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Abstract

The microlocalization of mast cells within specific tissue compartments is thought to be critical
for the pathophysiology of many diverse diseases. This is particularly evident in asthma where
they localize to the airway smooth muscle (ASM) bundles. Mast cells are recruited to the ASM by
numerous chemoattractants and adhere through CADMZ1, but the functional consequences of this
are unknown. In this study, we show that human ASM maintains human lung mast cell (HLMC)
survival in vitro and induces rapid HLMC proliferation. This required cell-cell contact and
occurred through a cooperative interaction between membrane-bound stem cell factor (SCF)
expressed on ASM, soluble IL-6, and CADM1 expressed on HLMC. There was a physical
interaction in HLMC between CADM1 and the SCF receptor (CD117), suggesting that CADM1-
dependent adhesion facilitates the interaction of membrane-bound SCF with its receptor. HLMC-
ASM coculture also enhanced constitutive HLMC degranulation, revealing a novel smooth
muscle-driven allergen-independent mechanism of chronic mast cell activation. Targeting these
interactions in asthma might offer a new strategy for the treatment of this common disease.

Asthma is a major cause of morbidity and mortality worldwide and its prevalence is
increasing (1, 2). It is characterized by the presence of variable airflow obstruction, airway
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hyperresponsiveness (AHR),® and chronic airway inflammation (3). Mast cells play an
important role in the pathophysiology of asthma through their chronic activation by IgE (4),
allergen, and other diverse nonimmunological stimuli (5). This results in the secretion of a
plethora of bronchospastic and proinflammatory autacoid mediators, proteases, and
cytokines (5). Mast cells are present in the lamina propria of normal human airways (6) but
in asthma they re-locate to three key structures: the airway epithelium (6), the airway
submucosal glands (7), and the airway smooth muscle (ASM) (8-14). This anatomical
relocation places activated mast cells deep within these dysfunctional airway elements,
potentially facilitating an intimate functional relationship.

The presence of mast cells within the asthmatic ASM bundles is of particular interest
because this is not evident in eosinophilic bronchitis (EB) (9). EB is a common cause of
cough and is characterized by the presence of a sputum eosinophilia occurring in the
absence of variable airflow obstruction and AHR (15). A detailed comparison of the
immunopathology of asthma and EB revealed an identical pathology in terms of mucosal
inflammation, Th2 cytokine expression, epithelial integrity, and sub-basement membrane
collagen deposition (9, 16-18). This suggests that many of the immunopathological features
previously attributed to causing asthma may not be so important for the development of
airflow obstruction, AHR, and remodeling as previously suggested. The striking difference
between the pathology of asthma and EB resides within the ASM bundles, which contain
numerous mast cells in patients with asthma but virtually none in the patients with EB (9) or
normal subjects (9-14). This mast cell myositis is evident across asthma phenotypes (13).
ASM mast cell density correlates with the severity of AHR (9), and the mast cells within the
ASM bundles in asthma demonstrate ultrastructural features of activation (14). Taken
together these studies suggest that infiltration of ASM by mast cells is of great functional
relevance and is one of the critical determinants of the asthmatic phenotype.

The specific recruitment of mast cells to the ASM in asthma raises many important
questions, in particular, do the cells interact, and if so, what are the functional consequences
for airway function? Studies examining whole cell interactions in vitro are sparse. However,
human lung mast cells (HLMC) adhere to human ASM cells, in part, via an 1g superfamily
member known as CADM1 (19) (previously known as TSLC1, IGSF4, SgIGSF, SynCAM,
Necl2, RA175), suggesting that specific cellular cross-talk occurs. In addition, potential
mechanisms of mast cell recruitment by the ASM have been identified, particularly the
CXCR3/CXCL10 axis (20).

In addition to mast cell recruitment and adhesion, it is likely that the HLMC hyperplasia
present within asthmatic ASM depends upon the ability of the ASM to maintain HLMC
survival and could also result in part from the proliferation of resident HLMC. It is well
established that primary differentiated HLMC have the potential to proliferate (21, 22) and
ASM is known to produce the mast cell growth and survival factors stem cell factor (SCF)
and IL-6 (23, 24). In this study, we show for the first time that ASM not only maintains
HLMC survival in vitro, but a direct interaction between the two cell types leads to the rapid

SAbbreviations used in this paper: AHR, airway hyperresponsiveness; ASM, airway smooth muscle; HLMC, human lung mast cell;
EB, eosinophilic bronchitis; SCF, stem cell factor; PI, propidium iodide; DAPI, 4’,6-diamidino-2-phenylindole.
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proliferation of HLMC through a cooperative SCF-, IL-6-, and CADM1-dependent
mechanism. This is coupled with enhanced constitutive HLMC activation. Targeting this
interaction in the ASM compartment in asthma might offer a new strategy for the treatment
of this increasingly common disease.

Materials and Methods

Reagents and cytokines

Antibodies

Antibiotic/antimycotic solution, CFSE (Cell Trace CFSE Cell Proliferation Kit), DMEM,
HEPES, HBSS without Ca?* and Mg2*, and nonessential amino acid solution were all
purchased from Invitrogen Life Technologies. The 4”,6-diamidino-2-phenylindole (DAPI),
heat-inactivated FCS, ITS plus 3 liquid medium supplement and sodium pyruvate were
obtained from Sigma-Aldrich.

Recombinant human IL-6, IL-10, and SCF were obtained from R&D Systems. Accutase
enzyme cell detachment medium was purchased from Insight Biotechnology. Transwell 0.4
um inserts were purchased from Becton Dickinson Labware. Histamine and S-adenosyl-.-
methyl-[3H]methionine were purchased from Amersham Life Science; rat kidney histamine
methyl transferase was a generous gift from Dr. S. Harper (Astra Charnwood,
Loughborough, U.K.). RIPA buffer containing protease inhibitors and protein A/G beads
were purchased from Santa Cruz Biotechnology.

The following Abs were purchased from R&D Systems: anti-human IL-6 mAb (clone 6708),
chicken IgY isotype control, goat anti-human SCF, IgG1 isotype control and secondary
NorthernLights, PE (RPE). Anti-human CD117-RPE mAb (clone 104D2) and isotype
1gG2a-FITC were obtained from DAKO. Anti-human myosin mAb (clone, SMMS-1), anti-
human a-smooth muscle actin-FITC mAb (clone, 1A4), and goat 1gG control were
purchased from Sigma-Aldrich. Anti-human CD117 (clone, YB5B8), Annexin V, 1gG1-
RPE, and propidium iodide (PI) were purchased from BD Pharmingen. Human myeloma
IgE was obtained from Calbiochem-Novabiochem. Allophycocyanin goat anti-mouse
secondary and sheep anti-human IgG dynabeads were obtained from Invitrogen. Chicken
anti-CADM1 mAbs 3E1 and 9D2 were generated as described previously (25). Histamine
and S-adenosyl-.-methyl-[3H]methionine were purchased from Amersham Life Science; rat
kidney histamine methyl transferase was a generous gift from Dr. S. Harper (Astra
Charnwood, Loughborough, U.K.).

HLMC isolation and culture

The study was approved by the Leicestershire Research Ethics Committee, and all tissue
donors gave written informed consent. HLMC were obtained from macroscopically normal
lung obtained at surgery for carcinoma by positive selection using anti-CD117-coated
immunomagnetic Dynabeads as described previously (26). Final mast cell purity was >99%
and viability was >98%. Immediately following purification, HLMC were cultured in
DMEM/Glutamax/HEPES containing antibiotic/antimycotic solution, non-essential amino
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acids, 10% FCS, and cytokines (100 ng/ml SCF, 50 ng/ml IL-6, and 10 ng/ml IL-10) as
described previously (22).

Human ASM isolation and culture

Pure ASM bundles in airways isolated from lung resection and bronchial biopsy tissue were
dissected free of surrounding tissue as described previously (20). The muscle bundles were
cultured in DMEM supplemented with 10% FCS, 4 mM .-glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin, and 0.25 pug/ml amphotericin. ASM characteristics were
determined by immunofluorescence and light microscopy with a-smooth muscle actin-FITC
direct conjugate and myosin indirectly conjugated with FITC.

ASM/HLMC coculture assay

HLMCs taken from culture 3 days following isolation were washed with FCS-free media
and seeded onto confluent ASM that had been FCS-deprived for 3 days in 6-well plates in
DMEM media containing 1% ITS plus 3 liquid media supplement, 1% antibiotic/
antimycotic, 1% nonessential amino acids, and 1% sodium pyruvate. Abs (anti-human SCF
[1 pg/ml]; anti-human IL-6 [0.6 pg/ml]; anti-CADM1 9D2 [10 pg/ml], isotype controls for
anti-human SCF [goat 1gG] and IL-6 [mouse 1gG1] and for anti-CADML1 [chicken 1gY])
were included when required alone or in combination with 0.4 uM Transwell inserts to
prevent cell contact between the two cell types. Because analysis of bronchial biopsies
reveals a mean mast cell density in asthmatic ASM bundles of ~4 ASM cell:1 HLMC,
HLMC were seeded onto confluent FCS-starved ASM at a 1:4 ratio (equivalent to 4 x 10*
HLMC/well). Cell number during the culture period was assessed using Kimura staining,
which readily differentiates red metachromatic mast cells from unlabeled ASM cells. HLMC
monoculture controls were established in parallel and included mast cells in FCS-free and
cytokine-free media, mast cells with the cytokines SCF (100 ng/ml) and IL-6 (50 ng/ml) but
no FCS, and mast cells with SCF, IL-6, and 10% FCS.

Dye quantification of HLMC cell proliferation

CSFE (5 uM) was prepared from 5 mM stock using PBS (1 x 10° cells/ml), and the required
concentration of cells was then resuspended in the appropriate volume of diluted CFSE (~1
x 106 cells/ml). The cells were incubated for 15 min at 37°C, 5% CO, before centrifugation
and resuspended in fresh media. The cells were then incubated for a further 30 min at 37°C,
5% CO», to ensure complete modification of the probe. The cells were washed once more
before plating out or analyzing by flow cytometry as required. For culture, the cells were
plated out onto confluent FCS-starved ASM in T75 flasks and incubated for either 5 or 10
days before harvesting and counterstaining with CD117-PE and analysis using BD
FACSCanto flow cytometer.

Quantification of HLMC death by flow cytometry

HLMC were seeded at a density of 0.5 x 10° cells per T75 flask in either FCS free and
cytokine free ITS media or in the presence of 10% FCS and exogenous cytokine (IL-6 and
SCF) media. ASM cells had been grown to confluence in T75 flasks and FCS deprived for 3
days in ITS media before coculturing with HLMC (at a ratio of 1:4 HLMC:ASM). The
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HLMC were then incubated at 37°C over 10 days either in the presence or absence of ASM
cells in ITS or just in the presence of FCS and cytokines. After days 1, 3, 7, and 10, the cell
supernatant from the cultures were spun down and kept and the cells were washed with
HBSS, harvested with Accutase, and pooled with their respective supernatant pellets and
washes that may have detached the cells during the experiment. In brief, for HLMC alone
the percentage of apoptotic or necrotic cells was assessed by suspending the HLMC cells in
1x Annexin binding buffer containing FITC-conjugated Annexin V (1 pl/200 pl binding
buffer) = P1 (0.5 pg/ml), before analysis on the BD FACSCanto flow cytometer. Three-color
flow cytometry was conducted with HLMC cocultured with ASM cells. The cocultured
cultures were stained with mAb against CD117 (clone:YB5.B8) and then with
allophycocyanin secondary (to identify the HLMC) and then stained as above with Annexin
and PI. Appropriate isotype controls were used.

Morphological detection of HLMC apoptosis

Nuclear morphology of HLMC was assessed by DAPI staining. For these experiments,
HLMC were seeded at a density of 1 x 10% cells/well into 8-well chamber slides in either
FCS-free and cytokine-free ITS media or in the presence of 10% FCS and exogenous
cytokine IL-6 (50 ng/ml), SCF (100 ng/ml) media. ASM cells had been grown to confluence
in 8-well chamber slides and FCS deprived for 3 days in ITS media before coculturing with
HLMC (at a ratio of 1:4 HLMC:ASM). The HLMC were then incubated at 37°C over 10
days either in the presence or absence of ASM cells in ITS or in the presence of FCS and
cytokines. ASM cells cocultured with HLMC were stained with directly conjugated mAb
against RPE-CD117 (clone 104D2) and indirectly labeled with secondary Northen-Lights
RPE secondary. The cells were then counterstained with DAPI and mounted with photo
bleach retardant mounting medium. CD117 was used to identify the HLMC in the presence
of ASM cells. HLMC cultured alone were harvested and cytospun down onto slides and
stained with DAPI alone and mounted. For each HLMC mono- or coculture (n = 3), six
random high-powered fields were examined for morphologic features of apoptosis such as
nuclear condensation and fragmentation.

Immunofluorescence and confocal microscopy

ASM were grown to confluence on chamber slides and FCS deprived for 3 days and then 5
x 10* HLMC were added to the cells for 3 days. The cells were fixed with methanol,
blocked with 3% BSA, and labeled with conjugated mAb against RPE-CD117 (clone
104D2) and indirectly labeled with secondary NorthenLights RPE secondary. The cells were
also labeled with chicken anti-human CADM1 IgY mAb (3E1) indirectly labeled with
FITC-labeled goat anti-IgY polyclonal. Cells were counterstained with DAPI and mounted
with photo bleach-retardant mounting medium. Appropriate isotype controls were
performed. The cells were either studied by a standard fluorescent microscope or visualized
using an Olympus Optical FVV500 scanning laser confocal 1X70 inverted microscope.
Images were captured using an oil immersion x60 objective. Digital images and data files of
immunofluorescence intensity transectioning specimens in the xy plane and x,y,z plane were
recorded using Flowview software (FVV300 Olympus). Images were rendered using
paintshop pro 8.
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SCF expression

Flow cytometry—Confluent ASM cells in T25 flasks were FCS deprived for 24 h, washed
with HBSS, and harvested using Accutase. ASM were stained with goat anti-human SCF,
indirectly labeled with polyclonal rabbit anti-goat FITC secondary, and compared with
appropriate goat isotype control. Analysis was performed using single-color flow cytometry
on the BD FACSCanto flow cytometer.

Immunofluorescence—ASM were grown to confluence on chamber slides and FCS
deprived for 24 h. The cells were labeled with goat anti-human SCF, indirectly labeled with
polyclonal rabbit anti-goat FITC secondary, and compared with appropriate goat isotype
control. Cells were counter-stained with DAPI and mounted.

ELISA analysis of supernatant content

SCF and IL-6 were measured by ELISA (R&D Systems) according to the manufacturer’s
instructions.

Mast cell activation for histamine release

HLMC were activated using IgE and anti-IgE stimulation. HLMC were harvested and
sensitized with human myeloma IgE (2.4 pug/ml) for 1 h before washing and resuspending at
37°C in fresh medium containing goat anti-human IgE (1/1000 dilution). After 30-min
incubation, supernatant was collected and the cell pellet was lysed in sterile de-ionized
water. Histamine was measured by sensitive radioenzymatic assay based on the conversion
of histamine to methylhistamine in the presence of the enzyme histamine-N-
methyltransferase as previously described (26).

Immunoprecipitation of CADM1 and Western blotting

A total of 8 x 107 HMC-1 cells were lysed in 4 ml ice-cold RIPA buffer containing protease
inhibitors. The insoluble debris was removed by centrifugation at 10,000 g for 10 min. The
cell lysate (4 ml) was then incubated with 80 pl protein A/G beads (Santa Cruz
Biotechnology) overnight at 4°C with rotation to remove any proteins that adhere
nonspecifically. The beads were pelleted by centrifugation and the 4 ml “cleaned” cell lysate
was transferred into new vials. Chicken anti-CADM1 (3E1) was added to the cell lysate at
10 ug/ml and the sample was incubated at 4°C overnight with rotation. After overnight
incubation with anti-CADM1, 2 ml cell lysate was incubated with 20 ul PBS control and the
remaining 2 ml cell lysate was incubated with 20 pl goat anti-chicken IgY (final
concentration 10 pg/ml). These samples were incubated for 4 h at 4°C. Protein A/G beads
were then added to all samples (20 pl beads/ml sample) and incubated at 4°C overnight with
rotation. The samples were then centrifuged, and the supernatant diluted at 1/100 in sample
loading buffer. The beads were washed four times with PBS, and beads in each sample then
resuspended in 200 pl sample loading buffer. All samples were boiled for 10 min and stored
at —20°C before running on a 10% SDS gel. After transfer to polyvinylidene difluoride
membrane, the membrane was probed for CD117 using mouse 1gG1 anti-CD117 Ab (0.2
ug/ml) and visualized by goat anti-mouse 1gG-HRP.
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Statistical analysis

Results

Statistical analysis was performed using GraphPad Prism 4 (GraphPad). Data are presented
as mean (£SEM). Paired and unpaired data were analyzed by using paired and unpaired t
tests, respectively. Comparison across groups was assessed using ANOVA and Tukey’s
multiple comparison test where appropriate. Differences were considered significant when p
values were less than 0.05.

ASM supports the survival and proliferation of HLMC

When HLMC (4 x 10%) were incubated in culture medium alone, their numbers diminished
to zero by day 10 (Fig. 1A). In the presence of IL-6 and SCF, but no FCS, 1.5 + 0.35 x 104
HLMC survived by day 10 (Fig. 1A), while SCF/IL-6 plus 10% FCS sustained survival with
minor proliferation evident by day 10 (5.2 + 0.67 x 10%; Fig. 1A). Remarkably, when HLMC
were cocultured with asthmatic or nonasthmatic ASM (4:1 ASM:HLMC ratio) in the
absence of FCS or exogenous cytokines, not only did they survive, but there was rapid
proliferation evident from day 1 and, at day 10, the number of mast cells had increased to
12.2 £ 1.0 x 104 (n = 14, p < 0.001; Fig. 1A). The HLMC number from days 1-10 in ASM
coculture was significantly greater than each of the other conditions (Fig. 1A). This survival
and proliferative effect of the ASM did not differ between asthmatic or nonasthmatic ASM
cells (p = 0.34).

To confirm the results obtained by cell counting, the proliferation of HLMC in ASM
coculture was quantified using HLMC that were preloaded with the fluorescent marker
CFSE. This stable dye is not passed between cells upon adhesion and is split equally upon
cell mitosis, allowing detection of new generations using flow cytometry. Loaded HLMC
were cocultured with ASM for 10 days or cultured alone in SCF/IL-6/FCS-supplemented
medium (positive control). The proportion of HLMC that proliferated in coculture was
significantly greater than the control (mean difference [95% confidence interval] 16.4%
[0.7-32.2%]; p = 0.046; n = 3; Fig. 1B). The fluorescence histograms were also analyzed
using Modfit LT software, which accurately approximates generation peaks. Cocultured
HLMC were found to contain more generations following 10 days of culture when
compared with the control HLMC (Fig. 1C).

HLMC apoptosis is attenuated in ASM coculture

The extent of cell death in the various culture conditions was analyzed using a combination
of Pl and Annexin V staining, with DAPI staining of the nuclei. Pl and Annexin V analysis
of cell death was assessed using flow cytometry in combination with CD117-
allophycocyanin to identify the HLMC population (Fig. 1D). Staining with Pl demonstrated
that HLMC cell death in both the ASM coculture and the SCF/IL-6/FCS-supplemented
monoculture was relatively low and stable (Fig. 1E). In contrast, HLMC in the cytokine-free
monoculture demonstrated accelerated cell death (Fig. 1E).

Annexin V staining on HLMC increased consistently in the SCF/IL-6/FCS-supplemented
control compared with the ASM coculture suggesting a decreased rate of apoptosis in
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coculture (p < 0.001 at day 7; Fig. 1F). This was further supported by analysis of nuclear
fragmentation using DAPI staining (Fig. 1, G and H). By day 3, there was a significant
increase in the percentage of apoptotic HLMC nuclei in the SCF/IL-6/FCS-supplemented
control compared with the HLMC in ASM coculture (p = 0.011). There was some
discrepancy in the number of apoptotic HLMC analyzed by Annexin V vs DAPI in the SCF/
IL-6/FCS-supplemented monoculture. This may be accounted for by the degranulation of
HLMC following resuspension in 100 ng/ml SCF (27). Nevertheless, the data demonstrate
consistently greater cell death within the SCF/IL-6/FCS-supplemented HLMC monoculture
compared with the HLMC in ASM coculture.

ASM-induced HLMC proliferation is dependent on SCF-, IL-6-, and CADM1-dependent

adhesion

SCF is an essential mast cell growth factor (28-30), IL-6 promotes cord blood mast cell
progenitor growth (31) and prevents HLMC apoptosis (32), and both cytokines are produced
by ASM (23, 24). IL-6 concentrations in the HLMC-ASM coculture-conditioned medium at
day 3 were 12.2 + 0.67 ng/ml, which is above the optimal 1 ng/ml concentration of IL-6
required for the development of human mast cells from peripheral blood progenitors (30).
SCF concentrations in this medium were only 0.29 + 0.06 ng/ml, which exert only a weak
survival capacity on cultured human mast cells (30). However, SCF also exists in a
membrane-bound form generated by alternative mRNA splicing (33). Membrane-bound
SCF was highly expressed as demonstrated by both flow cytometry and immunofluorescent
staining in ASM from both asthmatics and nonasthmatics (Fig. 2A). Addition of neutralizing
Abs targeting SCF or IL-6 inhibited HLMC proliferation in ASM coculture to a similar
degree, and using both Abs together had no significant additive effect (Fig. 2B). With
cytokine neutralization, cell number at day 10 remained similar to that present at day 0,
suggesting that while both IL-6 and SCF play important roles in mediating HLMC
proliferation, a further factor was supporting their survival.

To address whether ASM-induced HLMC survival and proliferation requires cell-cell
contact or soluble factors only, HLMC were cultured in FCS-free ASM-conditioned medium
generated over 3 days. The soluble mediators within the media maintained HLMC survival
for 7 days but no proliferation was evident (Fig. 3A). By day 10, HLMC numbers began to
decline, indicating a possible depletion of survival factors. Addition of SCF- or IL-6-
neutralizing Abs or both in combination to this culture reduced the number of surviving
HLMC further (Fig. 3A).

We then examined ASM-dependent HLMC survival and proliferation using the Transwell
system. ASM cells were grown to confluence before a 0.4 uM Transwell membrane was
inserted and the HLMC then added (4:1 ASM:HLMC ratio as previously). Use of the
Transwell inserts significantly reduced survival and proliferation of the HLMC compared
with the coculture without inserts (Fig. 3B), comparable to the effects seen in ASM-
conditioned media. Addition of IL-6- and SCF-neutralizing Abs individually and in
combination reduced this survival further but this was not significant when allowing for
multiple comparisons (Fig. 3B). These data confirm the importance of cell-cell contact for
HLMC survival and proliferation.
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HLMC adhere to ASM in part through CADM1, an adhesion molecule highly expressed on
HLMC but not ASM (19). Interestingly, the adhesion-blocking anti-CADM1 mAb 9D2 (19)
significantly reduced the proliferation of HLMC in ASM coculture compared with the
isotype control (p < 0.01 at days 7 and 10; Fig. 3C), indicating that adhesion via CADML1 is
also a critical factor for the induction of HLMC proliferation by ASM. Inhibiting CADM1,
IL-6, and SCF together (Fig. 3D) reduced the survival and proliferation of HLMC further
than that seen with the individual Abs (p = 0.007 at day 10 by one-way ANOVA).
Nevertheless, this inhibition was not complete and 56.9 + 25.5% of HLMC remained viable
in the culture after 10 days, indicating that either blockade of these molecules was not
complete or a further factor(s) may be important. There was no evidence of any physical or
functional cross-reaction between the anti-SCF, anti-1L-6, or 9D2 anti-CADM1 Abs. Taken
together, the marked effects of inhibiting each of SCF, IL-6, and CADML1 in isolation, but
relatively small additive effects seen when inhibiting them together, suggests the presence of
a cooperative interaction between these three molecules.

CD117 and CADM1 colocalize and physically interact in HLMC

Our data suggest that there is a cooperative interaction between SCF and CADML. It is
possible, therefore, that CADM1-dependent adhesion facilitates the interaction of
membrane-bound SCF on human ASM with its receptor CD117 (c-kit) on HLMC. Confocal
immunofluorescence demonstrated strong colocalization of CD117 and CADML1 in the
HLMC plasma membrane (Fig. 4A-D). There was evidence of immunofluorescent hotspots
for both CADM1 and CD117, which were 100% colocalized and present at points of
adhesion with ASM (Fig. 4). Interestingly, immunoprecipitation of CADML1 resulted in the
coimmunoprecipitation of CD117, indicating the presence of a physical interaction (Fig.
4E).

HLMC in coculture with ASM demonstrate increased constitutive histamine release and
decreased histamine content

HLMC within the ASM bundles of patients with asthma demonstrate morphological features
of activation with loss of granule contents (14), so-called piecemeal degranulation. We,
therefore, collected coculture supernatants and harvested the cells for analysis of total
histamine content and activation in the presence of IgE/anti-IgE. These were compared with
fresh HLMC at day 0 and parallel HLMC cultured in SCF, IL-6, and FCS.

HLMC cocultured with ASM released significantly more histamine into the culture
supernatant over 10 days (1198 + 182 ng/10° cells present at day 10) when compared with
HLMC cultured alone with SCF/IL-6/FCS (35 # 24 ng/108 cells present at day 10, p <
0.001; Fig. 5A). This suggests that HLMC in coculture with ASM is activated. In keeping
with the increased histamine content in the coculture supernatant, the histamine content of
HLMC in the coculture was approximately half that of the control cells and the cells at
baseline (1491 + 253 ng/106 cells in coculture, 7101 + 1214 ng/108 cells in SCF/IL-6/FCS,
and 4029 + 398 ng/108 cells at baseline, both p < 0.001; Fig. 5B). Although the 10-day
cocultured HLMC contained less histamine than the day 0 controls, when they were
activated with IgE/anti-IgE for 30 min, the total amount of histamine released was similar to
that at day 0 (Fig. 5C). Thus, HLMC are constitutively activated while in coculture with
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ASM, and maintain their responsiveness to stimulation through the high affinity IgE
receptor.

Discussion

We show for the first time that human ASM supports the survival and proliferation of
HLMC, effects mediated through a cooperative interaction between ASM membrane-bound
SCF, HLMC membrane-expressed CADM1, and soluble I1L-6. Furthermore, HLMC in ASM
coculture demonstrate enhanced constitutive activation as measured by the release of
histamine.

Human ASM was predicted to maintain HLMC survival because it produces SCF, an
essential mast cell growth factor (23). However, the rapid proliferation of HLMC was
remarkable, particularly as they have long been considered to represent terminally
differentiated cells. Nevertheless, HLMC will survive and proliferate slowly over many
weeks in culture with SCF, IL-6, and IL-10 (21, 22), but this is in marked contrast to the
rapid rate of HLMC proliferation in the ASM coculture. High-resolution dye tracking
confirmed the results observed by metachromatic counting, while DAPI and Annexin V
staining indicated a decreased rate of HLMC apoptosis in the ASM coculture compared with
the HLMC SCF/IL-6/FCS-supplemented monoculture. The increased HLMC numbers
evident in ASM coculture compared with the cytokine monoculture is, therefore, due to both
proliferation and protection from apoptosis.

Cell-cell contact was an essential requirement for HLMC proliferation in coculture with
HLMC. The effect of cell separation by a Transwell membrane was largely mimicked by an
adhesion-blocking Ab to CADM1, a CaZ*-independent adhesion molecule known to
mediate, in part, the adhesion of HLMC to ASM (19), and the adhesion of mouse mast cells
to fibroblasts (34) and nerves (25). Homophilic CADM1 interactions in epithelial cells
promote its tumor suppressor activity, but its heterophilic ligation in HLMC clearly
promotes cell proliferation. A potential mechanism that would explain this is a specific
interaction with the SCF receptor CD117 (c-kit). Several lines of evidence support this
hypothesis. Firstly, the effects of blocking CD117 and CADM1 were only marginally
additive, suggesting a cooperative interaction. The SCF expressed by ASM was
predominantly membrane-bound, and we also observed strong colocalization of CD117 and
CADML in the HLMC plasma membrane. Furthermore, and perhaps most importantly,
CD117 coimmunoprecipitated with CADMZ1, indicating a physical interaction. Interestingly
in mouse mast cells, CD117-dependent signaling through PI3K has been shown to be
important for CADM1-dependent adhesion (35), although this does not appear to apply to
humans (19). Finally, there is a precedent for the interaction of CADM1-like molecules with
other tyrosine kinase receptors. For example, CADM1 binds a membrane guanylate kinase
family member, Pals2, which binds to Lin-7. Lin-7 is required for the correct membrane
localization of an epidermal growth factor receptor homologue in Caenorhabditis elegans
(36). Thus, the ability of CADM1 to mediate HLMC adhesion to ASM, its direct physical
interaction with CD117, and its apparent cooperative role in CD117-dependent signaling
suggests that CADM1 plays a fundamental role in many CD117-dependent mast cell
processes. We, therefore, envisage a model whereby CADM1-dependent adhesion and
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CADM1-dependent CD117 membrane localization facilitates the interaction of CD117 with
membrane-bound SCF on ASM and other stromal cells.

IL-6 was also an important mediator of the HLMC proliferative response in the coculture
environment. The concentrations present in the coculture supernatant were above the
optimal concentration required to promote cultured human mast cell proliferation (30). The
source of this IL-6 might be ASM but could also arise from HLMC, which release this
cytokine in large quantities (32, 37). IL-6 appeared to cooperate with SCF and CADM1 as
its contribution was similar to these molecules and the effects of its blockade were barely
additive. Determining how IL-6 interacts with SCF and CADML1 requires further
investigation.

Human gut fibroblasts maintain gut mast cell survival but do not induce their proliferation.
This did not require cell-cell contact and was not mediated via SCF (38), which is surprising
as SCF- and CADM1-dependent adhesion mediates mouse mast cell adhesion to fibroblasts
and promotes their survival (34, 35). The gut fibroblast survival activity had a mass between
10 and 100 kDA, suggesting that IL-6, which was not measured, may have been partially
responsible. In contrast, coculture of human gut mast cells with HUVECSs not only promoted
mast cell survival but also induced their proliferation (39). However the proliferative effect
was much slower than that seen in our experiments with ASM and the mechanism was
distinct. Although gut mast cell-HUVEC coculture required adhesion for proliferation, the
adhesive process was mediated via membrane-bound SCF and the Ig superfamily molecule
VCAM-1 expressed on HUVEC (39). Neither of these is involved in the adhesion of HLMC
to ASM (19). Furthermore, blocking SCF in coculture with HUVECs killed all mast cells,
whereas in our experiments, proliferation was attenuated but the cells remained viable.
Human bronchial epithelial cells also maintain the survival of human cord blood-derived
mast cells through a SCF-dependent mechanism but over 4 days do not induce proliferation
(40). Determining whether HLMC interact with airway epithelial cells, endothelial cells, and
fibroblasts via CADM1 will be of great interest.

Not only do HLMC proliferate in coculture with ASM, but they are also activated. There
was increased basal histamine release during the coculture period, which was mirrored by a
decrease in HLMC histamine content. This is particularly interesting because mast cells in
the asthmatic ASM bundle are activated as shown by the presence of piecemeal
degranulation (14). Our data, therefore, suggests that this can occur as a result of the
interaction of mast cells with ASM independently of allergen and/or monomeric IgE (4).
This might explain why anti-IgE therapy is able to inhibit airway inflammation but have no
effect on AHR (41). The mechanisms behind this require investigation but could be
mediated in part through the interaction of HLMC CD117 with membrane-bound SCF
expressed by ASM. It will also be important to investigate the role of CADML1 in this
activation process. Of further importance, these activated, histamine-depleted HLMC are
still able to release equivalent amounts of histamine following IgE-dependent activation,
indicating that they can still respond to allergen inhalation. These findings are in contrast to
those with human airway epithelium, which actually inhibits constitutive and IgE-dependent
mast cell activation (40, 42), further highlighting the potential importance of the ASM-
HLMC interaction.
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summary, we have demonstrated that human ASM supports HLMC survival and
oliferation which may contribute to the mast cell myositis evident in asthma. Furthermore,
is interaction activates mast cells, which supports the view that they aggravate smooth

muscle contractile dysfunction in asthma. Perturbing the SCF-CADM1-IL-6-dependent
pathway through which these effects are achieved may offer a new approach to asthma
therapy.
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FIGURE 1.

HLMCs survive and proliferate in coculture with ASM in the absence of FCS and
exogenous cytokines. A, Numbers of metachromatic mast cells present over 10 days of
culture in culture medium alone (black line), SCF (100 ng/ml) and IL-6 (50 ng/ml) (blue
line), medium plus SCF/IL-6/FCS (green line), and coculture with ASM in the absence of
SCF/IL-6/FCS (red line); n = 14 experiments using 8 HLMC donors and 14 ASM donors.
** p <0.01; and ***, p < 0.001 by ANOVA. 1, p < 0.05 by Tukey’s multiple comparison
test comparing HLMC-ASM coculture to each of the other conditions. B, HLMC were
loaded with CFSE before culturing in SCF/IL-6/FCS (green line) or coculture with ASM in
the absence of SCF/IL-6/FCS (red line) for 10 days, and then analyzed using flow
cytometry. Cocultured HLMC exhibit a subpopulation with significantly reduced
fluorescence beyond the control HLMC population, indicating the presence of a
proliferating pool of cells (p = 0.046 by paired t test). The histogram is representative of
three experiments using three HLMC donors and three ASM donors. C, Analysis of CSFE
staining using Modfit LT software revealed the presence of a reduced number of generations
following 10 days in monoculture (i) compared with ASM-coculture (ii). Representative of
three experiments. D—F, The percentage of dead/apoptotic cells over 10 days of culture. D,
Representative dot plots for FITC-Annexin V/PI dual-color flow cytometry of HLMC
cultured for 7 days (i) alone in the absence of SCF/IL-6/FCS and (ii) alone with SCF/IL-6/
FCS. Three color flow cytometry of 7-day HLMC labeled with CD117-allophycocyanin
cocultured with ASM in the absence SCF/IL-6/FCS (iii), and gated CD117 cells analyzed
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for Annexin V and PI (iv). E, Percentage of dead cells revealed by PI staining using flow
cytometry. F, Percentage of apoptotic cells revealed by Annexin V staining using flow
cytometry. G, Representative micrographs at day 7 showing DAPI staining on HLMC (i) in
the presence of SCF/IL-6/FCS, (ii) in absence of SCF/IL-6/FCS, or (iii) in coculture with
ASM (stained with DAPI and overlaid with anti-CD117 [red]). In i and ii, note nuclear
blebbing (arrows) and fragmentation (arrowheads). H, Quantification of apoptosis identified
by nuclear morphology. Fig. 1E, F, and H: *, p < 0.05; **, p < 0.01; and ***, p < 0.001
comparing HLMC monoculture in the presence or absence of SCF/IL-6/FCS to HLMC-
ASM coculture. Paired t test; n = 3 HLMC and ASM donors.
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FIGURE 2.

HLMC proliferation in coculture with ASM is dependent on SCF and IL-6. A, Human ASM
expresses membrane-bound SCF, (i) positive immunofluorescence for SCF (green) in ASM
monolayers. Representative histogram of SCF expression on ASM by flow cytometry (ii)
and geometric mean analysis of ASM demonstrating surface SCF expression (iii), n =8
experiments. B, Effect of cytokine neutralization. HLMC were cultured in media alone
(black line) or cocultured with ASM in the absence SCF/IL-6/FCS (red line), and in the
presence of the neutralizing Abs to IL-6 (blue line), SCF (green line), or both (purple line), n
=5 experiments using three HLMC donors and five ASM donors. **, p < 0.01; *** p <
0.001 by one-way ANOVA. T, p < 0.05 by Tukey’s multiple comparison test comparing
cocultured HLMC to addition of neutralizing Abs singularly and in combination.
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FIGURE 3.

HLMC proliferation in coculture with ASM is dependent on cell-cell contact and CADML.
A, In the presence of ASM-conditioned media, HLMC survived for 7 days but did not
proliferate (red line). This survival effect was attenuated equally by neutralizing Abs to IL-6
(blue line) and SCF (green line), with a nonsignificant additive effect evident with both SCF
and IL-6 neutralization (purple line), n = 6 experiments using three HLMC donors and six
ASM donors. **, p < 0.01; and ***, p < 0.001 by one-way ANOVA. 1, p < 0.05 by Tukey’s
multiple comparison test comparing HLMC cultured in ASM-conditioned to addition of
combined SCF and IL-6 neutralizing Abs. B, Separation of HLMC from ASM cells using a
0.4 uM Transwell insert inhibits their proliferation and survival. HLMC were cultured in
media alone (black solid line), exogenous SCF/IL-6/FCS (light green solid line solid line),
or in the presence of ASM without SCF/IL-6/FCS (red solid line). HLMC were also
cocultured with ASM with separation by a 0.4 uM Transwell insert (T) to block physical
contact between the two cell types in the presence and absence of isotype control Ab (red
and gray dashed line respectively), neutralizing anti-IL6 Ab (blue dashed line), neutralizing
anti-SCF Ab (green dashed line), or both anti-1L-6 and -SCF (purple dashed line), n =5
experiments using three HLMC donors and five ASM donors. ***, p < 0.001 by one-way
ANOVA. T, p <0.05 by Tukey’s multiple comparison test comparing cocultured HLMC to
the addition of Transwell inserts in the presence and absence of neutralizing Abs. C, In
keeping with the Transwell experiments, addition of an adhesion-blocking Ab to CADM1
also prevented HLMC proliferation in coculture with ASM, suggesting that CADM1-
dependent adhesion is an important component of the ASM-induced HLMC proliferation
pathway, n = 5 experiments using three HLMC donors and five ASM donors. **, p < 0.01
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by paired t test comparing isotype control cocultured HLMC with the anti-CADM1 Ab. D,
HLMC-ASM coculture in the presence of neutralizing Abs to SCF, IL-6, and CADM1
revealed a minor additional effect over neutralization of each in isolation suggesting a
cooperative effect between the three molecules, n = 6 experiments using three HLMC
donors and six ASM donors. *, p < 0.05; **, p <0.01; and ***, p < 0.001 by paired t test
comparing isotype control cocultured HLMC with anti-SCF/IL-6/CADM1-treated cells.
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FIGURE 4.
CD117 colocalizes with CADML1. A, HLMC were cocultured with ASM cells over 3 days

and stained with anti-human RPE-CD117 (104D2, red), anti-CADM1 (3E1, green), and
DAPI (blue cell nuclei). The cells negative for CD117 and CADM1 are the ASM cells
(x400 magnification). B, Representative micrographs of confocal laser scanning microscopic
sections of HLMC cocultured on confluent ASM cells for 3 days. Diffuse plasma membrane
staining was punctuated by hotspots of staining (arrows). Notably the cell surface is the most
intensely fluorescent and CD117 and CADML are colocalized in the HLMC plasma
membrane. C, HLMC XYZ plane images were captured and a 3D image cropping series
animation was produced of CADM1 and CD117 staining. The displays of the measured 3D
image stack are shown for CADM1, CD117, and the overlay, demonstrating strong
colocalization. D, The 3D image was then rotated and demonstrated that there were hot
spots of colocalized staining present at the point of contact with the ASM (arrow). E, Lane

2, CADM1 was immunoprecipitated from the HMC-1 human mast cell line using the 3E1
anti-CADM1 Ab, run on an SDS gel, transferred to a polyvinylidene difluoride membrane,
and then probed for CD117. CD117 was consistently present as a characteristic doublet of
145 and 122 kDa (representative of three experiments). Lane 1, Negative control i.p. with
anti-chicken 1gY omitted. Lane 3, Positive control for CD117 present in HMC-1 cell lysate.
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FIGURE 5.
HLMC in coculture with ASM demonstrate increased constitutive histamine release and

decreased histamine content. A, Histamine concentrations were measured in the culture
supernatant and corrected for the number of cells present at the appropriate time point.
Increased constitutive histamine release was evident in the HLMC-ASM coculture at both
days 5 and 10 compared with the SCF/IL-6/FCS-supplemented HLMC monoculture. B, In
keeping with increased constitutive release, histamine content corrected for cell number was
significantly reduced in the coculture compared with both the monoculture control and the
original cells analyzed at day 0. C, Total histamine release corrected for cell number in
response to IgE-dependent activation for 30 min was similar in HLMC at day 0 compared
with cells after 10 days in coculture.

J Immunol. Author manuscript; available in PMC 2014 April 21.



