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Article history: Activation of KIT, by its ligand, stem cell factor (SCF), results in the initiation of signal transduction
Recewed 6 DeCémber 2012 pathways that influence mast cell survival and proliferation. Activating mutations in KIT have thus
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degranulation. Thus, mutations in KIT also have the potential to affect these processes in allergic
and other mast cell-related diseases. Studies to determine how native and mutated KIT may

Keywords: ) modulate MC chemotaxis and activation have, however, been limited due to the lack of availability
l'__)egl{f‘“ma“o“ of a suitable functional MC line lacking native KIT which would allow transduction of KIT
CE.

constructs. Here we describe a novel mouse MC line which allows the study of normal and mutated

E/gst cells KIT constructs. These cells originated from a bone marrow-derived mouse MC culture out of which
KIT a rapidly dividing mast cell sub-population spontaneously arose. Over time, these cells lost KIT
SCF expression while continuing to express functional high affinity receptors for IgE (FceRI). As a
consequence, these cells degranulated in response to Ag/IgE but did not migrate nor show any
evidence of potentiation of Ag/IgE degranulation in response to SCF. Retroviral transduction of the
cells with a human (hu)KIT construct resulted in surface expression of huKIT which responded to
huSCF by potentiation of Ag/IgE-induced degranulation and chemotaxis. This cell line thus presents
a novel system to delineate how MC function is modulated by native and mutated KIT and for the

identification of novel inhibitors of these processes.
Published by Elsevier B.V.
1. Introduction responses (Galli and Tsai, 2010). Mature MCs express a wide
array of surface receptors which recognize exogenous and
MCs are terminally differentiated cells of hematopoietic endogenous factors that regulate MC growth, development,
origin that contribute to both innate and acquired immune homing, homeostasis, and function (Rivera and Gilfillan, 2006;

Bischoff, 2007; Brown et al., 2008). The major receptor regulating
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(Galli and Tsai, 2012). In contrast, TLRs and NOD receptors
respond to bacterial and viral components to induce cytokine
production in the absence of degranulation (Marshall, 2004).
Hence, MC responses elicited through the various classes of
receptors are both discrete and overlapping (Gilfillan and
Beaven, 2011).

The receptor with tyrosine kinase activity family member KIT
is the major receptor regulating the growth, development and
homeostasis of MCs (Okayama and Kawakami, 2006). However,
following cross linking with its ligand, stem cell factor (SCF), KIT
may additionally play a role in MC homing (Jensen et al., 2008),
and potentiation of Ag-mediated MC activation. Activating
mutations in KIT are associated with specific disease states such
as mastocytosis (D816V, and potentially others) and gastro-
intestinal stromal cell tumors (GISTS) (Antonescu, 2008). In the
case of mastocytosis, this is linked to dysregulated MC growth
and/or survival and an increased incidence of anaphylaxis
(Brockow and Metcalfe, 2010). Therefore, understanding how
native and mutated KIT modifies MC processes has been, and
remains, an active area of research. These efforts, however, have
been hampered by the lack of functional MCs which lend
themselves to transduction with genetically modified KIT. For
example, the manifestations of mutations in KIT have often been
examined in KIT-transduced non-MC lines (Gleixner et al., 2007;
Xiang et al., 2007; Bougherara et al., 2009; Sun et al.,, 2009) or in
cells bearing KIT mutations (Aichberger et al., 2009; Bai et al.,
2012) which do not degranulate nor produce other MC-
associated responses. Additionally, these cells may not express
all of the signaling molecules required for the ability of KIT to
modulate MC responses. Examining the manifestations of
ectopically expressed KIT in MCs may also be complicated by
the expression of endogenous KIT that may dominantly compete
for resident signaling molecules. Thus, there is a need for
functional MC lines which do not express native KIT and which
would facilitate the examination of manifestations of human
(hu)KIT.

Here we describe a novel mouse MC line which possesses
such characteristics. A rapidly dividing mouse MC population
expanded from a differentiated bone marrow-derived mouse
MC (BMMQC) culture. Over time, these cells lost the ability to
express endogenous mouse (m)KIT while still expressing
functional FceRI and since named MCBS1 (see section 3.1).
These cells were readily transducible with huKIT and the
transduced cells responded in a predicted manner to huSCF.
Thus, this cell line represents a unique system in which to
examine the role of wild type (WT) and mutated KIT on MC
function and furthermore may be useful for screening potential
novel therapeutic KIT inhibitors.

2. Material and methods
2.1. Mice and BMMCs

C57BL/6] mice were obtained from The Jackson Labora-
tory (Bar Harbor, ME). The mTOR knock-in mice, from which
the parental BMMC culture was derived, were generated as
described (Zhang et al., 2011). All mice were treated in
compliance with protocols approved by the Animal Care and
Use Committee of the National Institutes of Health (NIH).
BMM(Cs were developed from mouse bone marrows as described
(Kuehn et al, 2008). CD34" peripheral blood progenitors,

isolated from healthy donors, were used to prepare huMCs as
described (Kirshenbaum et al., 1999). The donors provided an
informed consent, and cells were obtained under a protocol
(NCT00001756) approved by the Institutional Review Board of
The National Institute of Allergy and Infectious Diseases.

2.2. Antibodies and reagents

Anti-DNP-IE (clone SPE-7) and DNP-HSA were obtained
from Sigma-Aldrich (St. Louis, MO). HuSCF, mouse (m)SCF and
mlL-3 were from Peprotech (Rocky Hill, NJ). The protein-specific
antibodies were as follows: anti-KIT (Cell Signaling Technology,
Beverley, MA), anti-MC tryptase (Abcam, Cambridge, MA), and
antiB-actin  (Sigma-Aldrich, St. Louis, MO; Cell Signaling
Technology). The conjugated protein-specific antibodies were:
fluorophore-conjugated secondary antibodies (Jackson Immuno
Research Laboratories, Inc, West Grove, PA), horseradish
peroxidase-conjugated rabbit IgG (Amersham Biosciences,
Piscataway, NJ) and mouse IgG Fc-specific antibody (Sigma-
Aldrich). The phosphoprotein-specific antibodies: anti-phospho-
KIT(Tyr823) and anti-phospho-PLCy,(Tyr783) antibodies were
from Invitrogen (Carlsbad, CA). Other phosho-specific antibodies
were from Cell Signaling Technology. Other reagents used were:
donkey serum (Santa Cruz Biotechnology, Santa Cruz, CA),
imatinib (LC Laboratories, Woburn, MA), Fura2-AM (Invitrogen),
and all other chemicals were from Sigma-Aldrich.

2.3. HuKIT cloning and expression

The WT KIT gene was cloned from CD34 " peripheral blood
mononuclear cells and inserted into the pcDNATM3.1 expres-
sion vector (Invitrogen, Carlsbad, CA) using standard molecular
biology techniques. After verifying the correct sequence, the
KIT gene was then subcloned into the retroviral vector pMX-
puro (Cell BioLabs, San Diego, CA). The empty or huKIT gene-
containing pMX-puro was transfected into PLAT-E cells (Cell
Biolabs, San Diego, CA) and virus produced as described (Ito
et al.,, 2012). MCs were transduced by culturing the filtered
virus-containing medium (1:1) with a suspension of the target
cells (0.03-2x10°) for 3 days. The transduced cells were
selected by culturing in medium containing puromycin (Sigma
Aldrich) at 3.0-4.0 pg/ml, a concentration we found to be lethal
for non-transduced MCBS1 MCs. The experiments were then
conducted after 2 weeks in culture.

2.4. Quantitative real-time PCR

Total RNA was isolated using QIAshredder in combination
with RNase-Free DNase Set and RNeasy Mini Kit (Qiagen,
Valencia, CA). The isolated RNA was transcribed into cDNA
using QuantiTect Reverse Transcription Kit (Qiagen) and gene
expression was determined as described (SmrzZ et al., 2011).

2.5. Cell activation, degranulation and cytokine production

The cells were sensitized with mouse DNP-specific IgE
(100 ng/ml) overnight in cytokine-free media. For degranulation
studies, the cells were harvested, then activated as described
(SmrZ et al, 2010). The percentage of P-hexosaminidase
released into the supernatant (Choi et al, 1993) after 30 min
activation was used to determine cell degranulation. To



54 D. SmrZ et al. / Journal of Immunological Methods 390 (2013) 52-62

determine cytokine production in activated cells, the sensitized
and starved cells were washed with cytokine-free media then
stimulated with 2 x concentrated activator added in 1:1 ratio to
the cell suspension. The concentration of cytokines released by
1.0x 10%/ml cells into the supernatant after 6 h stimulation at
37 °C/5% CO, was determined by Quantikine ELISA kits (R&D
Systems, Minneapolis, MN).

2.6. Immunoblotting, flow cytometry and calcium response

Cell lysates were prepared, analyzed by immunoblotting,
and immunoblots were evaluated as described (SmrZ et al.,
2010). To determine cell viability, the cells were stained with
annexin V and propidium iodide as described (SmrZ et al.,
2007). To determine surface expression of huKIT, mKIT, FceRI
or FceRI-bound IgE, the cells were stained with the correspond-
ing PE-labeled (huKIT or mKIT-specific) or FITC-labeled (mFceRI
and migE-specific) antibodies. Cell staining was determined by
flow cytometry using FACSCalibur with CellQuest 3.3 software
(BD Biosciences). The acquired data were analyzed and
processed by FlowJo 7.6 (TreeStar). To determine changes in
the levels of intracellular calcium during activation, the sensi-
tized cells were treated and analyzed as described (Tkaczyk et al.,
2003).

2.7. Chemotactic purification

Chemotactic purification of the huKIT-transduced -cells,
driven by huSCF-elicited migration, was performed using
Transwell® permeable supports with 5.0 um pore size mem-
branes in 24-well plates (Costar®) (Corning, Corning, NY). Cells
were washed with culture medium and 100 pl cell suspensions
(0.5-4x 106 cells/ml) were transferred to the upper chambers
and these chambers were placed over the bottom chambers
containing 600 pl culture medium. Following 30 min incubation
at 37 °C/5% CO,, the upper chambers were replaced over the
bottom chambers containing 600 pl culture medium with or
without huSCF (10 ng/ml). After 20 min incubation at 37 °C/5%
CO,, the upper chambers were removed and the migrated cells
in the bottom chambers were harvested. The cells were washed
to remove huSCF before expansion in culture.

2.8. Toluidine blue staining and confocal microscopy

To visualize MC granules by metachromatic staining,
cytospins were prepared, fixed and stained with toluidine blue
as described (Kirshenbaum and Metcalfe, 2006). To visualize
MC tryptase by confocal microscopy, the cells were washed
with PBS, mixed 1:1 with 40 mM EDTA, 40 mM EGTA, PBS, then
transferred onto poly-lysine (100 pg/ml)-coated slides posi-
tioned in a 24-well plate and the cells were allowed to attach for
5 min. The cells were then fixed with 1 ml [4% (w/v) para-
formaldehyde, 5 mM EDTA, 5 mM EGTA, PBS] for 30 min,
washed with PBS and permeabilized [with 0.1% (v/v)
Triton-X100, 5% (w/v) BSA, 2 mM EGTA, PBS] for 5 min, washed
with PBS, then incubated with 5% (w/v) BSA, 2 mM EGTA, PBS
for 30 min. The solution was removed and the cells stained with
mouse MC tryptase-specific Ab in 5% (w/v) BSA, 2 mM EGTA,
PBS supplemented with 200x diluted donkey serum for 1 h.
The cells were extensively rinsed with PBS and [5% (w/v) BSA,
2 mM EGTA, PBS], then stained with donkey mouse IgG-specific

Alexa488-conjugated secondary antibody [in 5% (w/v) BSA,
2 mM EGTA, PBS supplemented with 200x diluted donkey
serum] for 1 h. The cells were washed with 5% (w/v) BSA, 2 mM
EGTA, PBS, then PBS, and stained with DAPI in PBS for 10—
20 min. The slides were extensively washed with PBS and then
mounted on support slides using Prolong® Gold anti-fade
reagent (Invitrogen). The images were acquired on Leica SP5
confocal microscope (Leica Microsystems, Exton, PA) using
63 x oil immersion objective with numerical aperture 1.4. The
images were deconvolved using Huygens Essential software
(Scientific Volume Imaging BV, Hilversum, The Netherlands).
The Imaris software (Bitplane AG, Zurich, Switzerland) was
used to process the deconvolved images and to create 3D
volumetric surface models via a semiautomatic surface ren-
dering module.

2.9. Statistical analysis

Means and SEM were computed from the number of
experiments performed or the number of independent trans-
fectants. The statistical significance between 2 groups was
determined by unpaired Student ¢ test. One-way ANOVA with
the Tukey test was used to determine statistical significance
among multiple groups. When P<0.05, the data were considered
significant.

3. Results

3.1. Development and characteristics of a KIT-negative mouse
bone marrow-derived MC line

We detected a rapidly proliferating MC population that
arose from one of many BMMC cultures derived from mTOR
knock-in mice (Zhang et al., 2011) which had partially disrupted
mTOR transcription and which were previously utilized to
examine the role of mMTOR complexes on MC homeostasis (Smrz
et al, 2011). This population has now been maintained in
culture for more than 30 months and has gone through multiple
cryopreservation/reconstitution procedures. The doubling time
of the cells was less than 24 h (2.57 4-0.09 fold increase in 24 h;
SEM, n=3) and the appearance of the cells following toluidine
blue staining was comparable to that of regular 4-6 week old
terminally differentiated, non-dividing BMMCs (Fig. 1A). The
similarity to BMMCs was also evident from the presence and
distribution of MC tryptase as demonstrated on optical sections
of deconvolved confocal images (Fig. 1B) or the corresponding
3D volumetric surface models created out of these images
(Fig. 1C).

Regardless of the ability to continue to divide and survive in
culture, as for normal non-replicating BMMCs, such survival was
IL-3-dependent in that removal of IL-3 from the culture medium
resulted in a significant increase in annexin V/propidium iodide
positive cells (Fig. 2A). Although initially the replicating BMMCs
expressed both native KIT and FceRl, long term culture and
repeated cryopreservation/reconstitution procedures resulted
in a loss of KIT on the cell surface, whereas the expression of
FceRI was greater in these cells (Fig. 2B). The loss of surface
expression of KIT from these cells was not a consequence of
internalization or retention in cytoplasmic compartments, as
quantitative real-time PCR and immunoblot analysis revealed a
lack of total cellular KIT expression (Fig. 2C and D).
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Fig. 1. Morphology of the replicating BMMCs (subsequently named MCBS1 MCs). (A) Cytospins of the replicating BMMCs (left) and regular 4-6 week old
terminally differentiated, non-dividing BMMCs (right) were stained with toluidine blue. Scale bars represent 50 pm (40x) or 10 um (100x). (B) Replicating
BMMCs (left) and 4-6 week old terminally differentiated, non-dividing BMMCs (right) were stained with MC-tryptase-specific, then with Alexa488-labeled
secondary, antibodies (green) and cell sections were visualized by confocal microscopy and acquired images deconvolved. The nucleus was visualized by DAPI
(blue) and scale bars represent 5 um. (C) Deconvolved images from multiple sections acquired in B were used to create 3D volumetric surface models of the
stained cells. In A-C, representative images from 3 sample preparations (replicating BMMCs) or cells from 3 mice (regular non-dividing BMMCs) are shown.

Although SCF on its own does not induce degranulation,
when added in conjunction with Ag, it results in a markedly
enhanced degranulation (Hundley et al.,, 2004; Tkaczyk et al.,
2004) and Fig. 2E. Consistent with the lack of native KIT
expression, we observed that mSCF had no effect on degranu-
lation either in the absence or presence of Ag (Fig. 2F).

As a whole, these results describe an immortal functional
mouse IL-3 dependent MC line that does not express native

KIT. From here on we have termed these cells MCBS1 to define
the laboratory of origin (Mast Cell Biology Section within the
Laboratory of Allergic Diseases, NIAID, NIH).

3.2. Reconstitution of MCBS1 MCs with huKIT

Having established a replicating mouse MC line that does
not express native KIT, we next determined whether we could
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Fig. 2. Functional analysis of the replicating BMMCs (MCBS1 MCs). (A) Cells were starved, or not (Ctrl), of IL-3 for 72 h, then labeled with annexin V and propidium
iodide and analyzed by flow cytometry. (B) Surface expressions of FceRI and mouse KIT in the initial 1 month and subsequent cultures were determined by flow
cytometry. Nitrogen passes indicate the number of nitrogen cryopreservation cycles. (C) Expression of KIT mRNA (c-kit) was determined and compared with the
expression of 3-actin. Regular 4-6 week old terminally differentiated, non-dividing BMMCs were used as a positive control. (D) Immunoblot analysis of the replicating
BMMCs compared to the regular non-dividing BMMCs. Non-dividing (E) or replicating BMMCs (F) were sensitized with anti-DNP-IGE overnight, then activated with
DNP-HSA (Ag) alone or in combination with mSCF (100 ng/ml) for 30 min and degranulation was determined. In A, B and D, data of representative experiments
performed from 3 independent sample preparations (replicating BMMCs) or cells from 3 mice (regular non-dividing BMMCs) are shown. In C, E and F, the data
represent means and SEM (replicating BMMCs: n=3 sample preparations; regular non-dividing BMMCs: n = cell preparations from 3 mice) and differences between
the cell types (C) or cells co-stimulated with or without mSCF (E, F) are indicated (*; P<0.05, Student's t-test).

use the cell line to examine the functional consequences of
huKIT expression. We therefore cloned the gene for huKIT into a
retroviral expression system, transduced MCBS1 MCs with the
corresponding vector and then selected the transduced cells by
culturing in puromycin. MCBS1 MCs transduced with the empty
vector were used as a control. Utilizing this approach, we
determined that we could achieve, on average, 60% efficiency
(range: 30-80%) after two weeks puromycin selection (Fig. 3A
and B) and that transduction of huKIT had no effect on FceRI
expression. However, huKIT expression was slightly increased

when the culture medium was subsequently supplemented
with huSCF for 2 weeks (Fig. 3A and B).

We have shown that prolonged exposure of mouse MCs to
mSCF induces a hypo-responsive phenotype with regard to
Ag-mediated degranulation (Ito et al, 2012). To determine
whether the same phenotype is induced via the transduced
huKIT in MCBS1 MCs, we analyzed the cells after 2 week culture
in the presence or absence of huSCF. As shown in Fig. 3C, the
huKIT-transduced MCBS1 MCs were similarly rendered hypo-
responsive to Ag following prolonged exposure to huSCF. Taken
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Fig. 3. Transduction of MCBS1 MCs with huKIT. (A) MCBS1 MCs were transfected
with a retroviral plasmid containing huKIT (Plasmid:huKIT), selected by
puromycin resistance, sensitized with anti-DNP-IE overnight, and surface
binding of IgE and huKIT surface expression was determined by flow cytometry.
(B) Normalized IgE binding and the content of huKIT-expressing cell population in
A (Plasmid:huKIT) were evaluated alongside with cells transfected with empty
plasmid (Plasmid:Ctrl) or the huKIT transfected cells subsequently cultured in the
presence of huSCF (100 ng/ml) for over 2 weeks. (C) The IgE-sensitized
huKIT-transduced MCBS1 MCs cultured in the presence or absence (Ctrl) of
huSCF (100 ng/ml) for over 2 weeks were activated with DNP-HSA (Ag) for
30 min and degranulation was determined. In A, data are representative
experiments performed from 3 independent transfections. In B and C, data
represents means and SEM (n=3 transfections) and differences among cells
transfected with empty plasmid, huKIT-containing plasmid, or huKIT-containing
plasmid then cultured in the presence of huSCF (B;1-way ANOVA) or between
cells cultured in the presence or absence of huSCF (C; Student's t-test) are
indicated (*; P<0.05).

together, these results showed that the MCBS1 MC line
transduced with huKIT produced the predicted outcome when
challenged through the ectopically expressed receptor.

3.3. Chemotactic purification

In view of the 60-70% transduction efficiency of huKIT in
MCBS1 MCs as noted above, further purification of huKIT-positve
cells seemed desirable to reliably analyze the performance of
huKIT in batch assays such as immunoblot analyses and assays
for degranulation, calcium response and cytokine production. To
achieve this goal, a strategy was devised based on the functional
properties of huKIT. Accordingly, we examined whether the
ability of SCF to induce MC chemotaxis (Halova et al., 2012)
could be used for this purpose (Fig. 4A). We utilized a two
chamber-based system routinely used in migration assays
(Kuehn et al., 2010; Radinger et al., 2010) with huSCF as the
chemoattractant. To avoid the SCF-mediated induction of hypo-
responsive phenotype described above, we shortened migration
to 20 min and washed the migrated cells to remove huSCF prior
to expansion in culture. As shown in Fig. 4B, numerous cells
migrated in response to huSCF and expanded in culture there-
after whereas only a minimum number of cells were recovered
in the chamber without chemoattractant. The fraction of cells
expressing huKIT on the cell surface following purification by
this procedure was found to be substantially enhanced, reaching
over 95% (Fig. 4C). As for the non-transduced cells, the huKIT-
transduced and chemotactically-purified MCBS1 MCs were
negative for the presence of endogenous mKIT as determined
by its absence on cell surface (Fig. 4D) and in total cell lysate
(Fig. 4E). For all subsequent studies we utilized cells derived
from cultures purified through chemotaxis. The selected,
transduced cells have been used for up to a month by keeping
them under puromycin selection to prevent expansion of the
cells with low/no KIT expression. Furthermore, the transduced
cells can be frozen and reconstituted providing that the cells
are maintained in puromycin. Re-purification by chemotaxis is
however recommended following expansion of the cells from
frozen stocks.

3.4. Functional analysis of human KIT transduced in MCBS1 MCs

In addition to allowing purification of huKIT-transduced
cells, the chemotaxis data demonstrated that transduced huKIT
was functional with respect to huSCF-induced cell migration.
To examine other KIT-dependent activities we tested the
ability of huSCF to potentiate Ag/IgE-mediated degranulation
in these cells. As for the parental cell line, the MCBS1 MCs
transduced with control plasmid showed no response to huSCF
in either the presence or absence of Ag challenge (Fig. 5A, left
panel). In contrast, in cells transduced with huKIT, huSCF
markedly potentiated Ag-mediated degranulation (Fig. 5A,
right panel).

In addition to promoting chemotaxis and enhancing MC
degranulation, SCF potentiates Ag-mediated MC cytokine pro-
duction and calcium signaling (Hundley et al., 2004). Consistent
with this report, and as shown in Fig. 5B, huSCF enhanced
Ag-mediated TNF-o¢ and IL-6 production in huKIT-transfected
MCBS1 MCs. Similarly, the Ag-mediated calcium signal was
significantly enhanced by huSCF in these cells (Fig. 5C).
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Fig. 4. Chemotactic purification of huKIT-transduced MCBS1 MCs. (A) Schematic diagram. (B) Purified huKIT-transfectants, derived as shown in A, were cultured
for 10 days and the number of cells recovered was determined. The cells subjected to chemotactic purification driven towards vehicle alone (chemokinesis) were
used as a negative control (Ctrl). (C) The content of huKIT-expressing populations of the purified transfectants in A was evaluated by flow cytometry. (D) Surface
expression of mKIT in non-transduced MCBS1 MCs (MCBS1), empty plasmid transfected (MCBS1/Plasmid:Ctrl), or chemotactically purified huKIT-transduced
cells from A (MCBS1/Plasmid:huKIT) was determined by flow cytometry. Four to six week old cultured regular non-dividing mouse BMMCs were used as a
positive control. (E) Immunoblot analysis for the presence of KIT (both mouse and human) in cells analyzed in D. Four to six week old cultured regular
non-dividing mouse BMMCs were used as a positive control. In C-E, data of representative experiments performed from 3 independent sample preparations,
transfections, or cells from 3 mice (regular non-dividing BMMCs) or donors (huMC) are shown. In B, data represents means and SEM (n =3 huKIT transfectants
purified chemotactically) and a difference between the huSCF- and vehicle-driven purifications is indicated (*; P<0.05, Student's t-test).

Following engagement with SCF and the initial autophos-
phorylation of KIT, KIT elicits a number of other critical signaling
events in addition to the calcium signal (Gilfillan and Tkaczyk,
2006; Gilfillan and Rivera, 2009). From Fig. 6A it can be seen that
huSCF induced autophosphorylation of huKIT in the transduced

MCBS1 MCs. Other critical signals including phosphorylation of
PLCvy,, AKT (a surrogate marker for PI3K activation), RSK, p38,
ERK1/2, and S6RP were also induced by huSCF, and to a com-
parable extent as Ag, in these cells (Fig. 6A). Similar responses
were observed in non-transduced MCBS1 cells when triggered
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Fig. 5. Degranulation, cytokine release and calcium response in purified huKIT-transduced MCBS1 MCs. (A) Three purified huKIT-transduced MCBS1 MC (Plasmid:
huKIT) cultures were sensitized with anti-DNP-IE overnight and then activated with DNP-HSA (Ag) alone or in the presence of huSCF (100 ng/ml) and
degranulation after 30 min activation was determined. The cells transduced with empty plasmid (Plasmid:Ctrl) were used as a control. (B) The IgE-sensitized
cells in A were activated with huSCF (100 ng/ml), DNP-HSA (Ag; 10 ng/ml), or with their combination (Ag/huSCF; 10 and 100 ng/ml, respectively), and
cytokine release after 6 h activation was determined. (C) The IgE-sensitized cells in A were loaded with Fura-2, then activated with huSCF (100 ng/ml),
DNP-HSA (Ag; 10 ng/ml), or with their combination (Ag/huSCF; 10 and 100 ng/ml, respectively), and calcium response was determined. In A-C, data represent
means and SEM (n=3 transfections). In A, differences between cells co-stimulated with or without huSCF, and in B, between cells transduced with empty
plasmid (Plasmid:Ctrl) or huKIT (Plasmid:huKIT) are indicated (*; P<0.05, Student's t-test).
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through the FceRI, but not when challenged with huSCF (data
not shown). Taken together these data illustrate that MCBS1 MCs
respond in the appropriate manner to huSCF when transduced
with huKIT.
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Fig. 6. Effect of huSCF on cellular signaling and a KIT inhibitor on huSCF-mediated
responses in huKIT-transduced MCBS1 MCs. (A) Purified huKIT-transduced
MCBS1 MCs (plasmid:huKIT) were sensitized with anti-DNP-IGE overnight and
then activated with DNP-HSA (Ag; 10 ng/ml) or huSCF (100 ng/ml) for 2 min
and protein phosphorylation assessed by immunoblot analysis of the selected
signaling molecules. (B) The IgE-sensitized purified huKIT-transduced MCBS1
M(Cs (Plasmid:huKIT) were pre-treated with imatinib (1 uM) or vehicle alone for
20 min and then activated with DNP-HSA (Ag;10 ng/ml) or huSCF (100 ng/ml)
for 2 min and tyrosine phosphorylation of KIT was analyzed by immunoblotting.
(C) Sensitized purified huKIT-transduced MCBS1 MCs (Plasmid:huKIT) were
again pre-treated with imatinib (1 uM) or vehicle alone for 20 min and then
activated with huSCF (100 ng/ml), DNP-HSA (Ag; 10 ng/ml), or with both in
combination and degranulation determined 30 min later. In A and B, represen-
tative experiments performed with 3 independent huKIT transfectants are
shown. In C, data represent means and SEM (n =3 transfections) and differences
between treatments are indicated (*; P<0.05, Student's t-test).

3.5. Effect of a KIT inhibitor on huSCF-mediated responses in
huKIT-transduced MCBS1 MCs

Finally, to determine the utility of this cell line in identifying
potential inhibitors of huKIT, we examined the ability of
imatinib (Gleevec), a recognized inhibitor of KIT catalytic
activity, to inhibit huSCF-mediated huKIT phosphorylation and
huSCF-enhancement of Ag-mediated degranulation. Indeed, as
shown in Fig. 6B and C, imatinib effectively inhibited these
responses in the huKIT-transfected cells, thus demonstrating
that these cells can be used to screen for potential inhibitors of
huKIT phosphorylation and function.

4. Discussion

In this paper, we describe a novel transformed functional
mouse MC line that is totally deficient in native KIT. The cells
retain the characteristic morphological features of mouse
BMMCs having non-lobate nuclei and abundant cytosolic
granules; features which distinguish these cells from basophils
which also express FceRI (Stone et al., 2010). We demonstrate
utility of this system for the determination of the functional
consequences of human KIT activation and, furthermore,
demonstrate that this system lends itself to the determination
of the efficacy of potential inhibitors of human KIT activity. The
parental cell line, and subsequent transfectants, are rapidly
dividing and may be cryopreserved with effective recovery,
thus providing a suitable inexhaustible source of material for
more extensive study.

The parental cell line spontaneously expanded from a MC
culture derived from the bone marrow of an mTOR-deficient
mouse (Zhang et al., 2011). The replicative nature of the cell
line, however, was independent of this defect as other cultures
derived from this lineage failed to continue to expand or to
constitute a stable cell population with regard to expression of
FceRI and/or KIT (data not shown). Currently, the underlying
defect that allows expansion is unknown. However, it is clear
that the cell line remains growth factor dependent as they
failed to expand in the absence of IL-3, and when transfected
with huKIT did not further proliferate and survive when
cultured with huSCF alone (data not shown). Therefore, SCF
cannot substitute for IL-3 as a growth factor with this cell line.
However, unlike other cell lines that have been utilized to
examine KIT function, as for example the IC2 and BAF3 cell lines
(Koyasu et al., 1985; Ueda et al., 2002; Mayerhofer et al., 2008),
the MCBS1 MCs retained granularity, expressed comparable
levels of FceRI to non-dividing mouse BMMCs and responded
to Ag/IgE stimulation to elicit degranulation while retaining the
ability to rapidly divide. Thus, the MCBS1 MCs have distinct
advantages over other cell models.

The lack of expression of endogenous KIT is perhaps the
most advantageous feature of the MCBS1 MCs. This deficiency of
KIT expression was not evident when the culture was originally
initiated but became apparent after several months in culture
and a number of liquid nitrogen cryopreservations. It is possible
that the loss of endogenous KIT was a result of a spontaneous
change in the cell line but may also reflect a preferential ex-
pansion of a KIT negative clone over time. Nevertheless, this
feature allowed transduction of the cells with a huKIT construct,
and, in combination with chemotactic purification, to generate
proliferating and highly uniform huKIT expressing MCs. The
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functionality of these transduced cells was demonstrated by the
ability of huSCF to acutely enhance Ag-mediated degranulation,
cytokine production, induce chemotaxis, and when chronically
administered, downregulate the ability of Ag to induce degran-
ulation. These responses recapitulate those previously demon-
strated in mouse BMMCs when stimulated through endogenous
mouse KIT (Hundley et al., 2004; Iwaki et al., 2005; Kuehn et al.,
2010; Ito et al., 2012). Together with the demonstrated ability of
human KIT to engage the necessary signaling machinery for the
above responses, this shows that huKIT interacts with the endo-
genous signaling molecules in the identical manner as endoge-
nous mouse KIT.

The ability of this cell model to function in the above manner
again contrasts previous models used to examine KIT function in
that we can now explore the structural requirements of huKIT
for modulating MC degranulation, cytokine production and
chemotaxis. For example, by mutational analysis, the impor-
tance of regulating residues that interact with critical signaling
molecules for these responses can be determined. Similarly, it
should also be possible to investigate the functional conse-
quences of KIT mutations associated with specific disease states
in this model.

Finally, in addition to facilitating studies for the investi-
gation of the regulation of MC function by wild type and
mutated KIT, this model system would have great utility for
screening and identifying potential novel inhibitors of KIT and
potentially mutated KIT signaling capacity. Proof of principal
for this conclusion was provided by our demonstration that the
enhancement of Ag-mediated degranulation by huSCF in the
huKIT-transduced MCBS1 MCs was inhibited by the recognized
KIT inhibitor imatinib.

5. Conclusions

In conclusion, we have described a novel rapidly dividing
KIT-deficient mouse MC line that now permits transduction with
human KIT constructs. This model will have great utility for
determining the regulation of MC activation responses by
non-transformed and mutated human KIT. Furthermore, this
model will be most useful in screening for novel KIT inhibitors.
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