protective effect
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against quizartinib in the proliferative assay, with the combination of the two resulting in a

significant shift in the dose response curve. The 50% inhibitory concentration (IC50) for

inhibition of proliferation of Molm14 cells in suspension was 0·6 nmol/l compared with 4·8

nmol/l for Molm14 cells on stroma with exogenous FL. A similar effect was observed with

sorafenib (not shown). In assays measuring Annexin V binding, the presence of stroma, FL

or the combination of these resulted in reduced apoptosis in response to quizartinib or

sorafenib treatment (Figs 1B and C). Strikingly, quizartinib was considerably more potent at

inducing apoptosis than sorafenib (Fig 1C). The results of cell cycle profile analysis (Fig

1D) were consistent with the results from the proliferation and apoptosis assays, with FLT3

inhibition inducing a significant sub-2N DNA population only in cells cultured without

stroma or FL.

ERK phosphorylation is maintained in cells co-cultured with stroma and/or FL despite
FLT3 inhibition

Given that both bone marrow stroma and exogenous FL conferred a degree of resistance to

FLT3 inhibition, we next wished to examine the effects of these two conditions on FLT3

signalling. We therefore examined FLT3 autophosphorylation and the phosphorylation of

proteins downstream in the FLT3 signalling pathway. Consistent with what we reported

previously, FL impeded the ability of quizartinib to inhibit FLT3 autophosphorylation (Fig

2A) (Sato et al, 2011). Co-culture of Molm14 cells with bone marrow stroma had no

significant effect on the IC50 for inhibition of FLT3. Interestingly, while exogenous FL

shifted the dose response to quizartinib upwards, this did not impact on the de-

phosphorylation of STAT5 (Fig 2B). This is consistent with the findings of Choudhary et al

(2009), in which STAT5 was noted to be activated by a mis-localized intracellular form of

mutated FLT3 (and therefore would be unaffected by an extracellular ligand). On the other

hand, co-culture with stroma and/or with FL had very different effects on AKT and ERK in

response to FLT3 inhibition. There were only modest effects on AKT phosphorylation,

which mirrored FLT3 phosphorylation in the presence of FL (Fig 2C). The effects of stroma

and FL on ERK phosphorylation, however, were particularly striking (Fig 2D). Co-culture

with stroma resulted in more pronounced ERK phosphorylation in the absence of FLT3

inhibition, and ERK phosphorylation could not be fully inhibited, even at doses of

quizartinib that fully inhibited autophosphorylation of FLT3. This same assay was

performed with identical results using sorafenib as well (data not shown). The presence of

FL seemed to augment this effect even further. Of note, we were unable to detect any FL

secretion by enzyme-linked immunosorbent assay in the supernatant of stromal cultures

(data not shown). These findings offered a potential explanation for the failure of FLT3

inhibition to induce apoptosis in Molm14 cells co-cultured with stroma and FL. The anti-

apoptotic effects of bone marrow stroma and of FL appear to correlate with persistent

activation of ERK (and, to a much lesser degree, AKT). STAT5 activation, in this system,

seems to have no relationship to cell survival in response to FLT3 inhibition.

The protective effect of stroma is mediated through both soluble and membrane-bound
cytokines

The bone marrow microenvironment can confer a protective effect against cytotoxic agents

through mechanisms mediated by direct contact and/or soluble factors (Meads et al, 2009;
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Zeng et al, 2009; Straussman et al, 2012). In order to determine the relative contribution of

these two mechanisms on the survival benefit against FLT3 inhibition conferred by stromal

co-culture, we carried out the experiments using trans-well inserts. Molm14 cells were co-

cultured either directly in contact with stroma, or confined to transwell chambers inserted

into stroma-containing culture wells. As shown in Figure S1A, the anti-apoptotic effect of

stroma in the transwell system was only about half of what was observed when leukaemia

cells were incubated in direct contact with stroma. Because we had observed persistent

activation of ERK in cells on stroma (Fig 2D), we hypothesized that any factors mediating

this survival benefit were probably signalled through activation of the RAS/MEK/ERK

pathway. Therefore, we used PD0325901, a small molecule inhibitor of MEK [the kinase

upstream of ERK (Brown et al, 2007)] to try and abrogate this protective effect. The MEK

inhibitor eliminated more than half of the survival benefit from direct contact, while it had a

much less significant effect in the trans-well system (Figure S1A). This suggests that, while

one or more soluble factors might contribute to the stromal protective effect, a fraction of

the contribution is through signalling pathways other than ERK. The results of

immunoblotting analysis (Figures S1B and C) confirm this. The effect of exogenous FL was

the same in the transwell system as compared to direct stromal contact (Figures S1B versus

S2A). However, the stroma-induced persistence of ERK activation in the presence of

quizartinib was much less prominent in the transwell system (compare Figures S1C with

S2D).

Following the results of the transwell experiment, we wished to further explore the

mechanism of the stroma-induced ERK activation using an antibody-based cytokine

microarray. Not surprisingly, the results showed that multiple secreted soluble factors and

membrane-bound factors were produced by human bone marrow stroma (Table SI), any

number of which might be responsible for downstream ERK activation. Specifically, there

were multiple proteins that were consistently secreted by stromal cells into the culture

medium. A list of proteins secreted to a detection level of at least 20-fold over background

in the absence of serum is shown in Table SI (left column). In addition, the secretion level of

a number of additional proteins was up-regulated 4- to 14-fold in presence of 10% serum

(Table SI, middle column). Finally, the microarray results indicated that all of the soluble

proteins listed in the first two columns of Table SI were detectable in the membrane fraction

of the stromal cells. A number of additional proteins were expressed only in membrane-

bound form, and a partial list of the most easily detectable of these is shown in Table SI

(right column). Of note, the identified cytokines included CXCR4, several angiopoietins,

TNF-alpha, multiple different interleukins, G-CSF/GM-CSF/TNF and VEGF/EGF/IGF.

Persistent ERK activation correlates with stroma-induced resistance to FLT3 inhibitors

Based on the above findings, we hypothesized that the protective effects of bone marrow

stroma and FL were mediated predominantly by multiple different cytokines inducing

persistent activation of ERK rather than STAT5 or AKT. If this were true, then inhibition of

ERK (rather than trying to target multiple cytokine receptors) should be an efficient way to

abrogate the resistance to the effects of FLT3 inhibition under these conditions. To test this,

we further examined the anti-proliferative effects of PD0325901 in this system. As shown in

Fig 3A, PD0325901 inhibited phosphorylation of ERK (without affecting FLT3) in Molm14
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cells both in suspension culture and in co-culture with stroma. PD0325901 by itself induced

only minimal degrees of apoptosis (Fig 3B). However, when combined with quizartinib at a

concentration that inhibited phosphorylation of ERK, it significantly blunted the protective

effect of the stroma. These results were reproduced using both a different MEK inhibitor,

trametinib (Ohashi et al, 2012) and a different FLT3 inhibitor, sorafenib (data not shown).

STAT5 is an important downstream signalling molecule in the FLT3-ITD pathway

conferring survival benefit (Mizuki et al, 2000; Rocnik et al, 2006), although its relative

importance is somewhat controversial (Parmar et al, 2011). However, we had noted from the

experiment shown in Fig 2B that inhibition of STAT5 phosphorylation did not correlate with

cytotoxicity in FLT3-ITD blasts on stroma. To determine if activation of STAT5 could

confer resistance to apoptosis from FLT3 inhibition, we treated the Molm14 cells with IL3,

a cytokine known to activate STAT5 in myeloid cells (Coffer et al, 2000). We first

confirmed that IL3 activated STAT5 independently of FLT3 in Molm14 cells on or off

stroma (Figure S2A). In suspension culture, IL3 conferred a modest protective effect against

quizartinib. However, in cells on stroma, the addition of IL3 failed to provide any additional

protection compared to stroma alone (Figure S2B). Therefore, in this model system,

persistent activation of ERK, not STAT5, appears to be best correlated with the resistance to

FLT3 inhibitors conferred by bone marrow stroma and FL.

The protective effect of FL and stroma on primary blasts from FLT3-ITD AML patients

We next wished to validate our findings using primary AML samples. We used peripheral

blood blasts collected from three patients with FLT3-ITD AML. Based on our previous

findings that FLT3-ITD AML cells from relapsed or refractory patients were more

responsive to FLT3 inhibition as compared to cells from newly-diagnosed patients (Pratz et

al, 2010a) we chose 2 relapsed/refractory samples and 1 diagnostic sample. Sample 1 was

from a 51-year-old man whose disease was refractory to induction therapy with

daunorubicin, cytarabine, and etoposide. Sample 2 was from a 26-year-old woman whose

disease had relapsed after an allogeneic transplant and was refractory to mitoxantrone,

etoposide, and cytarabine. Sample 3 was from a 61-year-old man with newly-diagnosed

FLT3-ITD AML. We first performed cell cycle analysis of these samples exposed to 100

nmol/l quizartinib in suspension culture versus co-culture with stroma. We chose this

concentration of quizartinib for two reasons. First, plasma trough levels of the drug in trial

patients was typically 2 μmol/l or higher (James et al, 2008), which, when accounting for

plasma protein binding, corresponds to approximately 100 nmol/l. Second, this

concentration of the drug in vitro is sufficient to overcome the impediment of FL (see Fig

2A). Results from Sample 1 are shown in Fig 4A. We and others have previously shown that

primary AML samples maintained in suspension culture have a high spontaneous rate of

apoptosis (Smith et al, 1998; Pratz et al, 2010a). Indeed, these blasts, when maintained in

suspension culture for 3 d, demonstrated a large population of sub-2N cells, with the

remaining cells displaying a G1 arrest (Fig 4A, upper left). When co-cultured with bone

marrow stroma, however, the blasts displayed a cell cycle profile indicative of viability, with

some proliferation. While quizartinib essentially eliminated all viable cells in the suspension

culture, even 100 nmol/l of the drug failed to induce significant apoptosis in these blasts on

stroma, although it did induce a G1-arrest, with loss of the proliferative fraction. The
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addition of FL to cells in suspension still provided a modest degree of protection against

quizartinib (consistent with our prior findings (Sato et al, 2011)), but the protective effect

from stroma was much more prominent.

As with the Molm14 cells, we examined the effects of stroma and FL on the ability of

quizartinib to inhibit FLT3 signalling in these primary samples (Fig 4B). Inhibition of FLT3

autophosphorylation was achieved under all conditions using 100 nmol/l quizartinib,

although the presence of FL impeded this somewhat, as expected. This concentration of drug

inhibited STAT5 phosphorylation in both of the relapse samples, but in the sample from the

newly-diagnosed patient, STAT5 was unaffected. This apparent uncoupling of STAT5 and

FLT3-ITD signalling in primary samples has been noted by others (Parmar et al, 2011).

Furthermore, the fact that STAT5 phosphorylation was fully inhibited in the two relapse

samples co-cultured with stroma (Fig 4B) without the presence of a significant sub-2N

population again suggests that STAT5 may not be an essential survival signal in FLT3-ITD

AML at diagnosis. In all three samples treated with quizartinib in suspension culture, ERK

phosphorylation was uniformly inhibited. On stroma, however, ERK remained persistently

phosphorylated, despite complete inhibition of FLT3 autophosphorylation. The AKT signal

in these samples was of poor quality and was not interpretable (data not shown).

Therefore, as with the Molm14 cells, co-culture of primary FLT3-ITD AML cells with bone

marrow stroma was associated with cell cycle arrest and persistent activation of ERK despite

FLT3 inhibition. We next wished to determine if MEK inhibition could overcome the

protective effect of stroma and/or FL for these primary samples. As shown in Fig 5A,

Samples 1 and 2 (relapsed/refractory) displayed a cytotoxic response to both drugs

individually, but – in opposite fashion – Sample 1 responded more strongly to MEK

inhibition, while Sample 2 responded more to FLT3 inhibition. However, in both samples

the combination of both drugs induced synergistic cytotoxicity. Median effect analysis

yielded combination indices (CI) for Samples 1 and 2 of 0·484 and 0·058, respectively.

Interestingly, and consistent with what we have observed previously with samples from

newly-diagnosed patients, Sample 3 displayed only a modest response to either drug, with

only an additive effect of the combination (CI = 0·838). The results of cell cycle analysis

(Fig 5B) and Annexin V binding (Fig 5C; for Sample 1) confirm the synergistic cytotoxic

effect of the combination. Figure 5D summarizes the induction of apoptosis for fixed

concentrations of the 2 drugs for all 3 samples co-cultured with stroma and FL, and

inhibition of FLT3 autophosphorylation and ERK phosphorylation is displayed in Figure S3.

FLT3 autophosphorylation and ERK phosphorylation were inhibited under these conditions,

although only the 2 relapsed samples showed a cytotoxic response.

Discussion

Peripheral blood blast clearance with minimal or modest bone marrow blast clearance has

been a consistent feature of clinical responses to investigational FLT3 inhibitors in FLT3-

ITD AML. Previous work from another group using stromal cell lines was consistent with

our findings, indicating that the protective effect conferred by bone marrow stroma was

mediated through multiple signalling pathways, suggesting a strategy of combining several

kinase inhibitors, such as midostaurin and dasatininib, for overcoming such protection
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(Weisberg et al, 2008). While such a multi-targeted approach might be efficacious in vitro,

tolerability remains an issue when trying to implement this approach in patients. Our data

now provides a more specific mechanistic explanation for this phenomenon, assuming that

in vitro bone marrow stromal cell cultures provide a reasonable surrogate for the bone

marrow microenvironment as it exists in vivo, and suggests that a strategy of highly selective

targeting of FLT3 and ERK would be both efficacious and probably much more tolerable. In

the absence of stroma (e.g., in the peripheral blood or in suspension culture), a leukaemic

cell with addiction to the FLT3-ITD signalling pathway responds to FLT3 inhibition with

apoptosis, while direct contact and/or proximity to stromal cells is protective and FLT3

inhibition results only in a cell cycle arrest. We observed this effect in the FLT3-ITD cell

line Molm14 and even more prominently in primary AML cells from relapsed/refractory

FLT3-ITD AML patients, although the responses in the primary samples were, not

surprisingly, more heterogeneous in nature. The majority of the stromal protective effect

appears to be mediated through persistent activation of the MAPK/ERK pathway through a

combination of direct stromal contact and stromal-derived soluble factors.

We are currently beginning a proteomics-based investigation into the specific stromal

factors that potentially activate the MAPK/ERK pathway in these leukaemic cells. The

antibody-based microarray assay yielded a number of candidate cytokines that might be

responsible for the activation of ERK signalling pathway. Compared with their free form as

soluble factors, the membrane-bound versions would be expected to have higher localized

concentrations on the cell surface and more sustained activation effects with the hybridizing

complex not being endocytosed. This would explain why we observed that direct cell-cell

contact was more essential for the persistent ERK activation than exposure to soluble

factors. Even though multiple cytokines may be involved in the stroma-mediated resistance,

it is possible that some key cytokines could be more important than others (Straussman et al,

2012; Wilson et al, 2012). Further characterization is needed to narrow down the list of

potential cytokines mediating the persistent activation of ERK.

Our observation that persistent activation of ERK confers resistance to FLT3 inhibitor-

induced apoptosis is consistent with a previous finding of activating mutations of RAS in

Molm14 cells that had acquired resistance to FLT3 inhibitors in vitro (Piloto et al, 2007).

The RAS mutations resulted in persistent activation of MAPK/ERK in these cells despite

FLT3 inhibition. Molm14 cells, therefore, require activation of this pathway for survival. In

suspension, ERK activation is maintained by FLT3-ITD signalling, and FLT3 inhibition

leads to rapid apoptosis. On bone marrow stroma, other signalling pathways that mediate

ERK activation allow Molm14 cells to survive FLT3 inhibition (albeit in G1 arrest). RAS

and FLT3 mutations do not typically occur together in AML (Schlenk et al, 2008). Our

results, in combination with previous findings (Piloto et al, 2007), suggest that one reason

these two mutations are near-mutually exclusive is that both activate the same crucial

downstream signalling protein, ERK. While both also activate other signalling proteins,

ERK may be the most important of these in stimulating proliferation and inhibiting

apoptosis. Interestingly, while we confirmed that STAT5 was activated predominantly by

intracellular FLT3 (Choudhary et al, 2009), we were unable to demonstrate an association

with STAT5 activation and survival, at least in our in vitro model. The uncoupling of FLT3-
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ITD signalling and STAT5 activation has been noted in primary AML samples by others

(Parmar et al, 2011).

From a practical standpoint, in order for a FLT3 inhibitor to induce a meaningful cytotoxic

effect in FLT3-ITD blasts on bone marrow, potency appears to be essential. We noted a

threshold of roughly 30–50 nmol/l of quizartinib (and somewhat higher in the presence of

exogenous FL) that was required to achieve a maximum effect on stroma, whether it be

induction of apoptosis or inhibition of ERK activation. This concentration corresponds to

plasma trough levels of 600–1000 nmol/l in patients treated with quizartinib. While these

levels are readily achievable with tolerable dosing schemes of quizartinib (James et al,

2008), the relative lesser potency of sorafenib can explain why its response rate in patients is

not as high as quizartinib (Borthakur et al, 2011; Levis et al, 2012).

These finding, coupled with our recent work characterizing the differentiation of FLT3-ITD

blasts in the marrow of patients treated with quizartinib (Sexauer et al, 2012), allow us to

construct a model that explains the difference in effect of FLT3 inhibitors on peripheral

blood blasts versus marrow blasts (Fig 6). Finally, our data provide clear evidence for the

potential therapeutic benefit of a combination of FLT3 inhibition and MEK inhibition. Like

FLT3 inhibitors, MEK inhibitors have been under study for several years now for both solid

tumors and leukaemias (Roberts & Der, 2007). If a combination of FLT3 and MEK

inhibition proves tolerable, it may result in not only more clinically meaningful responses,

but may also broaden the population of AML patients (e.g., FLT3 wild type) that could

benefit from these targeted therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The protective effects of exogenous FL and bone marrow stroma against FLT3 inhibition in

Molm14 cells. (A) Molm14 cells were treated with increasing dosage of quizartinib in RPMI

medium (10% fetal bovine serum) for 72 h under four conditions: control [no FLT3 ligand

(FL) and no stroma], with FL (2·5 ng/ml), on stroma, with FL on stroma. Cell viability was

then determined using the MTT assay and measuring the optical density at 570 nmol/l (OD

570 nm). Results are plotted as percentage of dimethyl sulfoxide control. (B) Under the

same four conditions as in (A), Molm14 cells were exposed to a fixed dose of quizartinib (3

nmol/l) for 48 h. The CD33+ CD45+ cell population was gated on for Annexin V staining

analysis. (C) Molm14 cells were exposed to fixed doses of sorafenib (100 nmol/l) or

quizartinib (3 nmol/l) for 48 h and the CD33+ CD45+ cell population was gated on for

Annexin V staining analysis as in (B). The results were plotted as percentage of living cells

(Annexin V-negative). (D) Comparison of propidium iodide staining results of Molm14

cells with or without quizartinib (3 nmol/l) under all four conditions as in (B).
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Fig. 2.
The effects of exogenous FL and bone marrow stroma on FLT3 autophosphorylation and

downstream signals in Molm14 cells. Molm14 cells were treated with increasing doses of

quizartinib under four different conditions: 1- suspension culture (control); 2- stromal co-

culture; 3- suspension culture with exogenous FLT3 ligand (FL) at 2·5 ng/ml; and 4- stromal

co-culture with exogenous FL at 2·5 ng/ml. (A) Cells exposed to quizartinib under the four

different conditions were lysed and FLT3 autophosphorylation (p-FLT3) was analysed by

immunoprecipitation and immunoblotting as described in Methods. (B–D) Whole cell

lysates from the four treatment conditions in (A) were probed for phospho- (p-) and total

STAT5, AKT and ERK as described in Methods.
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Fig. 3.
Correlation of ERK and STAT5 phosphorylation with Molm14 survival. (A) Molm14 cells

were treated with increasing concentration of PD0325901 (PD) on and off stroma. The

phosphorylation levels of FLT3 and ERK were determined using immunoblotting. (B)

Molm14 cells were treated with quizartinib (Quiz) and/or PD0325901 (PD) on and off

stroma. Apoptosis was evaluated with Annexin V staining and flow cytometry.
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Fig. 4.
Protective effects of exogenous FL and stroma on primary FLT3-ITD AML samples treated

with FLT3 inhibition. (A) Primary AML cells (FLT3-ITD Sample 1) were incubated at 37°C

for 3 d in suspension culture, in the presence of FLT ligand (FL, 2·5 ng/ml), or in co-culture

with stroma, with or without 100 nmol/l quizartinib (Quiz). The cells were then collected

and analysed with propidium iodide staining by flow cytometry. (B) Three primary FLT3-

ITD AML samples were incubated in presence or absence of 100 nmol/l quizartinib

(Quiz)/FL (2·5 ng/ml)/stroma. The cells were then harvested and lysed for immunoblotting

of phosphorylated and total FLT3, STAT5 and ERK as described in ‘Methods’.
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Fig. 5.
Stroma-mediated resistance can be partially overcome through MEK inhibition in primary

samples. (A) The cytotoxicity of quizartinib (Quiz), PD0325901 (PD) or the combination on

patient samples 1, 2 and 3 on stroma were evaluated using MTT assays according to the

description in ‘Methods’. (B) Primary AML cells (FLT3-ITD sample 1) were co-cultured on

stroma in presence of FL (2·5 ng/ml) and incubated for 3 d with either 100 nmol/l

quizartinib (Quiz), 50 nmol/l PD0325901 (PD) or the combination (Quiz + PD). The cells

were then harvested and analysed for propidium iodide staining by flow cytometry. (C) The

same cells as in B were analysed for Annexin V binding. (D) Using the same conditions as

in (B), all three primary samples were analysed for Annexin V binding. The results are

plotted as ‘% of living cells’ (Annexin V negative).
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Fig. 6.
Proposed model for response of FLT3-ITD AML blasts to potent FLT3 inhibition. Blasts

circulating in the peripheral blood maintain ERK activity exclusively via FLT3-ITD

signalling. FLT3 inhibition results in apoptosis, which manifests clinically as clearance of

blasts from the peripheral blood. Blasts within the microenvironment of the marrow are

exposed to stroma-derived cytokines, which contribute to ERK activation along with FLT3-

ITD signalling. FLT3 inhibition in these blasts results in cell-cycle arrest and eventual

terminal differentiation (Sexauer et al, 2012).
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