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Abstract

Asthma is a major cause of morbidity and mortality worldwide. It is characterized by airway
dysfunction and inflammation. A key determinant of the asthma phenotype is infiltration of airway
smooth muscle bundles by activated mast cells. We hypothesized that interactions between these
cells promotes airway smooth muscle differentiation into a more contractile phenotype. In vitro
coculture of human airway smooth muscle cells with g-tryptase, or mast cells with or without IgE/
anti-IgE activation, increased airway smooth muscle-derived TGF-BL1 secretion, a-smooth muscle
actin expression and agonist-provoked contraction. This promotion to a more contractile
phenotype was inhibited by both the serine protease inhibitor leupeptin and TGF-81
neutralization, suggesting that the observed airway smooth muscle differentiation was driven by
the autocrine release of TGF-AL in response to activation by mast cell g-tryptase. Importantly, in
vivo we found that in bronchial mucosal biopsies from asthmatics the intensity of a-smooth
muscle actin expression was strongly related to the number of mast cells within or adjacent to an
airway smooth muscle bundle. These findings suggest that mast cell localization in the airway
smooth muscle bundle promotes airway smooth muscle cell differentiation into a more contractile
phenotype, thus contributing to the disordered airway physiology that characterizes asthma.

Asthma is a common disease and remains a significant cause of morbidity and mortality
worldwide. It affects 10% of children and 5% of adults, and its prevalence continues to rise
(1). It is characterized by the presence of variable airflow obstruction, airway
hyperresponsiveness (AHR),3 and an airway inflammatory response characterized by
eosinophilic airway inflammation, Th2 cytokine expression and reticular basement
membrane thickening, features that have been implicated in the development of the
disordered airway physiology (2, 3). We have demonstrated that many of the
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immunopathological features of asthma are also observed in the airways of patients with
eosinophilic bronchitis (4-6), a condition that presents with a cortico-steroid-responsive
chronic cough, but which in contrast to asthma is not associated with AHR or airflow
obstruction (7). The striking difference we found in the pathology of these two diseases was
the infiltration of asthmatic airway smooth muscle (ASM) by mast cells, suggesting that this
is a major determinant of the disordered airway physiology observed in asthma (4).

Notably, the mast cells in the ASM bundle are in an activated state as evidenced by
increased I1L-4 and -13 expression (8). Mast cells have the capacity to secrete many
autacoids, cytokines, and proteases, which have the ability to induce ASM proliferation and
contraction (9). However, the mechanisms that drive the development of disordered airway
physiology in asthma as a consequence of mast cell-ASM interactions have not been fully
elucidated. Indeed, to date whether mast cells promote ASM differentiation to a more
contractile phenotype is unknown.

Here we demonstrate that TGF-£L1 secretion by ASM was increased by mast cell S-tryptase.
This in turn up-regulates ASM contractile protein expression in an autocrine manner; and
increases spontaneous and agonist-provoked contraction. Critically, there was a strong
relationship between mast cell localization and a-smooth muscle actin (a-SMA) expression
intensity in ASM bundles in biopsies from asthmatics supporting the view that mast cells
drive ASM differentiation toward a more contractile phenotype.

Materials and Methods

Subjects

Subjects were recruited from Glenfield Hospital, Leicester, U.K. Subjects with asthma had a
consistent history and had objective evidence of asthma, as indicated by one or more of the
following: 1) methacholine AHR (PCyoFEV; < 8 mg/ml); 2) >15% improvement in FEVy
15 min after administration of 200 g of inhaled salbutamol; or 3) >20% of maximum
within-day amplitude from twice daily peak expiratory flow measurements over 14 days.
Severity of asthma was defined based on Global Initiative Network for Asthma treatment
steps (10). Subjects with asthma and controls with normal lung function underwent
bronchoscopy and bronchial biopsy (11). Additional non-asthmatic subjects were
undergoing lung resection. The study was approved by the Leicestershire Ethics Committees
and all patients gave their written informed consent.

Immunohistochemical assessment of proximal airway

Bronchial biopsies from subjects with asthma were fixed in acetone and embedded in
glycomethacrylate as described previously (12). Sections (2 um) were cut and stained
sequentially using mAbs against a-SMA (DakoCytomation), tryptase for mast cells
(DakoCytomation) and appropriate isotype controls (DakoCytomation).

Morphometry was assessed using a computerized image analysis system. In brief, the ASM
bundle was identified at x200 magnification and its area determined [mean (SEM) area
0.072 mmZ]. The threshold (hue, saturation, and intensity) required to identify high intensity
a-SMA staining within the bundle was then identified by visually selecting high intensity a-
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SMA stained pixels. The percentage of the ASM bundle area that was occupied by high
intensity a-SMA staining was then determined. The corresponding sequential section
stained for tryptase was then used to determine the number of mast cells within the bundle
(x400 magnification) and within a 30-um perimeter; determined by a line drawn
perpendicular from the perimeter of the bundle to neighboring mast cells. The total number
of mast cells within the bundle and perimeter were corrected for bundle area and the area of
the bundle plus the perimeter, respectively, and expressed as /mm2.

Mast cell and ASM isolation and culture

Human lung mast cells (HLMC) were obtained from non-asthmatic lung (n = 18) obtained at
lung resection surgery using immunomagnetic affinity purification. Cells were cultured in
DMEM, 10% FBS supplemented with stem cell factor (100 ng/ml), IL-10 (10 ng/ml), and
IL-6 (50 ng/ml) (R&D Systems). The human mast cell line (HMC)-1 cells were a generous
gift from Dr. J. Butterfield (Mayo Clinic, Rochester, MN). HMC-1 cells were maintained in
Iscove’s modified DMEM (13).

Pure ASM bundles were isolated from bronchial biopsies obtained from fiberoptic
bronchoscopy and additional airways isolated from lung resection were dissected free of
surrounding tissue. Primary ASM was cultured in DMEM with Glutamax-1 supplemented
with 10% FBS, 100 U/ml penicillin, 100 pug/ml streptomycin, 0.25 pg/ml amphotericin, 100
UM non-essential amino acids, and 1 mM sodium pyruvate as previously described (14).
ASM passage 2—-6 was used for experiments.

a-SMA expression

Flow cytometry—ASM were fixed with 4% paraformaldehyde; resuspended, and
permeabilized in PBS/0.5% BSA and 0.1% saponin (1 x 108 cells/ml) and stained with a-
SMA FITC direct conjugate or appropriate isotype control (DakoCytomation). a-SMA
expression was assessed by flow cytometry (FACScan, CellQuest software; BD
Biosciences) and quantified as fold difference in geometric mean fluorescent intensity
(GMFI) compared with isotype control or the proportion of positive cells.

Immunofluorescence—ASM were labeled with a-SMA mAb FITC direct conjugate and
compared with an appropriate isotype control (Dako-Cytomation). ASM and HLMC
cocultures were counterstained with tryptase biotin (Chemicon) indirectly conjugated with
streptavidin Texas red (Vector Laboratories) and compared with an appropriate isotype
control (DakoCytomation).

Real-time RT-PCR—Total RNA was isolated using TRIzol (Invitrogen). The
concentration and purity of each sample were determined by analyzing spectrophotometric
absorption at 260/280 nm. Real-time RT-PCR was performed using a single tube full
velocity SYBR green kit (Stratagene). The internal normalizer gene used was g-actin and
was conducted with g-actin forward (TTCAACTCCATCATGAAGTGTGACGTG), and B
actin reverse (CTA AGTCATAGTCCGCCTAGAAGCATT) primers, while amplification
of a-SMA was conducted with a-SMA forward (CTGTTCCAGCCATCCT TCAT), and a-
SMA reverse (CCGTGATCTCCTTCTGCATT) primers (15). Amplification was evaluated
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using 10-fold serial dilutions of positive controls and calculated from the slopes of log input
amounts plotted vs C; values. The efficiency of the a-SMA primer was confirmed to be high
(>95%) and comparable (less than 2% difference with respect to S-actin).

Assessment of ASM contraction by collagen gel analysis

Collagen gels (299 pl of collagen (Inamed Biomaterials), 37 pl of 10X DMEM (Invitrogen),
20 pl of sodium bicarbonate (Invitrogen) were impregnated with 0.125 x 105 ASM cells
resuspended in 144 pl of serum-free medium with stimulus as required. The gels were added
to 24-well plates (PBS/0.5% BSA) and left to polymerize at 37°C for 90 min. The gels were
then detached and suspended in 500 pl of serum-free medium with stimulus as required and
incubated for 48 h. Histamine (Sigma-Aldrich) was added to appropriate wells to a final
concentration of 100 uM, with photographs taken at 0.25, 0.5, 1, 2, 4, and 8 h. The surface
area of each gel was measured at each time point using ImageJ (http://rsh.info.nih.gov/ij) by
a blinded observer. The intersubject variability in the assessment of gel size was assessed
between five observers and demonstrated excellent agreement (intraclass correlation = 0.99).

Study Protocol

Modulation of a-SMA expression by mast cells and their products—ASM was
serum deprived for 72 h in ITS medium (DMEM with Glutamax-1 supplemented with 100
U/ml penicillin, 100 pg/ml streptomycin, 0.25 ug/ml amphotericin, 100 uM non-essential
amino acids, and 1 mM sodium pyruvate and 1% insulin-transferrin-selenium) and
cocultured for 1, 3, or 7 days with 1) whole HLMC, 2) HLMC sensitized with 2.5 pg/ml IgE
(Calbiochem) for 1 h, 3) sensitized HLMC activated with 1:1000 anti-IgE (Sigma-Aldrich),
4) HLMC or HMC-1 lysates, and 5) isolated 0.5 ug/ml human lung tryptase (Europa
Bioproducts) a concentration equivalent to the tryptase concentration found in a 1:4 mast
cell to ASM ratio (16). HLMC or lysates were cocultured with ASM at a 1:4 mast cell/ASM
ratio to reflect the ratio that is found in vivo (4). Experiments were performed in the
presence and absence of the serine protease inhibitor leupeptin (Sigma-Aldrich) and
lactoferrin (Sigma-Aldrich), a member of the transferrin class of proteins, at appropriate
concentrations to inhibit the activity of the tryptase (17, 18). After 1, 3, or 7 days, a-SMA
protein and mRNA expression were examined by flow cytometry, immunofluorescence, and
quantitative PCR.

Cell-free supernatants from cocultures of ASM with S-tryptase, HLMC or HLMC lysates
with and without inhibitors were stored at —80°C for later analysis of TGF-$1 and TGF-52
expression by ELISA (R&D Systems) with a limit of detection of 31.25 pg/ml for both
assays.

Modulation of a-SMA expression by TGF-g—Recombinant TGF-A1 or TGF-52
(0.25, 2, or 10 ng/ml) (R&D Systems) was added to ASM that had been serum deprived for
72 h. After 1, 3, or 7 days, a-SMA protein expression and ASM contractile activity was
examined by flow cytometry and collagen gel analysis.

TGF-A1 (2 ng/ml) was pre-incubated with or without the TGF-£1 neutralizing Ab or isotype
control (R&D Systems) for 30 min at 37°C before addition to the ASM that had been serum

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


http://rsb.info.nih.gov/ij

syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Woodman et al. Page 5

deprived for 72 h. The concentration of TGF-£1 and the neutralizing Ab used was based on
the TGF-p1 content measured in ASM and tryptase culture supernatants. a-SMA protein
expression and ASM contractile activity were examined by flow cytometry and collagen gel
analysis.

PAR-2 expression by ASM

Surface and intracellular protein expression by ASM of PAR-2 was assessed by flow
cytometry as described above using an indirectly FITC-labeled PAR-2 mouse mAb (R&D
Systems) and appropriate isotype control (DakoCytomation).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 4. 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 was used for between group comparisons. Differences were considered
significant when p < 0.05.

Results

Clinical populations

We recruited 12 subjects with asthma and 29 non-asthmatic controls. Eleven of the controls
had chronic obstructive pulmonary disease (COPD) and 18 had normal lung function. The
clinical characteristics of the subjects are as described in Table I.

Increased ASM a-SMA expression in vivo localized with mast cells

In bronchial biopsies from asthmatic subjects, mast cells were identified in and adjacent to
ASM bundles (n = 12). Representative photomicrographs of sequential sections illustrating
the association between the location of mast cells and the intensity of a-SMA are as shown
in Fig. 1A. The mean (SEM) number of mast cells within the ASM bundle was 10.6
(4.05)/mm? and 34.4 (10.3)/mm? in the bundle and perimeter. There was a strong correlation
between the percentage of high intensity a-SMA staining and the number of mast cells in
the ASM bundle alone (r = 0.87; p = 0.0003; Fig. 1B) and together with the number of mast
cells adjacent to the bundle (r = 0.87; p = 0.0002; Fig. 1C).

Mast cells and g-tryptase increase ASM a-SMA expression

The mean (SEM) proportion of cells that expressed a-SMA by flow cytometry was
consistently very high as illustrated in the representative histogram (Fig. 2A) and was not
different between those subjects with 97.6 (0.7)% and without asthma 91.6 (2.2)% (p =
0.23). In coculture we therefore chose to examine the change in the GMFI of ASM a-SMA
(Fig. 2A).

Mast cells or their lysates in coculture with ASM increased ASM a-SMA expression
markedly over 1, 3, and 7 days assessed by flow cytometry (Fig. 2, A-C). The increase in
ASM a-SMA expression in response to coculture with mast cells was not different between
ASM cocultured with unstimulated or IgE/anti-IgE stimulated HLMCs (Fig. 2B; ANOVA p
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> 0.05 for all time points). The mast cell mediated up-regulation of ASM a-SMA actin
expression was also not significantly different between those ASM donors with or without
asthma or between those controls with or without COPD (unpublished data). Our flow
cytometry findings were confirmed by immunofluorescence (Fig. 2D).

Similar effects on ASM differentiation were observed with the mast cell-derived serine
protease S-tryptase. Human lung S-tryptase (0.5 pg/ml) increased a-SMA expression
assessed by flow cytometry (Fig. 3A), immunofluorescence (Fig. 3B), and mRNA
expression (Fig. 3C).

Both the S-tryptase-mediated increase in protein and mRNA a-SMA was significantly
inhibited by the serine protease inhibitor leupeptin (10.6 pg/ml) (Fig. 3). Similarly, the
increase in a-SMA protein following coculture with HLMC or HMC-1 lysates was
significantly inhibited by leupeptin (10.6 ug/ml) (Fig. 4). This suggests that the mast cell
mediated up-regulation in ASM a-SMA expression was mediated by tryptase.

Enhanced ASM contractility in response to g-tryptase

We assessed the functional consequence of the S-tryptase-mediated increased a-SMA
expression by ASM using a gel contraction assay. The size of the gel impregnated with g-
tryptase primed ASM was reduced after 48 h compared with control (mean difference [95%
Cl] 59.3 [31.5-87.1]%; p = 0.01; n = 5), an effect inhibited by leupeptin (Fig. 5, A and B). In
addition, the contractile response of B-tryptase-primed ASM to histamine was increased
compared with control (after 1 h mean difference [95% CI] 90.2 [81.5-98.9]%; p = 0.03; n =
5). This increased contractility was inhibited by leupeptin (Fig. 5C).

TGF-B1 and TGF-B2 increase ASM a-SMA expression and contractility

The TGF-AL concentration was increased in cell-free supernatants from ASM cocultured for
1 and 3 days with HLMC (day 3: geometric mean [95% CI] 5.52 [0.55-55.59] ng/ml/108
cells; n = 3; p = 0.03) or HLMC lysates (day 3: 6.65 [0.46-95.54] ng/ml/10° cells; n=3; p =
0.04) or Btryptase (day 3: 9.62 [5.72-16.14] ng/ml/10° cells; n = 3; p =<0.01) corrected for
basal release by ASM and mast cells (Fig. 6A). The increases in TGF-£1 concentration in
cell-free supernatants from ASM and HLMC or B-tryptase cocultures were significantly
inhibited by the application of leupeptin or lactoferrin (Fig. 6B).

There was a small nonsignificant increase in the TGF-£2 concentration in cell-free
supernatants from ASM cocultured for 1 and 3 days with HLMC (day 3: 0.93 [0.1-8.58]
ng/ml/10° cells, n = 3) or HLMC lysates (day 3: 0 [0-0] ng/ml/10° cells, n = 3) or B-tryptase
(day 3: 1.57 [0.23-10.86] ng/ml/106 cells, n = 3) corrected for basal release by ASM and
mast cells.

The expression of a-SMA in ASM significantly increased as a result of stimulation with
both recombinant TGF-A1 and TGF-42 (0.25-10 ng/ml), after 1, 3, and 7 days (p < 0.05)
(Fig. 7A), stimulation with TGF-£2 was only significantly greater than TGF-f1 at 3 days
with 0.25 ng/ml. TGF-£L1 (10 ng/ml) mediated up-regulation of ASM a-SMA after 7 days in
those with (geometric mean [95% CI] 7.0 [1.2-41.3] fold increase; p = 0.04) or without
asthma (4.9 [1.7-13.8] fold increase; p = 0.04), but there was no difference between groups
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(mean difference [95% CI] asthma vs non-asthma 1.44 [0.4-5.4] fold; p = 0.49; n = 3). The
increase in a-SMA expression mediated by TGF-1 (2 ng/ml) was significantly inhibited by
TGF-pl-neutralizing Ab (Fig. 7B). TGF-p1 also increased the contractile response of ASM
to hista-mine (after 1 h mean difference [95% CI] 74 [51.7-91.1]%; p = 0.02; n = 3), which
was inhibited by the TGF-gB1-neutralizing Ab (Fig. 7C).

The neutralization of TGF-g1 inhibited g-tryptase-mediated increased ASM contraction

The increase in ASM contraction in response to histamine mediated by S-tryptase priming
was markedly inhibited by TGF-gL1 neutralization compared with isotype control (Fig. 8).

This suggests that the g-tryptase induced up-regulation in ASM a-SMA may be attenuated
by the inhibition of the TGF-SL1 released by the ASM in response to S-tryptase stimulation.

PAR-2 expression by ASM

The proportion of primary cultured ASM that expressed PAR-2 on their cell surface was
(mean = SEM) 7.6 £ 0.99%; p = 0.02 (n = 3) and the PAR-2 expression by permeabilized
ASM was 24.53 £ 4.7%; p = 0.03 (n = 3).

Discussion

This is the first report to demonstrate that mast cells promote ASM differentiation to a more
contractile phenotype. Since mast cell localization to the ASM bundle is a key feature of the
immunopathology of asthma, we have identified a novel mechanism whereby mast cell-
ASM interactions may aggravate the disordered airway physiology that characterizes
asthma.

Mast cells increased ASM a-SMA mRNA and protein expression. This was mediated by 5
tryptase and was attenuated by the serine protease inhibitor leupeptin. We confirmed that
mast cell-derived S-tryptase increased ASM TGF-g1 secretion (19), which itself increased
a-SMA expression (20). The mast cell-derived S-tryptase mediated increases in TGF-S1
production were inhibited by leupeptin and lactoferrin. We confirmed that ASM expressed
the B-tryptase receptor; PAR-2, but whether S-tryptase exerts its effects in ASM via this
receptor requires further study. Importantly the increased ASM a-SMA expression by 5
tryptase was inhibited by TGF-g1 neutralization suggesting that its effects were
predominately exerted via the autocrine activation of ASM by TGF-S1. However, we cannot
exclude the possibility that some of the S-tryptase-mediated effects on ASM may have been
direct or via other important mediators and therefore TGF-g independent. We are confident
that our in vitro findings are relevant in asthma as in vivo we found that in bronchial
mucosal biopsies from asthmatics, the intensity of a-SMA expression was strongly related
to the number of mast cells within or adjacent to an ASM bundle. Although we present here
the first evidence of HLMCs driving ASM differentiation, the importance of mast cell-
mesenchymal interactions is not restricted to the airway. Current evidence suggests that
colocalization of mast cells with pericryptal fibroblasts in the lamina propria of the
duodenum is important in maintaining normal villous morphology (21) and coculture of
dermal fibroblasts and HMC-1 cells result in fibroblast differentiation (22).
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Mast cell microlocalization to the ASM bundle is a feature of asthma across severities. Mast
cell number correlates positively with the degree of AHR (4) and with the
bronchoconstrictor response to a deep inspiration (23) supporting the view that mast cell-
ASM cell interactions are central in the development of the disordered physiology in
asthma. Importantly, there is evidence that mast cells infiltrating the ASM bundle are
activated with increased expression of Th2 cytokines IL-4 and IL-13 (8). Post mortem
studies of fatal and non-fatal asthma have demonstrated that there was a marked increase in
mast cell degranulation in the ASM bundle in both the large and small airways (24) and that
increased numbers of mast cells are associated with increased ASM shortening in fatal
asthma (25). In contrast, there is a paucity of other inflammatory cells in the ASM bundle in
asthma (as reviewed in Ref. 26). Our data suggest that mast cell S-tryptase is central in the
development of ASM dysfunction, which is supported by early clinical trials of tryptase
inhibitors in sheep models of asthma (27) and in human disease (28, 29). However, the link
between mast cell-ASM interactions and disordered airway physiology has been questioned
by the inconsistent effect of anti-IgE therapy on AHR (30-33). Importantly, our findings
indicate that mast cell-derived S-tryptase from HLMCs can promote ASM differentiation
independently of IgE. We have therefore identified a novel IgE-independent mast cell-
mediated mechanism that may be an important driver in the development of AHR in asthma.

Smooth muscle contraction is under the control of a well-described multistep process (34).
Specifically, ASM contraction occurs due to myosin-actin cross-bridging following
phosphorylation of smooth muscle myosin L chain by myosin L chain kinase, which in turn
is activated by cytoplasmic Ca2* bound to calmodulin. Although a-SMA is a key contractile
protein involved in ASM contraction, this process can be modulated by the content and
activation of several proteins and kinases. We restricted our investigations to a-SMA
expression as there is a considerable body of evidence that there is close relationship
between the a-SMA content and mesenchymal cell contraction (35). Fibroblasts from an
OVA-challenged mouse model of asthma demonstrated augmented gel contraction and
expressed more a-SMA than fibroblasts from control animals (36). In a-SMA null mice,
there is diminished vascular tone (37) and reduced contractile force by bladder smooth
muscle (38). In humans, there was a very strong correlation between a-SMA expression and
contraction of bone marrow stroma-derived mesenchymal stem cells (39). We are therefore
confident that the changes we observed in the up-regulation of a-SMA expression by ASM
in response to coculture with mast cells is critical in the transition of the ASM to a more
contractile phenotype.

One possible criticism of our study is that our in vitro findings are limited to primary cells
rather than ex vivo bronchial rings or in vivo whole animal studies. To date there is not a
good animal model of asthma to study mast cell-ASM interactions (26). Contraction studies
using bronchial rings have the advantage over gel contraction assays in that the ASM bundle
and the microenvironment are intact but are limited in their ability to examine interactions
between cell types. However, in support of our findings sensitized bronchial rings primed
with B-tryptase demonstrate increased contractility to histamine (40). Critically, the
mechanisms proposed by our ASM-mast cell cocultures are strengthened by two lines of
evidence. First, we observed a remarkably strong correlation between the intensity of a-
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SMA expression and the number of mast cells within an ASM bundle; second,
improvements in lung function in asthmatics following treatment with tryptase inhibitors are
encouraging (28, 29).

In

conclusion, mast cell localization to the ASM bundle facilitates interactions between

these cell types and leads to an altered ASM phenotype with increased a-SMA expression
and contraction. This ASM differentiation to a more contractile phenotype mediated by mast
cell-derived S-tryptase presents a novel target to improve the disordered airway physiology
that is the hallmark of asthma.
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FIGURE 1.
Increased ASM a-SMA expression in vivo localized with mast cells. A, Photomicrographs

of a bronchial biopsy from an asthmatic illustrating ASM bundles stained for a-SMA (left),
sequential tryptase stained section revealing one mast cell within the ASM bundle and two
in the 30-um perimeter of the bundle (middle), and high intensity thresholded a-SMA-
stained bundle covering 8.76% of the total ASM bundle area (right) (x400). B,
Photomicrograph of another asthmatic subject again illustrating a-SMA-stained ASM
bundle (left), sequential tryptase-stained section revealing one mast cell in the 30-um
perimeter and none within the ASM bundle (middle), and high intensity thresholded a-
SMA-stained ASM bundle covering 0% of the total ASM bundle area (right) (x400). C,
Correlation between the percentage of high intensity a-SMA staining and the number of
mast cells in the ASM bundle alone (r = 0.87; p = 0.0003) and D, together with the number
of mast cells in the 30 pm perimeter of the ASM bundle (r = 0.87; p = 0.0002).
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FIGURE 2.
Mast cells increase ASM a-SMA expression. A, Example flow cytometry histogram of

ASM stained with isotype control or a-SMA mAb FITC direct conjugate cocultured with or
without unstimulated HLMC (ratio 1:4, HLMC/ASM) for 7 days. Isotype controls for both
conditions were overlapping, therefore only one is shown for illustration. B and C, Bar
charts illustrating the fold change over control of a-SMA GMFI expression by ASM as
assessed by flow cytometry after coculture with HLMC (ratio 1:4, HLMC/ASM)
unstimulated or IgE sensitized (2.5 pg/ml) (n =9 ASM donors, n = 9 HLMC) or sensitized
and anti-IgE activated (1:1000) (n =5 ASM donors, n =7 HLMC) (B) or HLMC (n =8
ASM donors, n =7 HLMC) or HMC-1 lysates (n = 16 ASM donors) at a ratio of 1:4 mast
cell lysate to ASM for 1, 3, or 7 days (C). D, Example immunofluorescence images from
three experiments of ASM cocultured with unstimulated HLMC, HLMC, or HMC-1 lysates
for 7 days (ratio 1:4, mast cell/ASM) bottom panels and the corresponding controls in the
top panels. Cell nuclei were labeled with 4”,6-diamidino-2-phenylindole (DAPI), ASM were

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



s1duosnuBlA Joyny sispund OINd edoin3 g

s1dLIosNUBIA JouIny sispund JINd 8doin3 g

Woodman et al.

Page 14

labeled with a-SMA mAb FITC direct conjugate, ASM and HLMC cocultures were
counterstained with tryptase biotin indirectly conjugated with streptavidin Texas red.
Changes in ASM a-SMA expression are illustrated by an increase in the intensity of a-
SMA mAb FITC fluorescence. *, p < 0.05 per time point; ~, p < 0.05 across all time points.
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FIGURE 3.
B Tryptase increases ASM a-SMA expression. A, Bar chart illustrating the fold change over

control of a-SMA GMFI expression by ASM as assessed by flow cytometry after culture
with B-tryptase (0.5 pg/ml) with or without leupeptin (10.6 pg/ml) for 1, 3, and 7 days (n = 4
ASM donors). B, Example immunofluorescence images from three experiments of ASM
cultured with g-tryptase with or without leupeptin for 7 days (bottom panels) and the
corresponding controls (top panels). Changes in ASM a-SMA expression are illustrated by
an increase in the intensity of a-SMA mAb FITC fluorescence. C, Changes in a-SMA
mRNA expression by ASM cultured with g-tryptase with or without leupeptin for 7 days as
assessed by quantitative PCR (n = 3 ASM donors).
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FIGURE 4.
Mast cells mediate increased ASM a-SMA expression via S-tryptase. Bar charts illustrating

the fold change over control of a-SMA GMFI expression by ASM as assessed by flow
cytometry after culture with HLMC (n = 3 ASM donors, n = 3 HLMC) (A), HLMC or
HMC-1 lysates (ratio 1 mast cell to 4 ASM; n = 4 ASM donors) for 1 or 3 days, with or
without leupeptin (10.6 pg/ml) (B).
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FIGURE 5.
Enhanced ASM contractility in response to S-tryptase. Example photographs (A) and time

course of contraction of collagen gels impregnated with ASM with or without S-tryptase
(0.32 pg/ml) with or without leupeptin (6.7 ug/ml) for 48 h (n =5 ASM donors) (B),
followed by subsequent histamine (100 uM) stimulation to the same gels compared with
appropriate control analyzed using ImageJ (C). *, p < 0.05.
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FIGURE 6.
Mast cells mediate increased TGF-BL1 expression via g-tryptase. Bar charts illustrating the

increase in TGF-gL1 production by ASM as assessed by ELISA after culture with HLMC,
HLMC lysates or B-tryptase (ratio 1:4 mast cell/ASM or 0.5 pg/ml B-tryptase; n = 3) for 1 or
3 days (A), with or without leupeptin (10.6 pug/ml) or lactoferrin (80.6 ng/ml) (B). *, p <

0.05.
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FIGURE 7.
TGF-p1 and TGF-£2 increase ASM a-SMA expression and contractility. Bar chart

illustrating the fold change over control of a-SMA GMFI expression by ASM assessed by
flow cytometry after culture with TGF-gS1 or TGF-42 (0.25, 2, or 10 ng/ml) (n =9 ASM
donors) (A) or TGF-AL (2 ng/ml) with or without TGF-g1 neutralizing Ab or appropriate
isotype control for 1, 3, or 7 days (n = 3 ASM donors) (B). C, Time course after 100 pM/ml
histamine stimulation of collagen gel contraction in gels previously impregnated with TGF-
B1 (2 ng/ml) in the presence or absence of TGF-g1 neutralizing Ab or appropriate isotype
control for 48 h (n = 3 ASM donors). *, p < 0.05.
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FIGURE 8.
The neutralization of TGF-gL1 inhibited B-tryptase-mediated increased ASM contraction.

Time course (A) and area under the curve of the time course (B), after histamine (100
uM/ml) stimulation of collagen gel contraction in gels previously impregnated with -
tryptase (0.32 ug/ml) in the presence or absence of TGF-gl-neutralizing Ab or appropriate
isotype control for 48 h (n = 4 ASM donors). *, p < 0.05.
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Table |
Clinical characteristics mean (SEM)?&
Asthma (GINA2
treatment step | = 4, COPD Controls

-1V =5V=3)
Number 12 11 18
Gender male/female 517 714 13/5
Age (yrs) 47 (6) 65 (12) 60 (13)
FEV, (liters) 2.6 (0.3) 1.68(0.12) 25(0.11)
FEV1% predicted 82.4 (9.8)% 61 (3) 85 (4)
FEV4/FVC (%) 71.9 (5.3) 59 (3) 79 (2)

aGINA, Global Initiative for Asthma.
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