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Abstract

Previous reports suggest that plasminogen activator inhibitor-1
(PAI-1) promotes airway remodeling and that human and mouse
mast cells (MCs) are an important source of PAI-1. In the present
study we investigated MC-epithelial cell (EC) interactions in the
production of PAI-1. We stimulated the human MC line LAD2
with IgE-receptor cross-linking and collected the supernatants.

We incubated the human bronchial EC line BEAS-2B with the
LAD? supernatants and measured the level of PAI-1. When the
supernatants from IgE-stimulated LAD2 were added to BEAS-2B,
there was a significant enhancement of PAI-1 production by
BEAS-2B. When we treated the MC supernatants with a
transforming growth factor (TGF)-B1 neutralizing antibody, the
MC-derived induction of PAI-1 from BEAS-2B was completely
abrogated. Although TGF-31 mRNA was constitutively expressed in
resting LAD2, it was not highly induced by IgE-mediated stimulation.
Nonetheless, active TGF-B1 protein was significantly increased in
LAD?2 after IgE-mediated stimulation. Active TGF-B1 produced

by primary cultured human MCs was significantly reduced in the
presence of a chymase inhibitor, suggesting a role of MC chymase
asan activator of latent TGF-1. This study indicates that stimulation

Asthma is widely viewed as a disorder with
reversible loss of lung function, characterized
by airway eosinophilic inflammation and
airway hyperreactivity (1). However, recent
studies demonstrate that antiinflammatory

of human MCs by IgE receptor cross-linking triggers activation of
TGE-B1, at least in part via chymase, which in turn induces the
production of PAI-1 by bronchial ECs. Our data suggest that human
MCs may play an important role in airway remodeling in asthma as

a direct source of PAI-1 and by activating bronchial ECs to produce
further PAI-1 via a TGF-B1-mediated activation pathway.
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Clinical Relevance

This study indicates that stimulation of human mast cells
by IgE receptor cross-linking triggers activation of TGF-f1,

at least in part via chymase, which in turn induces the
production of plasminogen activator inhibitor-1 (PAI-1) by
bronchial epithelial cells. Our data suggest that human mast
cells may play an important role in airway remodeling in
asthma both as a direct source of PAI-1 and also by activating
bronchial epithelial cells to produce further PAI-1 via a
TGF-B1 mediated activation pathway.

therapy is not effective in some patients
with asthma, and a nonreversible component
of lung function loss has been recognized
(2). As a consequence, increased attention
has been paid to structural changes that

occur in asthma, sometimes referred to as
“airway remodeling.” Airway remodeling
is characterized by subepithelial deposition
of extracellular matrix (ECM), goblet cell
hyperplasia, and increased airway smooth
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muscle cell mass (3). Subepithelial fibrosis,
a key feature of asthma, appears during
early stages of the disease and is generally
unresponsive to steroid therapy. Recent
attention has been paid to this thickening
of the lamina reticularis and epidermal
mesenchymal trophism, in which
fibromyocytes or myofibroblasts are
formed and activated (1). Remodeling may
contribute to the irreversible component
of airflow limitation in asthma (4) and
has been used as a good histopathologic
marker of disease activity in patients with
severe asthma (5).

Tissue remodeling usually involves two
distinct processes: (I) physiologic remodeling
or regeneration, which is the replacement
of injured tissue by parenchymal cells of the
same type, and (2) pathologic remodeling,
which is the replacement of injured tissue
by ECM. Pathologic remodeling eventually
leads to impaired restitution of airways
structures, such as occurs in subepithelial
fibrosis (3). In spite of their importance in
tissue remodeling, ECM abnormalities in
asthma are poorly understood (3).

The plasmin system is comprised of
plasminogen that can be converted to the
active enzyme plasmin by tissue-type
plasminogen activator or urokinase-type
PA (u-PA). Tissue-PA and u-PA are
involved in the dissolution of fibrin and
in the degradation of ECM components (6).
Plasminogen activator inhibitor (PAI)-1
is a major inhibitor of tissue-type
plasminogen activator and u-PA and can
therefore indirectly contribute to matrix
deposition by preventing matrix dissolution.
PAI-1 is consistently and dramatically
up-regulated in a variety of fibrotic diseases
(7-9). Furthermore, PAI-1-deficient mice
are protected against ECM deposition
and fibrosis in the lung after bleomycin
challenge (10, 11), whereas PAI-1
overexpressing mice suffer from extensive
fibrotic changes (10). This suggests that
PAI-1 plays a key role in deposition of
ECM in the airways.

Mast cells (MCs) in the airways of
patients with asthma are important in
initiating allergic inflammation after allergen
challenge and maintain inflammation via
interaction with resident cells and other
inflammatory cells in the airways. Increased
MC numbers in the airway epithelial layer
(12), in bronchial brushings (13), and in
bronchoalveolar lavage fluid (14) have
been reported in asthma. Evidence has
been published demonstrating MCs with

morphologic characteristics of activation

in bronchial biopsies of patients with

asthma (15), and ongoing MC activation

in well-controlled asthmatic patients may
produce elevated levels of histamine,
leukotrienes, and PGD, in bronchoalveolar
lavage fluid or sputum (16, 17). MCs have been
associated with fibrosis in the skin and other
organs for many years (18, 19). Recently, it has
been found that MCs may play a role in tissue
fibrosis in asthma. Yu and colleagues (20)
demonstrated that MC-deficient mice had
reduced deposition of collagen in the
airways in a murine model of chronic
asthma and that the deposition of collagen
was restored by MC reconstitution.
However, the mediators that play a major
role in this process are not known.

MCs have been reported to be a major
source of PAI-1, and MC-derived PAI-1
is associated with human fatal asthma (21).
The 4G allele of the PAI-1 gene, which
is associated with an elevated plasma PAI-1
level, is associated with asthma (22).
Furthermore, deletion of PAI-1 prevents
ECM deposition in a murine model of
chronic asthma (23), and the level of PAI-1
was reduced in the airways of ovalbumin-
challenged, MC-deficient mice compared
with wild-type controls, suggesting an
important contribution of MCs in the
production of PAI-1 (S. Cho and
colleagues, unpublished observation).
Bronchial epithelial cells (ECs) are another
major source of PAI-1 in the airways.

The interactions between epithelium and
inflammatory cells play a key role in
maintaining persistent inflammation and
structural changes in asthma (24). The
production of PAI-1 was enhanced by
mechanical stimulation in normal human
bronchial ECs (NHBECs) (25), and the
expression of PAI-1 was induced in bronchial
epithelium after chronic ovalbumin
challenge in a murine model of asthma
(26). MCs reside in physical proximity

to bronchial epithelium and adhere to
bronchial ECs, and MC mediators stimulate
ECs to produce IL-8 and mucin genes (27).
The role of the interaction between ECs and
MCs in tissue fibrosis remains unclear.

In this study, we investigated the
cross-talk between MCs and ECs in the
production of PAI-1, a mediator that plays
a major role in the fibrogenic process. We
found that supernatants from MCs after
stimulation via the IgE receptor contained
active transforming growth factor (TGF)-f1
and induced bronchial ECs to produce
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a large amount of PAI-1, suggesting that
MC activation in vivo may lead to epithelial
activation and PAI-1 production and

may promote fibrosis in the airways.

Materials and Methods

Cell Culture, Reagents,

and Treatments

The LAD2 human MC line was a generous
gift of Dr. Kirshenbaum. LAD2 cells

were cultured in StemPro-34 SFM (Life
Technologies, Grand Island, NY) as
previously described (28). Primary cultured
human MCs (PCHMCs) were obtained as
described previously (28). Briefly, lineage-
negative mononuclear cells were separated
from human peripheral blood mononuclear
cells by using an autoMACS system
(Miltenyi Biotec, Auburn, CA) according to
the manufacturer’s instructions. The cells
were suspended in Iscove’s methylcellulose
medium (StemCell Technologies,
Vancouver, BC, Canada) containing 200
ng/ml stem cell factor, IL-6, 5 ng/ml IL-3,
100 U/ml penicillin, and 100 pg/ml
streptomycin and then incubated at 37°C
in 5% CO,. At 6 weeks, all cells were
retrieved after dissolving the methylcellulose
medium with PBS. The cells were then
suspended and cultured in Iscove’s modified
Dulbecco’s medium supplemented with
100 ng/ml stem cell factor, 50 ng/ml IL-6,
0.1% BSA, insulin-transferrin-selenium,

55 uM 2-ME, 100 U/ml penicillin, and
100 pg/ml streptomycin, and the culture
medium was changed weekly thereafter and
incubated for an additional 5 to 7 weeks.
The final purity of the MCs always
exceeded 98%. LAD2 and primary MCs
were then sensitized with 1 wg/ml human
myeloma IgE (Calbiochem, Billerica, MA)
at 37°C for 48 hours and were stimulated
with 1.5 pg/ml anti-IgE Ab (Dako,
Carpinteria, CA) with or without 1-hour
treatment of 100 pg/ml soybean trypsin
inhibitor (SBTI) (chymase inhibitor) or
Antipain (tryptase inhibitor) (Sigma,

St. Louis, MO). The human bronchial EC
line BEAS-2B was cultured in DMEM/F12
(Life Technologies) as previously described
(29). NHBECs were obtained from
Cambrex (East Rutherford, NJ) and plated
in 24-well culture plates coated with
collagen (Vitrogen; Cohesion Technologies,
Palo Alto, CA). Supernatants were collected
from resting and stimulated LAD2 cells

or primary MCs and then incubated with
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BEAS-2B or NHBEC:s for 16 or 24 hours.
Human recombinant TGF-1 was obtained
from R&D Systems (Minneapolis, MN).
Neutralizing antibodies for TGF-B1 and
TNF-a and their isotype control (rabbit
IgG) were from Abcam (Cambridge, MA).

ELISA

The concentrations of PAI-1 and TGF-B1
proteins in cell-free supernatants were
measured using specific ELISA kits
according to the manufacturer’s instructions
(Diapharma, West Chest, OH and Promega,
Madison, WI, respectively). The minimal
detection limits for these kits are 0.5 ng/ml
and 32 pg/ml, respectively.

Real-Time RT-PCR

Real-time RT-PCR was performed with a
TaqMan method using a 7500 Sequence
Detection System (Applied Biosystems, Foster
City, CA) in 20-pl reactions (2x TagMan
Master mix [Applied Biosystems], 400 nM
each primer, and 200 nM TagMan probe
plus cDNA). Primer and probe sets for
the following five genes were synthesized
by Applied Biosystems: TGF-B1 (sense,
5'-TGACAAGTTCAAGCAGAGTACACAC
A-3'; antisense, 5'-GGAGAGCAACACGG
GTTCA-3"), TGF-B2 (sense, 5'-GATGGC
ACCTCCACATATACCA-3'; antisense,
5'-TTTCCACCCTAGATCCCTCTTG-3'),
TGF-BRI1 (sense, 5'-CATCACCTGGCCTTG
GTCC-3'; antisense, 5'-CGATGGTGA
ATGACAGTGCG-3"), GAPDH (sense,
5'-GAAGGTGAAGGTCGGAGTC-3';
antisense, 5'-GAAGATGGTGATGGGAT
TTC-3"), and EEF1A1 (sense, 5'-TGCTA
ACATGCCTTGGTTCAAG-3'; antisense,
5'-TTGGACGAGTTGGTGGTAGGAT-3").
Messenger RNA levels were expressed as
relative gene copy numbers normalized to
the two stable housekeeping genes
(GAPDH and EEF1A1) (30).

Statistical Analysis

All data are presented as mean = SEM.
Differences between groups were analyzed
using the Student’s ¢ test and considered
to be significant at P < 0.05.

Results

Stimulated MCs Enhance the
Production of PAI-1 by Bronchial ECs
A human MC line, LAD2, is useful because
it displays consistent degranulation in
response to IgE-dependent activation. We

used cultured LAD2 cells in the present
studies and stimulated the cells with IgE
receptor cross-linking, substance P (SP),
and compound 48/80 for 24 hours. We
measured baseline levels of PAI-1 from
LAD?2 cells using ELISA as described (21).
Production of PAI-1 was not detectable in
the supernatants from resting or stimulated
LAD?2 (data not shown), which is a
surprising result because HMC-1 and
PCHMC s have been reported to produce
significant amounts of PAI-1 (21). In
addition, primary human lung MCs and
skin MCs produce PAI-1 (31). Although
the reason that LAD2 do not release PAI-1
is unknown, we took advantage of this
fact in our experimental design to test the
ability of MC supernatants to activate
PAI-1 production in ECs because there
was no background PAI-1 in the LAD2
supernatants. We tested whether SP or
compound 48/80 alone can stimulate
BEAS-2B to produce PAI-1 and found
that compound 48/80, but not SP, induced
PAI-1 production from BEAS-2B cells
(108.3 = 1.2 ng/ml versus RMPI media
control of 73.2 = 6.2 [n = 4]; P < 0.01)
(Figure 1A). We collected the supernatants
from the resting and stimulated LAD2
MCs and then cultured BEAS-2B with MC
supernatants for 16 hours. There was
significant enhancement of PAI-1
production by the ECs when they were
exposed to supernatants from MCs
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stimulated with IgE receptor cross-linking
(121.5 = 10.2 ng/ml versus IgE control

of 829 * 6.4 [n = 4]; P < 0.05), SP
(108.4 = 1.9 ng/ml versus 84.1 = 8.2 of
StemPro media control [n = 4]; P < 0.05),
and compound 48/80 (154.3 * 5.0 ng/ml
versus 84.1 * 8.2 of StemPro media control
[n = 4]; P < 0.005) (Figure 1A). PAI-1
production from BEAS-2B cells after
incubation with compound 48/80-conditioned
LAD2 media was significantly higher
than levels after direct stimulation with
compound 48/80 (154.3 = 5.0 ng/ml versus
1083 = 12 [n = 4]; P < 0.001), suggesting
that the BEAS-2B-derived PAI production
by compound 48/80-conditioned LAD2
supernatant was not just due to the
presence of compound 48/80 in the
conditioned LAD2 media.

Time Course of PAI-1 Production

from Bronchial ECs after Incubation
with IgE-Stimulated MC Supernatants
IgE crosslinking is a physiologic stimulus
and the most important mechanism of MC
activation in allergic diseases, including
asthma. Thus, we further investigated the
time course of PAI-1 production induced
in BEAS-2B by MC mediators derived by
IgE stimulation. LAD2 cells were sensitized
with IgE and then stimulated with IgE
receptor cross-linking using anti-IgE for
30 minutes, 8 hours, or 24 hours.
Supernatants were collected from the resting

Direct stim Activated MC supernatants

Figure 1. Production of plasminogen activator inhibitor-1 (PAI-1) from BEAS-2B cells after incubation
with stimulated LAD2 supernatants. (A) BEAS-2B cells were stimulated with substance P (SP) and
compound 48/80 for 16 hours, and PAI-1 levels were measured by ELISA (direct stimulation).
LAD2 cells were stimulated with SP, compound 48/80 (48/80), and human IgE receptor cross-linking
for 24 hours, and supernatants were collected. BEAS-2B cells were incubated with the LAD2
supernatants for 16 hours (activated mast cell [MC] supernatants). Data represent means + SE of
four independent experiments performed in duplicate. *P < 0.01, **P < 0.05, and ***P < 0.005 by
Student’s t test. (B) LAD2 cells were stimulated with IgE receptor cross-linking for 0.5, 8, or 24 hours,
and supernatants were collected. BEAS-2B cells were incubated with the LAD2 supernatants for
16 hours. Data represent means + SE of four independent experiments performed in duplicate.

*P < 0.05 by Student’s t test.
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and stimulated MCs. BEAS-2B cells were
incubated with MC supernatants for

16 hours. When supernatants from MCs
stimulated with IgE/anti-IgE for 30 minutes,
8 hours, or 24 hours were added to
BEAS-2B, there was significant enhancement
of PAI-1 production (110.9 = 11.6 ng/ml
baseline versus 160.0 = 8.0, 188.0 = 19.9,
and 193.2 * 17.9, respectively [n = 4];

P < 0.05 in all cases) (Figure 1B).

MC-Derived TGF-p1 Mediates the
Enhancement of PAI-1 Production
from ECs

TGF-B1 has been known to stimulate
bronchial ECs to produce PAI-1 (32, 33),
although the cellular sources of TGF-f1
and the mechanism of the activation in the
airways of patients with asthma are unclear.
Together with TGF-B1, TNF-a is an
important regulatory cytokine of PAI-1
production (34) and is released from
human MCs (28). To investigate the role
of TGF-B1 and TNF-« in inducing

PAI-1 from ECs, we preincubated the
supernatants from activated LAD2 with
neutralizing antibodies against TGF-B1 and
TNF-a for 1 hour and then added the
supernatants to BEAS-2B. We found that
a TGF-B1 neutralizing antibody completely
abrogated the IgE-stimulated, MC-derived
induction of PAI-1 by BEAS-2B (59.9 = 1.7
ng/ml versus 78.0 = 4.9 of IgE-mediated
stimulation without antibody treatment

[n = 3]; P < 0.05) (Figure 2A). On the
other hand, a TNF-a antibody did not
significantly block PAI-1 production from
ECs. This result suggested that TGF-B1 is
an important mediator in the induction

of PAI-1 production from BEAS-2B,
although this TGF-B1 could be derived
from either LAD2 or BEAS-2B.

IgE-Stimulated MCs Produce
Significant Quantities of Active

TGF-p1

TGEF-B1 is a well-known cytokine that
generates tissue fibrosis, including the
airway remodeling in asthma. Kanbe and
colleagues (35) previously reported that
human MCs produce TGF-B1. However,
the concentration of TGF-B1 was too

low to be detectable by ELISA in their
experiments, and, to our knowledge, there
are no other reports of the production of
active TGF-B1 in human MCs other than
reports of immunohistochemical staining
of TGF-B1 in MCs (36). TGF-B1 is secreted
from cells as a latent form and must be
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Figure 2. LAD2-derived TGF-B1 and TNF-a on the production of PAI-1. (A) The supernatants from
LAD2 activated with IgE receptor cross-linking were incubated with the neutralizing antibodies (both
rabbit polyclonal) for TGF-B1 (5 wg/ml) or TNF-a (100 ng/ml) for 1 hour. Isotype antibody 1 was 5 wg/
ml of rabbit IgG; isotype antibody 2 was 100 ng/ml of rabbit IgG. The supematants from IgE control or
IgE-stimulated LAD2 with/without antibodies were added to BEAS-2B and incubated for 16 hours.
Data represent means = SE of three independent experiments performed in duplicate. n.s., not
significant. *P < 0.05 by Student’s t test. (B) LAD2 cells were stimulated with IgE receptor cross-
linking for O, 0.5, 6, 12, and 24 hours, and the level of active TGF-B1 was measured by ELISA. Data
represent means = SE of four independent experiments performed in duplicate. *P < 0.05 by

Student’s t test.

activated by cleavage by proteases, exposure to
low pH, or exposure to ionizing radiation (37).
We measured the production of active TGF-
B1 in supernatants of LAD2 to determine
whether the cells produce active TGF-B1 and
to attempt to explain the blocking effect
of anti-TGF-B1 (Figure 2A). There was

a slightly detectable level of active TGF-B1 in
the MC supernatants at the 0-hour time
point immediately before challenge (12.6 =
11.1 pg/ml), and the production of active
TGF-B1 in supernatants of IgE-stimulated
LAD?2 subsequently increased in a time-
dependent manner from 6 hours after
stimulation (6 h, 30.3 = 5.6 pg/ml; 12 h,
49.4 * 144 pg/ml; 24 h, 89.4 £ 27.7 pg/ml
[n = 3]; P < 0.05) (Figure 2B). This result
indicates that latent TGF-B1 slowly
produced by IgE-stimulated MCs is
activated by other products of MCs,
possibly preformed MC mediator(s). We
also measured active TGF-B1 in the
supernatants from LAD2 cells after
stimulation with SP or compound 48/80
and found that there was a significant
increase of active TGF-B1 production
with these two stimuli to a degree similar
to of that induced by IgE receptor cross-
linking (data not shown), suggesting that
TGF-B1 may also play a role in SP-
induced and compound 48/80-induced
PAI-1 production by MC-EC cross-talk
(Figure 1A).
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Time Course of TGF-p1, TGF-p2,

and TGF-B1R Gene Expression in
IgE-Stimulated LAD2 Cells

To investigate whether or not the expression
of TGF-B1 is regulated at the gene
transcription level, the time course of
changes in TGF-B1 mRNA in LAD2 MCs
was examined by real-time RT-PCR. We
also tested the expression of TGF-$2 and
TGF-B1R. TGF-B1 mRNA was constitutively
expressed, slightly elevated 2 hours after
IgE-receptor cross-linking, and then
slightly down-regulated at the 6- and
24-hour time points (Figure 3). TGF-B1R
mRNA was also constitutively expressed,
slightly decreased 4 and 6 hours after
IgE-receptor cross-linking, and then
slightly up-regulated at the 24-hour time
points. However, the biologic significance
of these small alterations is questionable.
The expression of TGF-f2 mRNA was
minimally detectable and very low
compared with the expression of TGF-1
mRNA, although it was up-regulated from
4 hours after IgE stimulation. Kanbe and
colleagues (35) were also not able to detect
the expression of TGF-2 mRNA in
primary human MCs by conventional
RT-PCR, which is consistent with our
finding. In light of the data in Figure 2B, the
data in Figure 3 suggest that TGF-B1
mRNA in LAD2 cells is likely regulated at
the translational or posttranslational level.
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Figure 3. Time course of TGF-B1, TGF-B2, and
TGF-B1R gene expression in IgE-stimulated
LAD2 cells. LAD2 cells were stimulated with IgE
receptor cross-linking for 0, 0.5, 2, 4, 6, and
24 hours, and the gene expression of TGF-B1,
TGF-B2, and TGF-B1R was measured by real-
time RT-PCR. Data represent three independent
experiments. *P < 0.005, **P < 0.01, and "™ P <
0.05 compared with 0-h IgE by Student’s t test.
GCN, gene copy number; normalized GCN,
relative GCNs normalized to the two most stable
housekeeping genes, GAPDH and EEF1A1.

IgE-Stimulated PCHMCs Produce
Significant Quantities of Active
TGF-p1

To confirm the production of active TGF-31
in a primary cultured cell system, we used
human peripheral blood-derived MCs.
PCHMC s were stimulated with IgE
receptor cross-linking for 0, 4, and 48
hours, and the level of active TGF-B1 was
measured by ELISA (Figure 4A). There
was a barely detectable level of active TGF-
B1 at the 0-hour time point immediately
before challenge (16.3 = 4.4 pg/ml), and
the production of active TGF-B1 in
supernatants of IgE-stimulated PCHMCs
subsequently increased in a time-dependent
manner, exceeding the quantities made

by LAD2, a MC line (4 h, 132.7 £ 5.3
pg/ml; 48 h, 352.4 = 20.2 pg/ml [n = 2-4];
P < 0.0001).

Stimulated MCs Enhanced the
Production of PAI-1 from NHBECs

To confirm the MC-induced enhancement
of PAI-1 production from ECs in a primary
cultured cell system, we used NHBECs.
LAD2 cells were stimulated by IgE receptor
cross-linking for 24 hours. Supernatants
were collected from the resting and
stimulated MCs and cultured NHBECs with
the MC supernatants for 16 hours. There
was a significant enhancement of levels of

PAI-1 in the EC supernatants after
stimulation with supernatants from LAD2
cells activated by IgE receptor cross-linking
(86.0 = 6.2 ng/ml [n = 3]; P < 0.05)
compared with medium control (58.9 =
6.7 ng/ml [n = 3]) (Figure 4B). Human
recombinant TGF-B1 (8 ng/ml) (R&D
Systems) was used as a positive control
for the production of PAI-1 from NHBECs
and induced a robust response.

A Chymase Inhibitor, Not a Tryptase
Inhibitor, Inhibited the Production of
Active TGF-p1 from PCHMCs

TGF-B1 is secreted from cells in a latent
form and must be activated by cleavage
by proteases, exposure to low pH, or
exposure to ionizing radiation (37). Human
MCs produce proteases, including
chymase and trypase. To test the hypothesis
that TGF-B1 activation in human MCs
was mediated by these MC enzymes, we
used a chymase inhibitor and a tryptase
inhibitor (SBTT and Antipain, respectively).
SBTI is a human MC chymase-specific
inhibitor without antitryptase activity, and
Antipain is a human MC tryptase specific
inhibitor with minimal antichymase activity
(38). PCHMCs were stimulated with IgE
receptor cross-linking for 24 hours with or
without 1-hour pretreatment with SBTI or
Antipain, and the level of active TGF-B1
was measured by ELISA (Figure 5A). There
was baseline production of active TGF-1
in the resting state with IgE only for

24 hours (80.7 = 14.9 pg/ml), and the levels
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of active TGF-B1 were significantly
increased with IgE receptor cross-linking
(109.8 = 17.1 pg/ml [n = 3]; P < 0.05
versus IgE only). SBTI, but not Antipain,
significantly reduced the production of
active TGF-1 (109.8 = 17.1 versus 84.3 =
17.0 pg/ml [n = 3]; P < 0.05), suggesting
a potential role of chymase in the activation
of MC-derived TGF-B1. We further
studied the effects of chymase and tryptase
inhibitors on PAI-1 production from ECs
using SBTT and Antipain. The supernatants
from LAD2 cells activated with IgE receptor
cross-linking for 24 hours were incubated
with SBTI or Antipain for 1 hour. The
supernatants from IgE control or IgE-
stimulated LAD2 with/without SBTI or
Antipain were added to BEAS-2B cells
and incubated for 16 hours. There was
significant reduction of EC-derived PAI-1
production in the SBTT treatment group
compared with the IgE receptor cross-
linking group without SBTT treatment
(152.9 * 5.4 versus 183.3 = 9.6 ng/ml [n =
3]; P < 0.05) (Figure 5B), indicating a role
for MC-derived chymase in the production
of PAI-1 from ECs. However, there was
no significant effect of Antipain treatment
on EC-derived PAI-1 production.

Discussion

Published reports have demonstrated that
human MCs are a major source of PAI-1
and that there is an association between
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Figure 4. Production of active TGF-B1 in primary cultured human MCs (PCHMCs) or PAI-1 in human
bronchial epithelial cells. (A) PCHMCs were stimulated with IgE receptor cross-linking for O, 4, and 48
hours, and the level of active TGF-B1 was measured by ELISA. Data represent means = SE of two,
three, or four independent experiments performed in duplicate. *P < 0.0001 by Student’s ¢ test. (B)
LAD2 cells were stimulated with human IgE receptor cross-linking for 24 hours. The supernatants
from resting and stimulated LAD2 were collected. Primary cultured human bronchial epithelial cells
were incubated with the LAD2 supernatants for 16 hours. Data represent means + SE of three
independent experiments performed in duplicate. *P < 0.05 by Student’s ¢ test.
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Figure 5. Production of active TGF-B1 by Ig-E-stimulated human MCs with or without a tryptase or
chymase inhibitor and its effect on PAI-1 production from human airway epithelial cells. (A) PCHMCs
were stimulated with IgE receptor cross-linking for 24 hours with or without 1-hour pretreatment of
soybean trypsin inhibitor (SBTI) (chymase inhibitor) or Antipain (tryptase inhibitor), and the level of
active TGF-B1 was measured by ELISA. Data represent means = SE of three independent
experiments performed in duplicate. *P < 0.05 by Student’s t test. (B) The supernatants from LAD2
cells activated with IgE receptor cross-linking for 24 hours were incubated with SBTI or Antipain for

1 hour. The supernatants from IgE control or IgE-stimulated LAD2 cells with/without SBTI or Antipain
were added to BEAS-2B and incubated for 16 hours. Data represent means = SE of three
independent experiments performed in duplicate. *P < 0.05 by Student’s t test.

MC-derived PAI-1 and human asthma (21).
Accordingly, Yu and colleagues (20)
demonstrated that MCs play a critical role
in collagen deposition in the airways in
a murine model of asthma. Although MCs
are well known to play an important role
in initiating allergic inflammation in the
airways, there are other cellular sources of
PAI-1 in the airways, and the number of
MCs in the airways is limited compared
with other structural cells. In the present
study, we have investigated the influence of
MCs on PAI-1 production by bronchial
ECs because ECs are another major source
of PAI-1 and because MCs and ECs reside
in close physical proximity in the airways.
We found that supernatants from MCs
activated by IgE receptor cross-linking, or
stimulation with SP or compound 48/80,
enhanced the production of PAI-1 by
airway ECs. IgE receptor-mediated
activation of MCs enhanced the production
of PAI-1 from the immortalized BEAS-
2B cell line via active TGF-B1. TGF-B1
may cause different responses between
BEAS-2B cells and NHBECs. For example,
NHBEC:S are sensitive to TGF-B1 in
terminal squamous differentiation, but
BEAS-2B cells are not (32). Therefore, we
confirmed the observation in BEAS-2B cells
that IgE receptor-mediated activation of
MCs induced PAI-1 in NHBECs and also

found that TGF-B1 increased production of
PAI-1 in these cells. We did not observe
any significant morphologic changes in
BEAS-2B or NHBE cells during the 16-hour
incubation period with MCs or TGF-B1.
Because IgE-mediated activation of MCs is
a major mechanism of triggering allergic
inflammation in the airways, our study
suggests that persistent IgE-mediated
activation of MCs may lead to fibrotic
changes in the airways by enhancing the
production of PAI-1 from bronchial
epithelium. Indeed, chronic antigen
challenge models in mice suggest that
fibrosis can result from antigen exposure
and that MCs play a role in this response
(20). SP is a member of the tachykinin
family of neuropeptides that bind three
neurokinin receptors (NK1R, NK2R, and
NK3R) (39). Although SP is widely known
as a neuronally derived peptide, rodent
studies have shown that eosinophils,
lymphocytes, macrophages, and dendritic
cells may also produce SP (40-43). The
content of SP in human airways is
increased in asthma, suggesting that SP
may be involved in MC activation in
asthma (44). SP has recently been shown
to be a potent activator and induces
production of nanogram quantities of
chemokines and TNF from human MCs
(28). The present study showed that SP is

Cho, Lee, Kato, et al.: Mast Cell-Derived TGF-B1 in PAI-1 Production

an important FceRI-independent activator
of human MCs and induces production of
a factor that activates the production

of PAI-1 by bronchial ECs. We speculate
that SP-mediated activation of MCs may
also play a role in airway remodeling in
asthma via such a mechanism.

TGF-B1 is a key molecule in the
initiation and maintenance of tissue fibrosis
in the lung by promoting fibroblast
proliferation and the production of ECM
components (45, 46). Of the three forms
of TGF-B, TGF-B1 likely has the most
important role in fibrosis. The inactive
form of TGF-B1 has a C-terminal TGF-B1
sequence and an N-terminal prodomain
called “latency-associated peptide.” TGF-B1
and latency-associated peptide are
secreted as a complex, and this latent form
is unable to bind to its cognate receptor
until it is converted to the active form by
cleavage by proteases or by exposure to
low pH or ionizing radiation (37). TGF-B1
is known to induce PAI-1 production
from human bronchial ECs (32, 33, 47),
and this may be one of the mechanisms
by which TGF-B1 promotes tissue fibrosis
in the airways. Published studies have
demonstrated that activated murine or rat
MCs produce significant amounts of active
TGF-B1 (48, 49). Kanbe and colleagues
(35) also reported that PCHMCs
constitutively expressed TGF-B1 mRNA
and that IgE-stimulated human MCs
produce functional TGF-f1, although the
quantity detected was low. The present
study demonstrated that TGF-B1 is
a mediator found in the supernatants
of activated MCs that enhances the
production of PAI-1 from bronchial ECs.
This conclusion is supported by the nearly
complete reduction of stimulated PAI-1
production from BEAS-2B cells when
a neutralizing antibody of TGF-B1 was
added to the LAD2 MC supernatants. In
further experiments, LAD2 and PCHMCs
were shown to slowly but steadily
produce significant quantities of active
TGF-B1 after activation via IgE receptor
cross-linking. This finding suggests that the
latent form of TGF-B1 from resting MCs
or ECs becomes activated by unknown
mediator(s) released from IgE-stimulated
MCs. Together with MCs, human bronchial
ECs can be a source of TGF-B1 in the
airways (50). Therefore, our data indicate
that TGF-B1 from MCs and ECs can be
activated by allergen-IgE receptor-mediated
stimulation of MCs.
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Our gene expression data confirmed
the previous report by Kanbe and colleagues
(35), demonstrating that human MCs
constitutively express TGF-B1 and that
the levels of TGF-B1 mRNA are not
dramatically altered by stimulation. The
real-time RT-PCR data also indicate that
TGE-B1 is probably the main form of
TGF-B produced by human MCs compared
with TGF-B2. In a time-course experiment,
active TGF-B1 from LAD2 cells was
slightly elevated in 30 minutes after IgE
stimulation (statistically not significant),
significantly produced 6 hours after the
stimulation, and then accumulated
gradually in a time-dependent manner.
Human MC-derived TGF-B1 has not been
well characterized and the mechanism of
its activation has not been well elucidated.
As mentioned above, TGF-B1 requires
extracellular modification by heat, acid,
proteases, or integrin av36 to be
functionally active (37). MCs are known
to be a rich source of proteases such as
chymase and tryptase, and both of these
proteases have been reported to activate
TGF-B1 (48, 51, 52). LAD2 cells express
tryptase and chymase and are therefore
most similar to double-positive connective
tissue type MCs. We speculate that
tryptase or chymase may play a role in
the activation process that we have
observed. CD34+ cell-derived primary
MCs are mainly trypase/chymase double-
positive MCs. On the other hand, human
MCs from normal lung tissue are mainly
(80-90%) tryptase single-positive (mucosal

type). Tryptase-positive MCs seem to be
important in asthma because of their large
numbers in lung and close proximity to
bronchial epithelium. However, Balzar and
colleagues (53) showed that the number
of tryptase/chymase double-positive MCs
increased in small airway regions and that
only tryptase/chymase-positive MCs among
inflammatory cells significantly and
positively correlated with lung function

in severe asthma. Therefore, it would be
important to determine whether tryptase
or chymase or both proteases play a

role in activating MC-derived TGF-B1,
establishing its further ability to stimulate
ECs to produce PAI-1. Such information
could provide a further rationale to target
MC proteases for the prevention or
treatment of airway remodeling in asthma.
In our experiments, we found that a
chymase inhibitor, but not a tryptase
inhibitor, reduced the production of active
TGE-B1. The role of purified rat MC
chymase as an activator of latent TGF-B1
was previously reported by another group
(48). In this study, we confirmed that
human MC chymase can also activate
TGF-B1. However, we failed to show that
human MC tryptase activates TGF-B1.
Woodman and colleagues (51) used human
lung MCs in their tryptase inhibition
assay and these MCs are mainly tryptase
single-positive MCs. On the other hand, we
used tryptase-chymase double-positive
MC:s in our experiments. We speculate that
chymase may play a dominant role in the
presence of both MC proteases in activating

TGF-B1, although this should be carefully
tested. Our study is limited to in vitro
findings. Therefore, the role of MC-derived
chymase/TGF-B1 and EC-derived PAI-1
in asthma must at present be viewed as
speculation based the in vitro results. We
plan to test the relevance of these in vitro
data in further studies using a murine
model of asthma or human asthma
samples.

In this study, we found that human
MC-derived active TGF-B1 induced by
IgE receptor cross-linking enhances the
production of PAI-1 from bronchial ECs.
IgE-mediated allergic inflammation is
relevant to the pathogenesis of asthma, and
this indirect IgE-mediated induction of
PAI-1 from ECs via active TGF-B1 may
play an important role in the development
of the fibrosis that occurs immediately
adjacent to the epithelium. This study
suggests a potentially important interaction
of MCs and epithelium in PAI-1-induced
airway remodeling in asthma. Although
the number of MCs in the airways is not
large, the number of ECs is substantial,
such that ECs might serve as secondary
PAI-1-producing cells after MC activation
and thereby leverage the antigen-specific
activation of these sentinel cells. These
results suggest a potential role of inhibition
of MC activation by anti-IgE or other
targeted drugs in preventing or treating
airway remodeling in asthma. l

Author disclosures are available with the text
of this article at www.atsjournals.org.
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