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Abstract

Although primarily required for the growth, differentiation, and survival of mast cells, Kit ligand
(stem cell factor) is also required for optimal antigen-mediated mast cell activation. Therefore,
concurrent inhibition of Kit- and FceR1-mediated signaling would be an attractive approach for
targeting mast cell-driven allergic reactions. To explore this concept, we examined the effects of
hypothemycin, a molecule which we identified as having such properties, in human and mouse mast
cells. Hypothemycin blocked Kit activation and Kit-mediated mast cell adhesion in a similar manner
to the well characterized Kit inhibitor imatinib mesylate (imatinib). In contrast to imatinib, however,
hypothemycin also effectively inhibited FceRI-mediated degranulation and cytokine production in
addition to the potentiation of these responses via Kit. The effect of hypothemycin on Kit-mediated
responses could be explained by its inhibition of Kit kinase activity, whereas the inhibitory effects
on FceRI-dependent signaling was at the level of Btk activation. As hypothemycin also significantly
reduced the mouse passive cutaneous anaphylaxis response in vivo, these data provide proof of
principle for a coordinated approach for the suppression of mast cell activation and provides a
rationale for the development of compounds with a similar therapeutic profile.
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Introduction

Antigen-dependent mast cell activation is an important step in the initiation of allergic reactions
including atopic asthma, allergic rhinitis and conjunctivitis, urticaria (Mekori, 2004; Galli et
al., 2005), and the more complex and potentially life-threatening condition, anaphylaxis which
is characterized by generalized hives and itching, airway constriction, abdominal cramps,
vascular dilation and increased permeability (Brown, 2006). The early cellular responses
associated with these conditions are a manifestation of the release of inflammatory mediators
following IgE receptor (FceRI) cross linking (Gilfillan and Tkaczyk, 2006; Rivera and
Gilfillan, 2006). Current therapies targeting basophil/mast cell activation have largely focused
on FceRI-dependent pathways. For example, antibodies directed against IgE molecules have
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been shown to be of benefit in allergy treatment by downregulating the FceRI numbers on
basophils (MacGlashan et al., 1997; Saini et al., 1999) and mast cells (Beck et al., 2004).

Stem cell factor (SCF)-mediated Kit activation is required for mast cell growth and
differentiation, and subsequent survival of the mature mast cells (Metcalfe et al., 1997;
Kirshenbaum et al., 1999; Okayama and Kawakami, 2006). Furthermore, by the processes of
chemotaxis and cell adhesion, SCF may contribute to the homing of mast cells to their eventual
sites of residence (Okayama and Kawakami, 2006). It is also now recognized, however, that
SCF dramatically enhances antigen-dependent mast cell degranulation, as indicated by studies
conducted in both rodent and human mast cells (Bischoff and Dahinden, 1992; Hundley et al.,
2004; Tkaczyk et al., 2004). Similarly, in the absence of SCF, antigen only minimally elevates
cytokine message and protein levels in human mast cells, whereas in the presence of SCF, the
levels are markedly enhanced (Hundley et al., 2004; Tkaczyk et al., 2004). Whether such
synergy occurs in vivo is unclear, although due to the absolute requirement for SCF in mast
cell homeostasis, this is likely to be the case. Indeed under conditions of low FceRI1 aggregation,
the relative contribution of SCF to degranulation may be greater than that of antigen (Tkaczyk
et al., 2004). Therefore significant degranulation and cytokine production may occur even at
the low level of antigen-dependent FceRI aggregation that could be achieved following the
anti-IgE treatment or similar approach to dampen only the FceRI-mediated response. Thus,
concurrent targeting of both Kit- and FceRI-mediated signaling would be an attractive
therapeutic approach for the treatment of mast cell-driven disorders. We, thus, wished to
identify a molecule that would concurrently inhibit Kit kinase activity and the pathway
described above for FceRI with the aim of providing a basis for further investigation of this
concept and potentially the development and optimization of novel compounds which may
have a similar mode of action.

Both FceRI- and Kit-dependent responses in mast cells are initiated by activation of tyrosine
kinases. In the case of FceRl, the principle tyrosine kinases responsible for these early events
are the Src kinase Lyn and Syk. Lyn-dependent activation of Syk results in the phosphorylation
of the transmembrane adaptor molecule LAT. This orchestrates the recruitment, and thereby
activation of phospholipase (PL)Cy1, a critical enzyme for the generation of the calcium signal
required for degranulation (Gilfillan and Tkaczyk, 2006; Rivera and Gilfillan, 2006). A
complementary pathway regulated by the Lyn-related kinase Fyn leads to phosphoinositide 3-
kinase (P13K) activation, thus providing membrane docking sites for signaling molecules such
as the tyrosine kinase, Btk and PLCy;_ These two pathways act in conjunction for optimal
degranulation and cytokine production. This latter response also requires activation of the Ras/
Raf/MAPK cascade. Many of these terminal events are also regulated by Kit. However,
inherent tyrosine kinase activity and multiple docking sites on Kit preclude the requirements
for recruitment of cytosolic tyrosine kinases such as Syk and the adaptor molecule, LAT-
mediated recruitment of PLCy in these responses (Gilfillan and Tkaczyk, 2006; Rivera and
Gilfillan, 2006).

Molecules that target Kit activity have been investigated for their potential therapeutic utility
in the treatment of mastocytosis and several such compounds have been described in the
literature (Zermati et al., 2003; Growney et al., 2005; Petti et al., 2005; Gleixner et al., 2006;
Potapova et al., 2006; Schirmer et al., 2006; Schittenhelm et al., 2006; Shah et al., 2006;
Verstovsek et al., 2006; Pan et al., 2007). Of these, the most widely used compound is imatinib
mesylate (imatinib), also known as Gleevec, Glivec, and STI571 (Schindler et al., 2000;
Scheinfeld, 2006). Due to the selective nature of these compounds (Jensen et al., 2007), it is
unlikely that they will be similarly efficacious in their ability to inhibit FceRI-mediated
signaling events. We have, however, identified a molecule, the resorcylic acid lactone,
hypothemycin (Schirmer et al., 2006), which irreversibly inhibits a specific subset of protein
kinases, including Kit, with a conserved cysteine in the ATP-binding site (Schirmer et al.,
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2006; Winssinger and Barluenga, 2007). Since hypothemycin had the desired pharmacological
profile, we have accordingly utilized this compound to examine the manifestations of
concurrently inhibiting Kit- and FceRI-mediated signaling in mast cells in culture and in
vivo. As will be reported here, hypothemycin blocks SCF-induced mast cell activation, but,
unlike imatinib, hypothemycin also effectively blocks FceRI-mediated responses. As a
consequence, not only is the antigen-mediated component of mast cell degranulation blocked,
butalso the ability of SCF to potentiate these responses. This profile translated into an inhibition
of mast cell-induced anaphylactic responses in vivo. Thus, this study provides proof of principle
for a coordinated approach for targeting mast cell-driven allergic reactions and provides a basis
for the development and optimization of other compounds with a similar therapeutic profile.

Cell isolation and culturing of mast cells

Human mast cells (HuMCs) were developed from CD34* peripheral blood mononuclear cells
as described (Kirshenbaum et al., 1999). In brief, CD34* cells, obtained after informed consent
on a protocol approved by the NIAID IRB committee, were cultured in StemPro-34 culture
media (Invitrogen, Carlsbad, CA) containing L-glutamine (2 mM), penicillin (100 units/ml),
streptomycin (100 pug/ml) (Biofluids, Rockville, MD), IL-6 (100 ng/ml) (PeproTech Inc.,
Rocky Hill, NJ), and SCF (100 ng/ml) (PeproTech). IL-3 (30 ng/ml) was included for the first
week of culture. Experiments were conducted 6-10 weeks after the initiation of culture, at
which point, the purity of the mast cell culture was more than 99% as verified by toluidine blue
staining, and detection of CD117- and FceRI-positive cells by FACS analysis.

Mouse bone marrow-derived mast cells (BMMCs) were developed from progenitor cells
obtained from the femurs of 2-6 months old C57BI/6 mice (Jackson Laboratories, Bar Harbor,
ME). The cells were cultured in RPMI 1640 supplemented with 10% fetal calf serum, L-
glutamine (4 mM), penicillin (100 units/ml), streptomycin (100 pg/ml), sodium pyruvate (1
mM), non-essential amino acids (1 mM), HEPES (25 mM), B-mercaptoethanol (50 uM), and
mouse recombinant IL-3 (30 ng/ml) (Peprotech). The cell cultures were spun down4 and
resuspended in fresh culture medium twice weekly. Experiments were conducted 4-6 weeks
after the initiation of culture, at which point, the purity of the mast cells was more than 99%
determined as above.

All animal experiments and protocols were approved by and conducted according to the
guidelines of the NIAID Animal Care and Use Committee (ACUC), NIH.

Adhesion assay

HuMCs were cultured overnight in SCF- and IL-6-depleted medium. BMMCs were cultured
overnight in IL-3-depleted culture medium. Cells were washed twice in HEPES + 0.04%
bovine serum albumin (BSA) and 1x10° human mast cells or 2.5x10% BMMCs were seeded
per well in a 96 well tissue culture plate (Falcon, BD Bioscience, San Jose, CA) pre-coated
with 5 pg/ml fibronectin (Sigma-Aldrich, St. Louis, MO) and blocked with 4% BSA. The cells
were pre-incubated with inhibitors for 15 min and then stimulated with 0.01-100 ng/ml SCF
for 1 hour. Non-adherent cells were removed by carefully washing the wells once. Wells used
for total cells were not washed. Cells were lysed with 0.1% Triton X-100 and 100 pl of the
lysate was then transferred to a 96 well plate for -hexosaminidase determination (Brown et
al., 2007). The percent adherent cells were calculated as ((absorbance of sample - background) /
(absorbance of total cell lysates - background)) x 100%.
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IgE sensitization of cells for degranulation, cytokine release, signaling studies, and calcium

HuMCs were sensitized overnight in regular culture medium or SCF- and IL-6-depleted
medium (for analysis of the SCF effect) with 100 ng/ml biotinylated human myeloma IgE
(Furumoto et al., 2006) (IgE from Calbiochem, biotinylation performed by NIAID Custom
Antibody Facility, NIH, MD). BMMCs were sensitized overnight in 1L-3-depleted culture
medium with 100 ng/ml anti-mouse monoclonal dinitrophenyl (DNP)-IgE (Sigma-Aldrich).
After sensitization, both types of cells were washed 3 times with HEPES + 0.04% BSA, prior
to conducting the experiments.

Degranulation

Degranulation was monitored by p-hexosaminidase release (Brown et al., 2007) preformed in
a U-bottom 96 well plate (100 pl final volume). IgE-sensitized HUMCs (7x103 cells per well)
or BMMCs (2.5x10° cells per well) were pre-incubated with inhibitors (0.001-10 uM) for 15
minutes prior to the addition of the stimuli. HuMCs were stimulated for 30 min with
streptavidin (0-100 ng/ml) for cross linking FceRI1; and/or human SCF (0-100 ng/ml), for
triggering Kit. BMMCs were similarly triggered by the addition of DNP-human serum albumin
(HSA) (Sigma-Aldrich) (0-100 ng/ml) and/or murine SCF (0-100 ng/ml). The reactions were
terminated by centrifugation (1000 rpm) at 4 °C and aliquots of the supernatants were then
analyzed for B-hexosaminidase content (Brown et al., 2007). The cell pellets were lysed by
adding 0.1% Triton X-100 and then also analyzed for B-hexosaminidase content. Degranulation
was calculated as the percentage of total B-hexosaminidase content found in the supernatants
following challenge.

Cytokine release and measurement

HuMCs or BMMCs (2 x10° cells per sample) were sensitized as before, pre-incubated with
inhibitors for 15 min and antigen (10 ng/ml) and/or SCF (30 ng/ml) added. The cells were then
incubated for 15 hours (HUMCs) or 9 hours (BMMCs). The supernatants were harvested and
the cytokine content was measured by using the DuoSet ELISA system (R & D systems,
Minneapolis, MN).

Cell lysates and Western blot

BMMCs (IgE-sensitized) were incubated at 1x108 cells per sample in HEPES + 0.04% BSA
at 37 °C. Cells were pre-incubated with inhibitors (0.001-10 uM) for 15 min, then stimulated
with DNP-HSA (10 ng/ml) and/or SCF (30 ng/ml) for 2 or 30 min. The reaction was terminated
by cell lysis as described (Tkaczyk et al., 2002). Aliquots of the lysates were loaded onto 4-12%
NuPage BisTris gels (Invitrogen) and the proteins were separated by electrophoresis in MES
buffer according to the manufacturer’s protocol. Following transfer onto nitrocellulose
membranes, the proteins were probed with the following phospho (p)-antibodies: p-Kit
568/570, p-Kit730, p-Kit 823 and p-PLCy1 (Tyr(P)-783) from Biosource (Invitrogen); p-Kit
703, p-Kit 721 and p-Kit 936 from Zymed (Invitrogen); p-Kit719, p-Src (Tyr(P)-416), p-AKT
(Ser(P)-473), p-ERK (Thr(P)-202 and Tyr(P)-204), p-p38 (Thr(P)-180), p-JNK (Thr(P)-183
and Tyr(P)-185), p-NF«xB (Ser(P)-536) and p-c-Jun (Ser(P)-73) from Cell Signaling (Beverly,
MA); p-LAT (Tyr(P)-191) from Upstate (Waltham, MA); p-Btk (Tyr(P)-551) from BD
Pharmingen (BD Bioscience) and c-Jun from Santa Cruz (Santa Cruz, CA).

The immunoreactive proteins were visualized by probing with horseradish peroxidase-
conjugated anti-mouse (Sigma-Aldrich) or anti-rabbit 1gG (Amersham Biosciences), then
visualized by enhanced chemiluminescence (ECL from PerkinElmer Life Sciences, Shelton,
CT). Protein loading of the samples was normalized by probing for p-actin (Sigma-Aldrich).
To quantitate changes in protein phosphorylation, membranes were scanned using ChemiDoc
XRS and Quantity One software (Bio-Rad Laboratories, Hercules, CA).
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Measurement of intracellular calcium

BMMCs (IgE sensitized, 1x10 cells/ml) in culture medium were loaded with Fura-2 AM ester
(Molecular Probes, Eugene, OR) for 30 min at 37 °C, rinsed, then resuspended in HEPES buffer
containing 0.04% BSA and sulfinapyrazone (0.3 mM) (Sigma-Aldrich). The BMMCs were
then placed in a 96 well black culture plate (10,000 cells/well) (CulturPlat-96 F, PerkinElmer
Life Sciences), pre-incubated with the inhibitors for 15 min, then stimulated with antigen (10
ng/ml) and or SCF (30 ng/ml). The fluorescence was determined in a Wallac Victor? 1420
Multilabel Counter (PerkinElmer Life Sciences) with excitation wavelengths (340 and 380 nm)
and an emission wavelength of 510 nm. After subtraction of back ground fluorescence of non-
Fura-2 loaded cells, data were calculated as the ratio of fluorescence at 340 and 380 nm
excitation wavelengths.

Passive cutaneous anaphylaxis

Balb/c mice (6-8 weeks old, ~30 g, Jackson Laboratories) received intradermal injections of
1 ug mouse monoclonal anti-DNP-IgE in 25 pl of PBS in the left ear and 25 pl PBS in the right
ear as a control. After 14-16 hours, the mice were injected intraperitoneal with 500 ug
hypothemycin in 200 pl of the carrier hydroxylpropyl-B-cyclodextran (Cyclodextrin
Technologies Development (CTD Inc, FL) or with 200 ul hydroxylpropyl-p-cyclodextran +
DMSO (control for hypothemycin solvent). This concentration and dosage regimen was
selected based on personal communication with Dr. Sumati Murli (Kosan Biosciences
Incorporated). After 8 hours, the mice were challenged with antigen by intravenous injection
of 500 pg/ml DNP-HSA and 0.5% Evans blue in 100 pl saline in the tail vein. The mice were
euthanized 30 min after the intravenous injection and the ears were removed and the Evans
blue was extracted in 200 pl formamide at 55 °C for 24 hours. Extravasation of Evans blue dye
was quantitated by spectrophotometric analysis at 620 nm.

Other materials

Statistics

Results

Hypothemycin (KOS-1949, kindly provide by Kosan Biosciences Incorporated, CA (Schirmer
et al., 2006)). Imatinib was purified by Dr. Elizabeth Greiner from Laboratory of Medical
Chemistry NIDDK, NIH (Seggewiss et al., 2005).

Data were analyzed by a two-tailed Student’s t-test. The levels of significance were as follows;
*:0.01 <p<0.05, **:0.001 < p <0.01, ***: p <0.001.

Hypothemycin and Kit phosphorylation

Hypothemycin (Figure 1A) has been reported to inhibit Kit activity in a cell-free assay
(Schirmer et al., 2006). We therefore initially confirmed that hypothemycin could block Kit
activation and function in mast cells. Kit activation, following ligation by SCF, results in the
phosphorylation of several tyrosine residues in the cytosolic tail of Kit which, in human mast
cells (or mouse), includes Y568 (567) and Y570 (569) in the juxtamembrane region; 703 (701),
721 (719), 730 (728) in the kinase insert domain; 823 (821), and 900 (898), 936 (934) in the
distal kinase domain (Linnekin, 1999; Roskoski, 2005b; Roskoski, 2005a; Reber et al.,
2006). We thus compared the effects of hypothemycin to that of imatinib, in its ability to inhibit
Kit phosphorylation following SCF challenge in HuUMCs and BMMCs. As seen in Figure 1B
and C, hypothemycin inhibited the phosphorylation of Kit (tyrosine 823; 821 in mouse) when
stimulated with 30 ng/ml SCF in a concentration-dependent manner with complete inhibition
observed at 10 uM. These responses were comparable to those obtained with imatinib as shown
in Figure 1D, where 10 uM also completely blocked the phosphorylation of Kit. The optimal
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concentration of hypothemycin (10 uM) also blocked the phosphorylation of the other known
tyrosine phosphorylation sites on human (or mouse) Kit: residues 568/570 (567/569), 703
(701), 721 (719), 730 (728) and 936 (934) (Figure 1E).

Hypothemycin and SCF-mediated adhesion

To next establish that hypothemycin could inhibit a recognized SCF-induced mast cell
response, we examined its ability to block SCF-mediated adhesion of the cells to fibronectin-
coated plates. From Figure 2A and B, it can be seen that hypothemycin significantly inhibited
HuMC and BMMC adhesion. This inhibition had a similar concentration dependency (data
not shown) as the effects of hypothemycin on Kit phosphorylation. Similarly, we have observed
that hypothemycin (10 pM) completely blocks SCF-mediated chemotaxis in BMMCs (M.S.
Kim and A.M. Gilfillan, unpublished observations). These results which reflected the data
obtained with imatinib (Figure 2C,D) confirmed that hypothemycin could inhibit Kit-activation
and a Kit-mediated responses in both human and mouse mast cells.

The effect of hypothemycin on mast cell degranulation

We next explored the ability of this compound to inhibit the enhancement of FceRI-mediated
degranulation by SCF. As described previously (Hundley et al., 2004; Tkaczyk et al., 2004),
SCF markedly enhanced FceRI-mediated degranulation in HuMCs and BMMCs respectively
with maximal enhancement being observed between 10 and 100 ng/ml SCF (Figure 3A to D).
SCF alone failed to induce degranulation in the absence of other stimuli (data not shown). As
shown in Figure 3A and B, hypothemycin blocked the synergistic effects of SCF and
streptavidin in HUMCs, and DNP-HSA in BMMCs. At 10 uM, hypothemycin reduced
degranulation to basal levels. In contrast, imatinib only reduced degranulation to the level of
that produced by antigen alone (Figure 3C,D). These studies also demonstrated that, whereas
both hypothemycin and imatinib effectively blocked the Kit-mediated component of the
degranulation response, hypothemycin, but not imatinib, also effectively blocked the FceRI-
mediated component.

The above effects of hypothemycin were determined not to be due to cytotoxicity, as up to 9
hours incubation with hypothemycin did not affect cell viability as assessed by trypan blue
exclusion. Furthermore, the effects were also not due to the DMSO carrier, as DMSO at the
concentrations used to deliver hypothemycin were without effect. Finally, these effects were
also not due to alterations in the expression of FceRI or Kit as determined by FACS (above
data not shown).

The effect of hypothemycin on mast cell cytokine release

To explore the effect of hypothemycin on cytokine production, we examined the production
of IL-8 and GM-CSF in HUMCs, and IL-6 and TNF-a. in BMMCs based on previous cytokine
expression profiles (Okayama et al., 2001; Hundley et al., 2004). As reported in these studies,
FceRI aggregation in the absence of SCF minimally induces cytokine production in both
HuMCs (Figure 4A to D) and BMMCs (Figure 4E,H). However, in the presence of SCF, there
is a marked potentiation of the release of IL-8 (Figure 4A,C) and GM-CSF (Figure 4B,D) in
the HUMCs, and 1L-6 (Figure 4E,G) and TNF-a (Figure 4F,H) in the BMMCs. The release of
these cytokines when stimulated with antigen plus SCF was blocked by 10 uM hypothemycin,
as shown in Figure 4A, B, E, and F. Again, the DMSO carrier had minimal affect on these
responses. Hypothemycin also appeared to reduce the amount of cytokines produced in
response to antigen but due to the small magnitude of release, the differences did not reach
statistical significance. Imatinib did not appear to affect antigen-induced cytokine release
(Figure 4C,D,G,H). The above data thus demonstrate that, unlike imatinib, hypothemycin not
only effectively blocks the Kit-mediated component, but also the FceRI-mediated component
of the synergistically enhanced mast cell cytokine production in response to SCF and antigen.
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Hypothemycin and its intracellular targets

Since hypothemycin clearly inhibits the Kit response by acting on Kit kinase but inhibits the
FceRI response by an unknown mechanism, we investigated the target for hypothemycin in
the FceRI signaling pathway. To facilitate these studies, we examined these responses in
BMMCs in view of the identical effects of hypothemycin in human and mouse mast cells.
Where examined, imatinib inhibited all responses induced by SCF but failed to influence
responses mediated by antigen (data not shown).

Early signaling events—We initially examined the effects of hypothemycin on early
signaling events which regulate both degranulation and cytokine production: namely
phosphorylation of Src kinases, which plays a role in both the Kit and FceRI response (Blank
and Rivera, 2004; Gilfillan and Tkaczyk, 2006; Rivera and Gilfillan, 2006), and of the adaptor
molecule LAT, which plays a major role in the FceRI response (Tkaczyk et al., 2004). We have
previously demonstrated that the anti-phospho-Src antibody utilized in these studies primarily
recognizes phosphorylation of the Src kinase, Lyn (Iwaki et al., 2005). As shown in Figure 5A,
and as previously demonstrated (Tkaczyk et al., 2004), antigen (lane 2) induced an increase in
the phosphorylation of Lyn and LAT. These responses were not inhibited by an optimal
concentration of hypothemycin (10 pM). SCF only slightly increased the phosphorylation of
Lyn (lane 3), which, however, was reduced by hypothemycin. These data suggest that
hypothemycin does not affect FceRI signaling at the level of these responses and, by inference,
upstream events including FceRI aggregation / phosphorylation and Syk activation which lead
to the phosphorylation of LAT.

Intermediate signaling events—We next examined downstream events, namely: PI3K
activation, as monitored by the surrogate marker, AKT phosphorylation (Tkaczyk et al.,
2003), Btk activation as monitored by its phosphorylation (Iwaki et al., 2005), and PLCy,
activation as monitored by its phosphorylation and calcium mobilization (Tkaczyk et al.,
2003) (Figure 5B,C). We have previously demonstrated that the latter two responses may play
a role in the integration of the signals produced by FceRI and Kit for the synergistic
enhancement of mast cell degranulation (Hundley et al., 2004; Iwaki et al., 2005). As previously
demonstrated (Hundley et al., 2004; Tkaczyk et al., 2004; Iwaki et al., 2005), both antigen and
SCF induced the phosphorylation of AKT, Btk, and PLCy;, As with the upstream events,
hypothemycin failed to inhibit the phosphorylation of AKT in response to antigen (Figure 5B).
However, consistent with the notion that hypothemyecin inhibits Kit directly and FceRI-
mediated signaling downstream of PI3K, SCF-induced AKT phosphorylation was
substantially reduced. These data, thus, suggested that PI3K was not the target for
hypothemycin in antigen-stimulated cells. In contrast to these results, however, Btk
phosphorylation induced by either antigen or SCF was markedly inhibited. Furthermore,
PLCy; phosphorylation in response to antigen was also substantially reduced under these
conditions (Figure 5B). Thus, hypothemycin appears to be mediating its effects at the level of
Btk phosphorylation/activation with consequential downstream inhibition of PLCry;.

To further confirm this conclusion, we examined the ability of hypothemycin to block
intracellular calcium mobilization in response to antigen or SCF (Figure 5C). As reported
(Hundley et al., 2004), both antigen and SCF induced an increase in calcium mobilization, with
the response to SCF being markedly lower and slower than that observed by antigen.
Degranulation and critical signaling events leading to this response occur within 5 minutes of
challenge. When examined over this time frame, antigen- and SCF-induced calcium
mobilization was substantially inhibited by an optimal concentration of hypothemycin (10
uM) (Figure 5C). In total, the data suggest that hypothemycin blocks degranulation by its ability
to inhibit at the level of Btk, and hence, PLCy; activation and calcium mobilization.

J Pharmacol Exp Ther. Author manuscript; available in PMC 2009 June 8.
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MAP Kinases and transcription factors—Cytokine production downstream of Btk
appears to occur via activation of the MAP kinase cascades (Gilfillan and Tkaczyk, 2006). We
thus next examined whether or not hypothemycin inhibits antigen- and SCF-mediated cytokine
production through an inhibition of these events and, as a consequence, the expression/
phosphorylation of downstream transcription factors that are known to promote cytokine
production in mast cells (Hundley et al., 2004; Qiao et al., 2006). As seen in Figure 6A, the
increase in the phosphorylation of the MAP kinases ERK1/2, INK, and p38 induced by antigen,
or ERK1/2 and JNK, enhanced by SCF, were virtually abrogated by an optimal concentration
of hypothemycin (10 uM). Similarly, the induction of the AP1 transcription complex
component c-Jun and its phosphorylation was also markedly inhibited by hypothemycin
(Figure 6B). Furthermore, the antigen-induced phosphorylation of NFxB was also inhibited
by hypothemycin (Figure 6B). Thus, these data support the conclusion that hypothemycin
inhibits cytokine production in response to antigen and SCF as a consequence of the inhibition
of the activation of MAP kinases and downstream transcription factors.

The effect of hypothemycin on mast cell degranulation in vivo using passive cutaneous

anaphylaxis

Finally, to determine whether or not the inhibitory effects of hypothemycin in mast cells in
culture extended to mast cells in vivo, we examined the ability of hypothemycin to reverse
passive cutaneous anaphylaxis in the ears of mice. This is primarily an FceRI/mast cell-
dependent allergic reaction reflecting a mast cell mediator-induced increase in vascular
permeability (Strait et al., 2002). As seen in Figure 7, mice treated with hypothemycin had a
significant reduction in the anaphylactic response in IgE-treated ears compared to ears treated
with PBS. The degree of inhibition observed is similar to that reported in mice deficient/
defective in the critical signaling molecules Gab2 and P1105 (Gu et al., 2001; Ali et al.,
2004). Our data thus demonstrate that mast cell responses in vivo could indeed be reduced by
co-inhibiting FceRI and Kit responses.

Discussion

In this study, we have sought to examine the concept that concurrent inhibition of Kit- and
FceRI-mediated signaling may provide a coordinated suppression of mast cell activation. Of
the known Kit inhibitors, the most widely investigated is imatinib. This agent has been
described as a relatively selective inhibitor that, besides Kit, affects the activity of Abelson
cytoplasmic tyrosine kinase and the platelet-derived growth factor receptor (Heinrich et al.,
2000; Scheinfeld, 2006). It has been reported that imatinib decreases allergic peribronchial
eosinophil accumulation, airway hyperreactivity, and cytokine levels in vivo (Berlin and
Lukacs, 2005; Berlin et al., 2006), although in mast cell explant in culture anti-lIgE-mediated
histamine release was unaffected (Beck et al., 2004). However, as with other compounds which
target Kit, imatinib has not been reported to inhibit any of the kinases involved in the FceRI
signaling pathway. In contrast, as reported here, hypothemycin not only blocks Kit- but also
FceRI-mediated signaling and therefore appeared to be an attractive compound to test the
efficacy of co-inhibition of Kit- and FceRI-mediated responses.

The ability of hypothemycin to inhibit Kit kinase activation was confirmed by the inhibition
of the SCF-induced autophosphorylation of critical tyrosine residues within the cytosolic
domain of Kit (Figure 1). As these serve as docking sites for SH2 domain-containing signaling
molecules which mediate the downstream signaling of Kit, SCF-mediated signaling events
including Btk phosphorylation, AKT phosphorylation, and PLCy; phosphorylation leading to
calcium mobilization were also inhbited (Figure 5). The inhibition of these signalling events
account for the ability of hypothemycin to effectively inhibit SCF-mediated mast cell adhesion
(Figure 2), chemotaxis (data not shown) and, as with imatinib, the ability of SCF to potentiate

J Pharmacol Exp Ther. Author manuscript; available in PMC 2009 June 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jensen et al.

Page 9

antigen-mediated degranulation (Figure 3) and cytokine production (Figure 4). Unlike
imatinib, however, hypothemycin also blocked the ability of antigen to induce both
degranulation and cytokine production, thus demonstrating the ability of hypothemycin to
inhibit the FceRI-, as well in addition to the Kit-mediated signaling pathway. As hypothemycin
was relatively ineffective at inhibiting Src kinases and Syk when screened against a panel of
kinases (Schirmer et al., 2006), these data, and our observations that hypothemycin does not
block antigen-mediated phosphorylation of Src kinases and LAT (Figure 5), indicated that the
target of hypothemycin in the FceRI-dependent signaling cascade was downstream from these
initial signaling events and, by inference, FceRI aggregation and phosphorylation. Moreover,
as hypothemycin failed to inhibit AKT phosphorylation (Figure 5), it appears that the target is
also downstream of PI3K.

As antigen-mediated Btk phosphorylation, as well as downstream signalling events, were
markedly suppressed (Figure 5), hypothemycin most likely inhibits FceRI-mediated
degranulation at the level of Btk activation. However, resting Btk kinase activity was not
blocked in an in vitro kinase assay (Schirmer et al., 2006), indicating that Btk is not directly
inhibited by hypothemycin. Instead, hypothemycin may inhibit a subsidiary cryptic event
associated with the phosphorylation and activation of Btk downstream of the activation of Lyn,
Syk, and PI3K. Regardless, the data clearly indicate that Btk phosphorylation is the first
recognizable step in the FceRI-mediated signaling cascade inhibited by hypothemycin (Figure
8).

Data obtained with mast cells derived from Btk”- mice have demonstrated that Btk is a critical
enzyme for optimal phosphorylation of PLCy4 calcium mobilization, degranulation, and
cytokine production in mast cells (Hata et al., 1998; Iwaki et al., 2005). We have, furthermore,
previously demonstrated that Btk is also important for the ability of SCF to potentiate antigen-
dependent mast cell degranulation (Iwaki et al., 2005). This may be partially explained by Btk
providing a mechanism for amplification of the PLCy4-dependent calcium signal (Iwaki et al.,
2005). Thus, the observed ability of hypothemycin to attenuate the antigen induced increase
in PLCy; phosphorylation, calcium mobilization, and subsequently, degranulation, is entirely
consistent with our conclusion that hypothemycin in blocking the FceRI-mediated signaling
cascade at the level of Btk. The suppression of cytokine production by hypothemycin could
also be attributable to inhibition of Btk. Indeed, it has been previously demonstrated that
antigen-mediated cytokine production is defective in Btk”- BMMCs (Hata et al., 1998).
However it is possible that hypothemycin may also be blocking cytokine production by
inhibiting the activation of MAP kinases. Regardless, the net outcome of either or both of these
mechanisms would account for the observed inhibition of elevated phosphorylation of
transcription factors in response to antigen and SCF (Figure 6).

The ability of hypothemycin to inhibit the synergistic release of mast cell activation in culture
translated into a significant inhibition of the antigen-induced passive cutaneous anaphylaxis
response in mice (Figure 7), demonstrating its efficacy against a mast cell-driven allergic
reaction in vivo. The residual response observed in these studies, may however reflect the need
to optimize the bioavailability and dosage regimen of potential inhibitory molecules such as
hypothemycin. Future studies to expand the therapeutic repertoire for a coordinated approach
targeting Kit and FceRI-mediated signaling would require testing of hypothemycin in a more
complex model, for example in a mouse asthma mouse of allergic airway inflammation. This
would provide information on how hypothemycin would affect a more complex allergic
reaction involving multiple cell types. However, the further properties of hypothemycin to
inhibit SCF dependent mast cell adhesion and chemotaxis would suggest that, in addition to
inhibiting mast cell degranulation, hypothemycin may also prevent mast cell infiltration into
sites of inflammation.
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In summary, the results presented in this study provide proof of principle for the concept of
concurrent inhibition of Kit- and FceRI-mediated signaling as an approach for inhibition of
mast cell-driven allergic reactions. To test this concept, we have utilized a molecule,
hypothemyecin, which inhibits both responses, with the aim of providing a basis for further
investigation of this concept and potentially the development and optimization of novel
compounds which may have a similar mode of action. Although hypothemycin irreversibly
inhibits a specific subset of protein kinases, these properties may have inherent therapeutic
advantages especially when used topically in disorders such as atopic asthma and dermatitis.
As noted here, the ability to suppress both Kit and FceRI-mediated signals at multiple levels
would allow maximum suppression of antigen-induced release of inflammatory mediators and
possibly other physiological functions such as migration and maturation of mast cells. An
alternative approach however could be the concurrent administration of separate compounds
targeting Kit- and FceRI-specific signaling cascades. This latter approach may help to minimize
potential issues with specificity of targeting.
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Figure 1. Hypothemycin and its effect on Kit phosphorylation
A) The molecular structure of hypothemycin (KOS-1949). Inhibition of the SCF-induced
phosphorylation of Kit in HUMCs and BMMCs by hypothemycin (B, C, and E) or imatinib
(D). Cells were pre-treated with inhibitors 15 min prior to SCF (30 ng/ml) challenge for 2 min.
The blots are representative of n=3. DMSO in a concentration equal to 10 uM hypothemycin
is used as solvent control. B-actin was used as loading control. The graphs, which represent
the means +/- S.E.M. of n=3 experiments, were generated by scanning of blots and then
normalized to the SCF response in the absence of inhibitors.
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HUMCs (A, C) and BMMCs (B, D) were pre-incubated with hypothemycin (10 uM) (A, B) or
imatinib (10 uM) (C, D) 15 min prior to challenging the cells with SCF (10 ng/ml). The adhesion
assays were then conducted as described in “Methods”. The data are means +/- S.E.M. of n=4.
The effect of hypothemycin or imatinib at 10 uM reached statistical significance (*: 0.01<p
< 0.05). The effects of hypothemycin were observed over a similar concentration range (data
not shown) as that required to inhibit Kit phosphorylation (see Figure 1).
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Figure 3. The comparative effects of hypothemycin and imatinib on mast cell degranulation

The inhibition by hypothemycin (A, B) and imatinib (C, D) of the synergistic enhancement of
the antigen response by SCF in HUMCs (A, C) and BMMCs (B, D). The DMSO concentrations
used to solubilize hypothemycin had no effect on degranulation (data not shown). Sensitized
cells were pre-treated with inhibitors for 15 min and then HuMCs and BMMCs were challenged
with streptavidin or DNP-HSA (1 ng/ml each) (Ag), respectively, in the absence or presence
of SCF for 30 min. The data are means +/- S.E.M. of n=3. B: No Ag and SCF, a: Ag + no of
SCF, 4: Ag + 1 ng/ml SCF. e: Ag + 10 ng/ml SCF, and []: Ag + 100 ng/ml SCF. Where
indicated, the values obtained in the presence of hypothemycin were statistically different from
those in the absence of hypothemycin (*: 0.01 < p < 0.05, ***: p < 0.001).
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Figure 4. The comparative effects of hypothemycin and imatinib on FceRland/or Kit-induced
cytokine release in mast cells

HuMCs were pre-treated with hypothemycin (Hypo; 10 pM) (A, B) or imatinib (10 uM) (C,
D) for 15 min and then stimulated with streptavidin (SA) (100 ng/ml) and/or SCF (30 ng/ml)
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for 15 hours. The supernatants were measured for IL-8 (A, C) and GM-CSF (B, D). BMMCs
were pre-treated with hypothemycin (Hypo; 10 uM) (E, F) or imatinib (10 uM) (G, H) for 15
min and then stimulated with DNP-HSA (DNP; 10 ng/ml) and/or SCF (30 ng/ml) for 9 hours.
The supernatants were measured for IL-6 (E, G) and TNF-a (F, H). Each cytokine value is the
means +/- S.E.M. of n=3 experiments. Where indicated, the values obtained in the presence of
hypothemycin were statistically different from those in the absence of hypothemycin (*: 0.01
<p<0.05,**:0.001 <p<0.01, ***: p <0.001). DMSO had a minimal effect on human mast
cell 1L-8 release and the BMMC IL-6 release.
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Figure 5. The effect of hypothemycin on early and intermediate FceRI- and/or Kit-mediated
signaling events in BMMCs

Sensitized BMMCs were pre-treated with 10 pM hypothemycin (Hypo) or buffer for 15 min
and then stimulated for 2 min with antigen (Ag; 10 ng/ml DNP-HSA) or SCF (30 ng/ml). The
extracted proteins were probed for phospho (p)-proteins; (A) p-Src and p-LAT, (B) p-AKT, p-
Btk and p-PLCy. DMSO in a concentration equal to 10 pM hypothemycin did not alter the
phosphorylation. B-actin was used as loading control. The histograms, which represent the
means +/- S.E.M. of n=3 experiments, were generated by scanning of blots and then normalized
to the antigen response. The dashed line represents the constitutive phosphorylation in the cells.
Where indicated, the values obtained in the presence of hypothemycin were statistically
different from those in the absence of hypothemycin (*: 0.01 < p < 0.05, **: 0.001 < p < 0.01,
***: p <0.001). BMMCs were analyzed for calcium mobilization (C). Sensitized cells were
loaded with Fura-2 AM ester, pre-incubated with 10 uM hypothemycin for 15 min, and then
stimulated with DNP-HSA (10 ng/ml) and/or SCF (30 ng/ml). The result is a representative of
3 experiments. o: DNP-HSA,: 4: SCF, o: DNP-HSA + 10 uM hypothemycin, <: SCF + 10
uM hypothemycin.
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Figure 6. The effect of hypothemycin on FceRI- and or Kit-mediated MAP kinase activation and

phosphorylation of transcription factors in BMMCs

Sensitized BMMCs were pre-treated with 10 uM hypothemycin (Hypo) or buffer for 15 min
(106 cells per sample) and then stimulated for 2 min (MAP kinases) or 30 min (transcription
factors) with antigen (Ag; 10 ng/ml DNP-HSA) or SCF (30 ng/ml). The extracted proteins

were probed for phospho (p)-proteins; (A) p-ERK, p-p38 and p-JNK; (B) c-Jun, p-c-Jun and

p-NFxB. DMSO in a concentration equal to 10 uM hypothemycin did not alter the

phosphorylation. B-actin was used as loading control. The histograms, which represent the
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means +/- S.E.M. of n=3 experiments, were generated by scanning of blots and then normalized
to the antigen response. The dashed line represents the constitutive phosphorylation in the cells.
Where indicated, the values obtained in the presence of hypothemycin were statistically
different from those in the absence of hypothemycin (*: 0.01 < p < 0.05, **: 0.001 < p < 0.01,
***p <0.001).
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Figure 7. The effect of hypothemycin on in vivo passive cutaneous anaphylaxis

Balb/c mice (~30 g) sensitized with IgE in the left ear and PBS in the right ear were treated
for 8 hours with 500 pg hypothemycin (Hypo) or its solvent B-cyclodextran. Antigen challenge
was done by tail vein injections with 500 pg/ml DNP-HSA in 0.5% Evans blue solution. Thirty
min after injection, the mice were sacrificed, the ears were removed and Evans blue dye was
extracted, and quantitated by absorption. The figure shows the means +/- S.E.M. of n=3
experiments (each containing 3 control mice and 3 hypothemycin-treated mice). Where
indicated, the values obtained in the presence of hypothemycin were statistically different from
those in the absence of hypothemycin (*: 0.01 < p < 0.05).
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Figure 8. Proposed sites of action of hypothemycin on SCF- and antigen-mediated mast cell
activation

For clarity, many of the intermediate signaling events have been omitted. The readers are
referred to (Gilfillan and Tkaczyk, 2006)) for further details. Hypothemycin (Hypo) inhibits
Kit-mediated signaling and the potentiation of antigen-mediated degranulation and cytokine
production by directly inhibiting Kit kinase activity. In contrast, hypothemycin does not inhibit
early FceRI-mediated responses including activation of Src kinases, phosphorylation of the
transmembrane adaptor molecules LAT and NTAL, and the activation of PI3K. The ability of
hypothemycin to inhibit FceRI-mediated mast cell activation appears to be due to the inhibition
of the phosphorylation and thus activation of Btk. This, in turn, results in the consequential
inhibition of PLCy4-dependent calcium mobilization, a critical signal for both degranulation
and activation of specific transcription factors. It may also be possible, however, that inhibition
of the MAPK cascade may also contribute to the downregulation of cytokine production. The
green lines represent positive pathways and the red lines, negative pathways.

J Pharmacol Exp Ther. Author manuscript; available in PMC 2009 June 8.



