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Abstract

In chronic eosinophilic leukemia (CEL), the transforming oncoprotein FIP1L1-PDGFRA is a
major target of therapy. In most patients, the tyrosine kinase inhibitor (TKI) imatinib induces
complete remission. For patients who are intolerant or resistant, novel TKI have been proposed.
We examined the in vitro effects of 14 kinase blockers on growth and function of EOL-1 cells, a
FIP1L1-PDGFRA+ eosinophil cell line. Major growth-inhibitory effects were seen with all
PDGFR-blocking agents, with 1Csq values in the low nM-range: ponatinib: 0.1-0.2 nM, sorafenib:
0.1-0.2 nM, masitinib: 0.2-0.5 nM, nilotinib: 0.2-1 nM, dasatinib: 0.5-2 nM, sunitinib: 1-2 nM,
midostaurin; 5-10 nM. These drugs were also found to block activation of PDGFR-downstream
signaling molecules, including Akt, S6, and STAT5 in EOL-1 cells. All effective TKI produced
apoptosis in EOL-1 cells as determined by microscopy, Annexin-V/PI, and caspase-3-staining. In
addition, PDGFR-targeting TKI were found to inhibit cytokine-induced migration of EOL-1 cells.
In all bioassays employed, ponatinib was found to be the most potent compound in EOL-1 cells.
In addition, ponatinib was found to downregulate expression of the activation-linked surface
antigen CD63 on EOL-1 cells, and to suppress growth of primary neoplastic eosinophils. We also
examined drug effects on Ba/F3 cells expressing two clinically relevant imatinib-resistant mutant-
forms of FIP1L1-PDGFRA, namely T674l and D842V. Strong inhibitory effects on both mutants
were only seen with ponatinib. In summary, novel PDGFR-targeting TKI may be alternative
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agents for the treatment of patients with imatinib-resistant CEL. Although several different
PDGFR-targeting agents are effective, the most potent drug appears to be ponatinib.

Introduction

Chronic eosinophilic leukemia (CEL) is a myeloproliferative neoplasm characterized by
marked and persistent peripheral blood eosinophilia and molecular and/or cytogenetic
evidence of clonal expansion of eosinophils (1-5). In many cases, eosinophil-induced organ
damage, often in form of endomyocardial fibrosis and/or thrombosis, is seen (1-5). In a
majority of all patients with CEL, the disease-associated CHIC2-deletion and the resulting
oncogenic fusion gene, FIP1L1-PDGFRA, are found (1-9).

A number of recent studies have shown that the PDGFR-targeting tyrosine kinase inhibitor
(TKI) imatinib blocks in vitro growth of neoplastic eosinophils carrying FIP1L1-PDGFRA
(10-15). It has also been described that imatinib can produce complete and long-lasting
hematologic remissions in FIP1L1-PDGFRA+ CEL (16-19). However, imatinib is not
effective in all patients, which may result from point mutations in the FIP1L1-PDGFRA
gene or other mechanisms (20-23). In rare cases, intolerance against imatinib develops.
Therefore, current research is seeking novel TKI that act on FIP1L1-PDGFRA+ cells and
may overcome resistance. Indeed, several novel TKI, such as nilotinib, dasatinib, sorafenib
or PKC412 have been described to block the kinase-activity of FIPLL1-PDGFRA and thus
malignant cell growth (12,14,15,24-26). More recently, ponatinib was found to block the
growth of Ba/F3 cells carrying various mutant-forms of FIP1L1-PDGFRA (27).

In the current study, we analyzed and compared the effects of 14 kinase-inhibitors on
growth, survival, migration and function of neoplastic human eosinophils.

Materials and Methods

Reagents

Bosutinib, masitinib and midostaurin (PKC412) were purchased from LC Laboratories
(Woburn, MA, USA), ponatinib from Selleck Chemicals (Houston, TX, USA), piceatannol
and pimozide from Sigma Aldrich (San Louis, MO, USA), and dasatinib, sorafenib,
sunitinib, tozasertib, vorinostat, everolimus (RADO001), erlotinib, gefitinib, and lapatinib
from ChemieTek (Indianapolis, IN, USA). Imatinib, nilotinib, and BEZ235 were kindly
provided by Dr.E.Buchdunger and Dr.P.W.Manley (Novartis, Basel, Switzerland). Stock
solutions of drugs were prepared by dissolving in DMSO (Merck, Darmstadt, Germany). A
specification of targeted drugs is shown in Supplementary Table S1. RPMI 1640 medium
and fetal calf serum (FCS) were from PAA Laboratories (Pasching, Austria), 3H-thymidine
from Amersham (Buckinghamshire, United Kingdom), and the Annexin V-FITC Kit from
eBiosciences (San Diego, CA, USA). Recombinant human (rh) stroma cell-derived factor-1
alpha (SDF-1a) and rh eotaxin were purchased from R&D Systems (Minneapolis, MN,
USA), and rh interleukin-5 (IL-5) from BD Bioscience (San José, CA, USA). A
specification of monoclonal antibodies (mAb) used in this study is shown in Supplementary
Table S2.
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The FIP1L1-PDGFRA+ cell line EOL-1 was purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). To confirm the
identity of EOL-1 and the expression of FIP1L1-PDGFRA, cells were analyzed by
conventional cytogenetic analysis, fluorescence in situ hybridization (FISH) and reverse
transcriptase (RT) PCR essentially as described (6,7,11,14). In these experiments, EOL-1
cells were found to express FIP1L1-PDGFRA and the following karyotype: 50,XY,
+4,+6,1(7;9)(936;922),+8,+19; this karyotype is largely resembling previously published
results (10,28). EOL-1 cells were maintained in RPMI 1640 medium supplemented with
20% heat-inactivated FCS and antibiotics at 37°C and 5% CO,. Ba/F3 cells expressing the
imatinib-resistant mutants T6741 and D842V of FIP1L1-PDGFRA, were generated
according to published protocols (29). Ba/F3 cells were cultured in RPMI 1640 medium and
10% FCS.

Isolation and culture of primary human eosinophils

Primary neoplastic eosinophils were obtained from one patient with FIP1L1-PDGFRA+
CEL (75% eosinophils in differential counts) and one with aggressive systemic mastocytosis
(ASM-eo) and eosinophilia (25% eosinophils). In the patient with CEL, the presence of the
FIP1L1-PDGFRA mutant was confirmed by FISH. As assessed by conventional
karyotyping, no additional chromosome abnormalities were detected in neoplastic cells in
this patient. Non-neoplastic (reactive) eosinophils were obtained from a patient with reactive
hypereosinophilia (HER) (15% eosinophils). Eosinophils were enriched from the bone
marrow (BM) using Ficoll (CEL, HER) or from the peripheral blood by Dextran
sedimentation (ASM-eo). For proliferation experiments, only cells that showed sufficient
uptake of 3H-thymidine over 48 hours, were used. All patients gave written informed
consent before BM (iliac crest puncture for routine staging) or peripheral blood samples
(routine staging) were obtained. The study was approved by the Local Ethics Committee of
the Medical University of Vienna. Purified eosinophils were washed and examined for cell
viability and the percentage of eosinophils by Wright-Giemsa staining.

Evaluation of drug responses in Ba/F3 cells carrying PDGFRA mutants

Ba/F3 cells harbouring PDGFRA mutants were seeded at 3x10° cells/ml and cultured in
complete medium in the absence or presence of various concentrations of ponatinib,
sorafenib, imatinib, dasatinib, masitinib, nilotinib, midostaurin, and sunitinib (1-1,000 nM)
at 37°C and 5% CO»,. The numbers of viable cells were determined at 0 and 24 hours of
treatment. Apoptotic cells were detected by flow cytometry using Annexin-V and 7-AAD
staining (Becton Dickinson Immunocytometry Systems, Erembodegem, Belgium). Cells
were analyzed on a FACSCanto Cytometer (Becton Dickinson Immunocytometry Systems).

Measurement of 3H-thymidine uptake in neoplastic human eosinophils

To determine growth-inhibitory effects of various drugs, EOL-1 cells (2x10% cells/well) or
primary eosinophils (1.5x10° cells/well) were incubated in control medium or various
concentrations of targeted drugs (PDGFR blockers: 0.01-0.1 uM, other drugs: up to 10 uM)
in 96-well culture plates (TPP, Trasadingen, Switzerland) at 37°C for 48 hours. After
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incubation, 0.5 uCi 3H-thymidine was added (37°C, 16 hours). Cells were then harvested on
filter membranes (Packard Biosciences, Meriden, CT) in a Filtermate 196 harvester (Packard
Bioscience). Filters were air-dried, and the bound radioactivity was counted in a 3-counter
(Top-count NXT, Packard Bioscience). All experiments were performed in triplicates.

Evaluation of apoptosis in EOL-1 cells

After incubation with drugs (37°C, 48 hours), the percentage of apoptotic cells was
quantified on Wright-Giemsa-stained cytospin preparations. Apoptosis was defined
according to conventional cytomorphologic criteria (30). For flow cytometric determination
of apoptosis, combined Annexin V/propidium iodide-staining and staining for activated
caspase-3 were performed as described (14,31,32). EOL-1 cells were exposed to targeted
drugs at various concentrations (PDGFR blockers: 0.005-10 nM; other drugs: up to 10 uM)
or control medium at 37°C for 48 hours. Thereafter, cells were washed and incubated with
Annexin V-FITC (Bender MedSystems, Vienna, Austria) in binding-buffer for 15 minutes.
Cells were again washed, and propidium iodide (1 pg/ml) (Bender MedSystems) was added.
For caspase-3 staining, cells were fixed in 4% formaldehyde and permeabilized in methanol
as reported (31,32). Thereafter, cells were washed and then incubated with a PE-conjugated
mADb against active caspase-3 (BD Biosciences) for 30 minutes. After washing, cells were
analyzed by flow cytometry on a FACSCalibur (Becton Dickinson, San José, CA, USA).

Analysis of PDGFRA phosphorylation by Western blotting

EOL-1 cells were incubated with various targeted drugs (100 nM or 1 pM) or control
medium at 37°C for 4 hours. Ba/F3 cells transformed by FIP1L1-PDGFRA variants were
incubated in control medium in the absence (Control) or presence of ponatinib or imatinib
(each 1 pM) at 37°C for 2 hours. Western blotting was performed as described (14,30) using
antibodies against PDGFRA or phosphorylated (p) PDGFRA (Santa Cruz Biotechnology,
Santa Cruz, CA), antibodies against S6 or pS6 (Cell Signaling Technology, Danvers, MA)
and antibodies against STATS5 or pSTATS (tyrosine 694) (BD Bioscience, San José, CA).
Antibody-reactivity was made visible by donkey-anti-rabbit IgG or sheep-anti-mouse 19G
(both from GE Healthcare, Buckinghamshire, UK) and Lumingen PS-3 detection reagent
(Thermo Scientific, Rockford, IL).

Flow cytometric evaluation of surface and cytoplasmic antigens in EOL-1 cells

Expression of cell surface antigens on EOL-1 cells was determined by flow cytometry after
culture in control medium or medium supplemented with ponatinib, sorafenib, sunitinib,
masitinib and nilotinib (0.1, 0.5, or 10 nM) for 24 hours. After incubation, cells were washed
and subjected to flow cytometry using PE-labeled mAb against CD25, CD63, CXCR4
(CD184), FAS (CD95), and HLA-DR. Flow cytometry was performed on a FACSCalibur
(Becton Dickinson) as described (14). Staining reactions were controlled by isotype-
matched antibodies. For staining of cytoplasmic molecules, EOL-1 cells were incubated in
various concentrations of ponatinib, sorafenib, sunitinib, masitinib and erlotinib (0.01, 0.1,
and 1 pM) for 4 hours. Cells were then fixed in 4% formaldehyde, permeabilized in
methanol (-20°C), and then incubated with mAb M89-61 against phosphorylated Akt
(serine 473), mAb N7-548 against pS6, mAb 47 against pPSTATS (tyrosine 694), or mAb
C92-605 against activated caspase 3 (30 minutes) before being analyzed.
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Analysis of chemotactic migration of EOL-1 cells

Migration of EOL-1 cells was determined using a modified Boyden chamber-assay with
Transwell polycarbonate membranes (5 um pore size, 0.33 cm?; Corning Incorporated,
Corning, NY). The lower chambers were filled with 600 pul RPMI 1640 medium containing
20% heat-inactivated FCS in the absence (Co) or presence of SDF-1a (1-100 ng/mL), IL-5
(0.5-500 ng/ml), or eotaxin (5-1,000 ng/ml). The upper chambers were loaded with EOL-1
cells (1.5 x 10° per well) that had been preincubated with control medium or medium
containing 10 nM or 100 nM of ponatinib, sorafenib, masitinib, nilotinib, imatinib, or
dasatinib. Cells were allowed to migrate into the lower chambers at 37°C for 4 hours. Then,
viable migrated cells in the lower chambers were counted by flow cytometry using a FACS
Calibur (Becton Dickinson) and expressed as percent of total cells.

Statistical analysis

Results

To determine the level of significance in differences in cell growth, apoptosis, and
migration, the paired Students t test was applied. Results were considered to be significantly
different, when p<0.05.

Effects of TKI on growth of EOL-1 cells

A series of kinase blockers were tested for their effects on proliferation of EOL-1 cells
measured by 3H-thymidine uptake. As shown in Table 1 and Figure 1A, the PDGFR-
blocking TKI were all found to inhibit growth of EOL-1 cells. Drug effects were seen in the
low nanomolar range, with the following rank-order of potency (ICsp): ponatinib (0.1-0.2
nM), sorafenib (0.1-0.2 nM), masitinib (0.2-0.5), nilotinib (0.2-1 nM), dasatinib (0.5-2 nM),
sunitinib (1-2 nM), and midostaurin (5-10 nM) (Table 1, Figure 1A). The HDAC inhibitor
vorinostat also induced growth inhibition, but 1Csq values were higher (100-200 nM)
compared to PDGFR-blocking drugs (Table 1). The other kinase inhibitors (not affecting
PDGFR) such as lapatinib, gefitinib, or erlotinib, showed no effects on growth of EOL-1
cells (Table 1).

Effects of TKI on proliferation of primary neoplastic cells

To confirm growth-inhibitory effects of TKI, we applied the most effective TKI on primary
neoplastic eosinophils obtained from a patient with FIP1L1-PDGFRA+ CEL. In addition,
drug effects were tested on eosinophils obtained from a patient with ASM and eosinophilia
(ASM-e0) and one with HER. In these experiments, we were able to show that ponatinib and
nilotinib dose-dependently inhibit the proliferation of primary neoplastic FIP1L1-PDGFRA
+ eosinophils (Figure 1B). In the patient with KIT D816V+ ASM-eo and the patient with
HER, ponatinib was also found to inhibit the proliferation of eosinophils, but 1Cgq values
were higher compared to that obtained in the patient with CEL (Figure 1B). Nilotinib was
also found to exert growth-inhibitory effects on neoplastic eosinophils in the patient with
ASM-eo (Figure 1B). However, no substantial effects of nilotinib on reactive eosinophils
were seen.
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PDGFRA-targeting TKI induce apoptosis in EOL-1 cells

To define the mechanism of TKI-induced growth inhibition in neoplastic eosinophils, we
examined apoptosis in EOL-1 cells by light microscopy, Annexin-V/PI staining and caspase
3 staining. In all 3 assays, the effective PDGFRA-blockers, namely ponatinib, sorafenib,
masitinib, nilotinib, and sunitinib, induced apoptosis in EOL-1 cells in a dose-dependent
manner, with pharmacologic EDgq values (Table 1, Figure 2). The Aurora kinase blocker
tozasertib and the HDAC blocker vorinostat were also found to induce apoptosis in EOL-1
cells, but EDsgq values were higher than those obtained with the PDGFRA blockers.

Effects of TKI on activation of various signal transduction molecules in EOL-1 cells

In a next step, we asked whether the effective TKI block one or more PDGFRA-downstream
signaling molecules in EOL-1 cells. As assessed by flow cytometry, all effective PDGFRA-
targeting TKI were found to inhibit the phosphorylation of PI3 kinase-downstream Akt,
mTOR-downstream S6 as well as STAT5 phosphorylation (Figure 3A). Drug effects on
PDGFRA phosphorylation and phosphorylation of PDGFRA-downstream signaling
molecules (S6 and STATS5) were confirmed by Western blotting (Figure 3B). We also
examined the effects of various clinically relevant signal transduction inhibitors, including
the mTOR-targeting agent everolimus (RADQ01), the P13 kinase/mTOR blocker BEZ235,
and the experimental STAT5-blocking agents pimozide and piceatannol on growth of
EOL-1 cells. All these agents produced growth inhibition in EOL-1 cells. However, the ICsq
values were higher compared to that obtained with PDGFR-targeting TKI (Table 1, Figure
30).

Effects of various TKI on expression of cell surface antigens in EOL-1 cells

Neoplastic eosinophils are considered to express high levels of CD25 and CD63 as well as
other activation-linked cell surface antigens. We examined the effects of various targeted
drugs (producing growth inhibition) on expression of these surface antigens in EOL-1 cells.
We found that ponatinib, and less effectively sorafenib, downregulate expression of CD25
and CD63 in EOL-1 cells (Supplementary Figure S1). By contrast, no effects of ponatinib or
sorafenib on expression of HLA-DR, CXCR4 and CD95 were seen. We were also unable to
detect effects of the other TKI tested on surface antigen expression in EOL-1 cells (not
shown).

Effects of TKI on cytokine-induced migration of EOL-1 cells

Eosinophil-induced organ damage is usually associated with migration of eosinophils into
local tissue sites. Several different cytokines can promote eosinophil migration (33-35). We
were therefore interested to learn whether the targeted drugs applied interfere with cytokine-
induced migration of neoplastic eosinophils. In a first step, we applied 3 chemotaxins,
namely IL-5, eotaxin, and SDF-1a. Unexpectedly, neither IL-5 nor eotaxin was found to
induce chemotaxis in EOL-1 cells (not shown). However, SDF-1a was found to induce
migration of EOL-1 cells in a dose-dependent manner (Supplementary Figure S2). We next
asked whether the PDGFRA-targeting TKI interfere with SDF-1a-induced migration of
EOL-1 cells. We found that all six drugs tested, including ponatinib effectively block
SDF-1a-induced migration of EOL-1 cells (Figure 4). The most effective drugs were
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ponatinib, sorafenib, and masitinib. With all three drugs, an almost complete inhibition of
EOL-1 cell migration was seen at 100 nM (Figure 4).

Effects of various kinase blockers on growth of Ba/F3 cells expressing imatinib-resistant
mutants of FIP1L1-PDGFRA

Resistance against imatinib in CEL is usually associated with the acquisition of point
mutations in the FIP1L1-PDGFRA fusion gene. We asked which of the effective PDGFRA
blockers would inhibit growth of neoplastic cells expressing clinically relevant (imatinib-
resistant) mutants of FIP1L1-PDGFRA. To address this question, we employed Ba/F3 cells
expressing the T6741 and the D842V mutants of FIP1L1-PDGFRA. As visible in Table 2
and Supplementary Figure S3, sunitinib was found to inhibit the growth of Ba/F3 cells
expressing the T6741 mutant of FIP1L1-PDGFRA. By contrast, no substantial effects of
masitinib or nilotinib on Ba/F3 cells expressing this mutant were found. Ba/F3 cells
expressing the other mutant, D842V, were found to be resistant against sunitinib, nilotinib
and masitinib. Confirming previous observations (27), ponatinib was found to inhibit growth
of Ba/F3 cells expressing the T6741 mutant, and, less effectively, the growth of Ba/F3 cells
expressing the D842V mutant (Table 2). We were also able to confirm that ponatinib
inhibits the phosphorylation of PDGFRA as well as phosphorylation of key downstream
signaling molecules in Ba/F3 cells exhibiting wild type and mutant forms of FIP1L1-
PDGFRA (Supplementary Figure S4).

Discussion

Chronic eosinophilic leukemia is a neoplasm characterized by uncontrolled expansion of
eosinophils with consecutive organ damage (1-5). In many patients, eosinophils express the
FIP1L1-PDGFRA oncoprotein. This oncogenic mutant contributes essentially to factor-
independent growth and accumulation of eosinophils in CEL. The PDGFR kinase blocker
imatinib is successfully used to suppress growth of neoplastic eosinophils in patients with
FIP1L1-PDGFRA+ CEL (16-19). Notably, most CEL patients treated with imatinib enter
continuous complete remission. However, not all patients with CEL show a long-lasting
response to imatinib, but relapse after a certain time interval. For these patients, alternative
drugs have to be considered. In the present study, we have examined the effects of various
clinically relevant TKI on growth and survival of EOL-1 cells. Our data show that several of
these TKI, including ponatinib, sorafenib, masitinib, nilotinib, and dasatinib suppress growth
and survival of EOL-1 cells in the low nM range. In addition, these drugs were found to
inhibit cytokine-induced migration of eosinophils. However, only ponatinib was found to
block the growth of Ba/F3 cells expressing the imatinib-resistant FIP1L1-PDGFRA mutants
T6741 and D842V. These observations may have clinical implications regarding the
treatment of patients with drug-resistant CEL.

Recently, several different TKI that can inhibit growth of FIP1L1-PDGFRA+ cells have
been identified (12,14,15,24-27). Some of these agents were found to suppress the growth of
Ba/F3 cells expressing various imatinib-resistant mutants of FIP1L1-PDGFRA. However,
most of these studies were performed in cell lines and only a few of them compared the
potency of novel TKI. In the present study, we employed the EOL-1 cell line as a model of
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human neoplastic eosinophils carrying FIPLL1-PDGFRA. Using this cell line, we were able
to compare the potencies of various novel TKI. The results of our study show that various
novel TKI, including ponatinib, sorafenib, masitinib, nilotinib, and dasatinib inhibit the
growth of EOL-1 cells at rather low concentrations (low nM range). In all bioassay tested,
the most potent agent was ponatinib (ICg: 0.1-0.2 nM). The most likely explanation for the
different potencies is that these agents not only block the activity of FIP1L1-PDGFRA, but
also several other pro-oncogenic kinases. This has already been described for ponatinib and
nilotinib as well as for dasatinib (14,24-27). With regard to masitinib, only little is known
about additional targets expressed in EOL-1 cells. It also remains unknown which additional
targets are most relevant and contribute to enhanced drug potency.

A number of different signalling pathways are activated downstream of the PDGFR. Our
data show that all effective TKI that inhibited the proliferation of EOL-1 cells, also blocked
the activation of various PDGFR-downstream signaling molecules, including pAkt, pS6, and
pSTATS5, in EOL-1 cells. Whether all these effects were mediated through inhibition of
PDGFRA or were mediated (also) via other upstream kinase-targets or even via direct
inhibition of PDGFRA-downstream signaling molecules, remains at present unknown.

Recent data have shown that growth-inhibitory TKI produce apoptosis in EOL-1 cells
(14,24-27). In the present study, we were able to confirm these observations for all effective
TKI analyzed. Similar to previous studies, these drugs were found to induce apoptosis in
EOL-1 cells in a low nM range. As expected, ponatinib was the most potent inducer of
apoptosis in neoplastic eosinophils.

So far, only a very few studies have examined drug effects on primary human neoplastic
eosinophils. We here show that the effective TKI, including ponatinib and nilotinib, block
spontaneous proliferation of primary neoplastic eosinophils. Primary bone marrow cells
derived from a patient with reactive hypereosinophilia were also found to respond to these
drugs, but the ICgq values were higher compared to neoplastic eosinophils. These data
suggest that ponatinib and other novel TKI are effective agents that can suppress neoplastic
cell growth in CEL.

A number of cytokines and chemokines have been described to induce migration of normal
and/or neoplastic blood eosinophils (33-35). Among these are IL-5 and eotaxin. However, in
neoplastic eosinophils, only SDF-1a may act as a major chemoattractant. Notably, we were
unable to show that IL5 or eotaxin induce a major chemotactic effect in EOL-1 cells. In a
next step, we examined the effects of the most effective TKI on SDF-1a-induced migration
of EOL-1 cells. In these experiments, we found that ponatinib, sorafenib, masitinib, and
nilotinib are potent inhibitors of migration of EOL-1 cells against SDF-1a. These data are of
special interest as eosinophil-associated organ damage in CEL is considered to be a multi-
step process, where eosinophil migration and invasion into local tissue sites is one of the
initial important events (36). Blocking these early initiating steps in organ damage may be of
clinical significance and may be judged as a preferred drug action.

Another important event in eosinophil-induced organ damage is eosinophil activation with
consecutive release of eosinophil-derived cytotoxic mediators/proteins (36). In addition,
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during eosinophil activation, several surface markers are considered to be expressed at
higher levels. These elevated (activation-linked) cell surface antigens are also detectable on
circulating eosinophils in CEL patients as well as in EOL-1 cells. In the present study, we
found that ponatinib, but not the other TKI tested, inhibit expression of CD25 and CD63 in
EOL-1 cells. Whether this de-activating effect may be of functional or even clinical
significance remains at present unknown.

In most patients with CEL, imatinib produces long-lasting complete remissions at relatively
low doses, e.g. 100 mg/day orally. However, in some of these patients resistance against
imatinib may occur (20-23). In several of these patients, point mutations in FIP1L1-
PDGFRA can be detected (20-23). Two of the more frequent mutants are T6741 and D842V.
We found that only ponatinib is able to produce growth inhibition in Ba/F3 cells carrying the
T6741 or the D842V mutant forms of FIP1L1-PDGFRA. Some of the other TKI, like
sorafenib and midostaurin, also blocked the growth of Ba/F3 cells bearing the T6741 mutant,
but did not affect growth of Ba/F3 cells containing FIP1L1-PDGFRA D842V. These data
suggest that ponatinib may be a preferable drug for the treatment of TKI-resistant CEL
exhibiting these mutant forms of FIP1L1-PDGFRA. However, further preclinical studies
and clinical trials are required to show that ponatinib is indeed an effective and safe agent in
patients with CEL. This is of particular importance as ponatinib exhibits a broad kinase
target spectrum and has shown beneficial effects in patients with TKI-resistant chronic
myeloid leukemia, but also produced a number of adverse events in first clinical trials (37).

In summary, our data show that various TKI can block the growth and survival of neoplastic
human eosinophils, including cells carrying FIP1L1-PDGFRA. The most potent and broadly
acting agent, that blocks several different functions of eosinophils and clinically relevant
mutant forms of FIP1L1-PDGFRA, is ponatinib.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of various kinase blockers on proliferation of neoplastic eosinophils
(A) EOL-1 cells were incubated in control medium (Co) or in various concentrations of

targeted drugs as indicated at 37°C for 48 hours. After incubation, 3H-thymidine uptake was
measured. Results are expressed as percent of control and represent the mean+SD from 3
independent experiments. Asterisk: p<0.05. (B) Primary eosinophils obtained from a patient
with FIP1L1-PDGFRA+ CEL (upper panels), one with aggressive systemic mastocytosis
with eosinophilia (ASM-eo; middle panels) and one with reactive hypereosinophilia (HER,
lower panels), were incubated in control medium (Co) or in various concentrations of
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targeted drugs as indicated at 37°C for 48 hours. After incubation, 3H-thymidine uptake was
measured. Results are expressed as percent of control and represent the mean+SD of
triplicates.
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Figure 2. PDGFR-targeting drugsinduce apoptosisin EOL-1 cells
EOL-1 cells were cultured in the absence (Co) or presence of various concentrations of

targeted drugs as indicated at 37°C for 48 hours. Apoptosis was determined by Annexin-
V/Pl-staining by flow cytometry. Results are expressed as percent of control and represent
the mean=S.D. of 3 or 4 independent experiments. Asterisk: p<0.05. In the lower right
panel, the DMSO control is also shown.
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Figure 3. Effects of varioustargeted drugs on PDGFR-downstream signaling moleculesin
EOL-1cells

(A) EOL-1 cells were incubated in control medium in the absence (Co) or presence of
ponatinib, sorafenib, masitinib, sunitinib or erlotinib (each 0.01, 0.1 or 1 uM) at 37°C for 4
hours. After incubation, cells were analyzed for expression of pAKT, pS6, and pSTAT5, by
flow cytometry as described in the text. Results are expressed as percent of control and
represent the mean=SD from at least 3 independent experiments. DMSO (solvent) per se did
not show any effect on phosphorylation of tested molecules (not shown). Asterisk, p<0.05.
(B) EOL-1 cells were incubated in control medium in the absence (Control) or presence of
ponatinib, sunitinib, sorafenib, masitinib or erlotinib (each 0.1 or 1 uM) at 37°C for 4 hours.
After incubation, cells were analyzed for expression of pPDGFR, pS6 and pSTAT5 by
western blotting as described in the text. (C) EOL-1 cells were incubated in control medium
(Co) or in various concentrations of everolimus, BEZ235, pimozide, or piceatannol at 37°C
for 48 hours. After incubation, 3H-thymidine uptake was measured. Results are expressed as
percent of control and represent the mean+SD from 3 independent experiments. Asterisk:
p<0.05.
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Figure 4. Effects of targeted drugs on SDF-1a-induced migration of EOL-1 cells
EOL-1 cells were pre-incubated in control medium (Co) or in medium containing ponatinib,

sorafenib, masitinib, nilotinib, imatinib, or dasatinib (each 10 or 100 nM) at 37°C for 1 hour.
Then, migration of cells against SDF-1a (30 ng/ml) was determined in a double-chamber
chemotaxis assay (4 hours) as described in the text. Numbers of viable migrated cells are
expressed as percent of total (100% input) cells. Results represent the mean+S.D. of 4
independent experiments. Asterisk: p<0.05.
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Table 1

Effects of various drugs on proliferation and survival of EOL-1 cells

Apoptosis
compound 3H-Thymidine Uptake I Csq [NnM]  Microscopy EDsy [NnM]  Annexin-V/Pl EDg, [nM]  Caspase-3 EDsy [nM]
Ponatinib 0.1-0.2 0.2-0.5 0.01-0.05 0.1-0.2
Sorafenib 0.1-0.2 0.05-0.1 0.1-0.2 0.1
Masitinib 0.2-0.5 0.2-0.5 0.2-0.3 0.2-0.5
Imatinib 0.2-0.5 0.3-0.5 0.2-0.3 0.3
Nilotinib 0.2-1 0.2-0.5 0.2-0.3 0.2-0.5
Everolimus ~ 0.2-0.5 n.t 0.5-1 1-5
Dasatinib 0.5-2 1-5 1-5 1-5
Sunitinib 1-2 1-5 1-25 1-5
Midostaurin ~ 5-10 10-50 5-10 10-50
BEZ235 20-50 n.t. 10-25 10-25
Tozasertib 20-50 nt 10-25 50-100
Vorinostat 100-200 n.t 250-500 250
Bosutinib 500-1,000 n.t 100-250 100-500
Lapatinib 1,000-5,000 n.t. 2,500-5,000 2,500-5,000
Gefitinib 1,000-10,000 n.t. 100-500 1,000-2,500
Erlotinib 1,000-10,000 n.t. 1,000-2,500 2,500-5,000
Pimozide 2,500-5,000 n.t. 1,000-2,500 2,500-5,000
Piceatannol ~ 7,500-10,000 n.t. 5,000-7,500 2,500-5,000

Page 20

EOL-1 cells were incubated with various concentrations of targeted drugs at 37°C for 48 hours. Proliferation was measured by analyzing 3y
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thymidine uptake. Apoptosis was determined by light microscopy (Giemsa staining), Annexin-V/PI staining or active caspase-3 staining by flow
cytometry. Abbreviations: n.t., not tested. IC5(, inhibitory concentration (50%); ED5(, effective dose/concentration (50%).
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Table 2

Effects of various targeted drugs on proliferation of mutant-bearing Ba/F3 cells

compound  Ba/F3F/PICg[nM] Ba/F3F/P T674l 1Csq[NM]

Ba/F3 F/P D842V |Cyy [NM]

Ponatinib 0.6
Sorafenib 0-5
Imatinib 0-5
Dasatinib 5-10
Masitinib 8.3
Nilotinib 8.5
Midostaurin ~ 10-50
Sunitinib 52.7

9
10-50
>500
>500
>1000
1736
10-50
293.9

154
>1000
>1000
1000
>1000
4093
>500
>1000

Page 21

Ba/F3 cells expressing wt F/P or F/P mutants were incubated in various concentrations of targeted drugs at 37°C for 24 hours. The numbers of
viable cells were counted by flow cytometry. Results are expressed as IC5( values (nM). Abbreviations: F/P, FIP1L1-PDGFRA,; IC5Q, inhibitory

concentration (50%).
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