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Brown, James K., Cary A. Jones, Leeann A. Rooney,
George H. Caughey, and Ian P. Hall. Tryptase’s potent
mitogenic effects in human airway smooth muscle cells are via
nonproteolytic actions. Am J Physiol Lung Cell Mol Physiol 282:
L197–L206, 2002.—We reported previously that mast cell
tryptase is a growth factor for dog tracheal smooth muscle cells.
The goals of our current experiments were to determine if
tryptase also is mitogenic in cultured human airway smooth
muscle cells, to compare its strength as a growth factor with
that of other mitogenic serine proteases, and to determine
whether its proteolytic actions are required for mitogenesis.
Highly purified preparations of human lung �-tryptase (1–30
nM) caused dose-dependent increases in DNA synthesis in
human airway smooth muscle cells. Maximum tryptase-in-
duced increases in DNA synthesis far exceeded those occurring
in response to coagulation cascade proteases, such as thrombin,
factor Xa, or factor XII, or to other mast cell proteases, such as
chymase or mastin. Irreversibly abolishing tryptase’s catalytic
activity did not alter its effects on increases in DNA synthesis.
We conclude that �-tryptase is a potent mitogenic serine pro-
tease in cultured human airway smooth muscle cells. However,
its growth stimulatory effects in these cells occur predomi-
nantly via nonproteolytic actions.

mast cell proteases; serine proteases; airway smooth muscle
hyperplasia; noncatalytic effects of proteases

AIRWAY SMOOTH MUSCLE HYPERPLASIA (30) is one of several
relatively irreversible structural changes that occur in
the airways of asthmatic patients. Collectively, these
structural changes often are referred to as airway
remodeling (24). Thickening of the airway wall, result-
ing in part from hyperplasia of airway smooth muscle
cells, has potential pathophysiological importance for
several reasons. It may give rise to exaggerated de-
creases in airway caliber when the smooth muscle
shortens by a given amount (31). Also, it may contrib-
ute to the severe, irreversible airflow obstruction that
sometimes occurs in patients with refractory asthma
(55). Tryptases are trypsin-like neutral serine-class
proteases that are selectively expressed in mast cells

and basophils (14). Tryptase is released in airways
during allergen challenge in atopic subjects (56) and is
present in increased concentrations in induced sputum
samples obtained from asthmatic patients (25). We
previously demonstrated that tryptase is an extremely
potent growth factor for cultured dog airway smooth
muscle cells (10). The mitogenic potential of tryptase in
human cells has been established, including in human
lung and dermal fibroblasts (1, 28), dermal microvas-
cular endothelial cells (7), and H292 lung mucoepider-
moid cells (12). However, it is not known whether
tryptase stimulates growth in human airway smooth
muscle cells. If it does, repeated episodes of mast cell
degranulation, release of tryptase extracellularly, and
activation of smooth muscle growth could be important
events leading to thickening of the smooth muscle
layer as part of airway remodeling.

In addition to tryptase, a number of other serine
proteases have the capacity to stimulate cellular
growth. Trypsin has mitogenic actions in some prepa-
rations of cultured vascular smooth muscle cells (9).
Chymase, like tryptase, a mast cell-associated serine
protease, induces potent proliferative effects in cul-
tured myocardial cells (27) and in dermal fibroblasts
(3). A number of serine proteases in the coagulation
cascade are potent growth factors in the vasculature.
These include thrombin (37), factor Xa (32, 39), and
factor XII (26). Thrombin also stimulates mitogenesis
in human airway smooth muscle cells (41), a finding of
potential importance because of likely increases in
airway vascular permeability that occur in asthma
(48). Indeed, the fact that growth stimulation in a
given cell type may occur in response to many different
serine proteases raises the possibility that these
growth regulatory effects of serine proteases occur via
a common, relatively nonspecific effect. Thus an impor-
tant issue is to determine whether mitogenic effects of
tryptase in airway smooth muscle cells occur via a
mechanism that is specific to tryptase vs. via mecha-
nisms that are shared with many other mitogenic
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serine proteases. A related need is to compare the
magnitude of tryptase’s growth stimulatory capacity in
airway smooth muscle cells with those of other mito-
genic serine proteases. To the extent that several dif-
ferent serine proteases induce growth responses in
airway smooth muscle cells of approximately the same
magnitude, the findings would support the likelihood
of nonspecific, shared mitogenic mechanisms. By con-
trast, if growth stimulatory effects of tryptase far ex-
ceeded those of other mitogenic serine proteases in
airway smooth muscle cells, the findings would suggest
that tryptase may activate the cells to grow via a
relatively unique mechanism.

Regarding specific mechanisms through which
tryptase may activate cells, much recent emphasis has
been placed on its capacity to activate protease-acti-
vated receptor-2, one member of the relatively new
class of G protein-coupled, protease-activated receptors
(PARs; see Ref. 21). As a family, PARs share a unique
mechanism of activation. A specific protease cleaves
the receptor’s NH2-terminal extracellular domain. This
cleavage unmasks a new NH2 terminus that then
serves as a “tethered ligand,” binding intramolecularly
to the body of the receptor and effecting transmem-
brane signaling (21). Four different PARs now have
been identified (PARs 1–4). PAR-1, -3, and -4 are
receptors for thrombin (21). PAR-2 is activated by
trypsin and trypsin-like proteases, including tryptase,
and by tissue factor and factor Xa (13). Tryptase’s
ability to activate PAR-2 has been documented by
demonstrating its ability to cleave peptides corre-
sponding to the NH2-terminal portion of PAR-2 (36)
and to stimulate PAR-2-associated phosphoinositol hy-
drolysis and increases in intracellular calcium (20, 36).
Immunolocalization studies in respiratory tissues have
identified PAR-2 expression in human airway smooth
muscle (23), and expression of functional PAR-2 has
been established to occur in cultured human airway
smooth muscle cells (5, 29).

It is important to note, however, that some proteases
are capable of activating cells via nonproteolytic mech-
anisms. For example, thrombin binds to glycoprotein
GP Ib� on the surface of platelets (2). The binding is of
high affinity (2), clearly involves a site in the thrombin
molecule different from its catalytic domain (45), and
does not require a proteolytic event (45). Binding of
thrombin to GP Ib� may initiate transmembrane sig-
naling itself or may merely serve as a necessary pre-
liminary event before thrombin-induced cleavage of
PARs or other surface proteins (21). There is evidence
that thrombin can induce growth in endothelial cells
via both proteolytic and nonproteolytic events (4), find-
ings that suggest the possibility that thrombin’s bind-
ing to GP Ib� may, in itself, be sufficient to induce
mitogenesis in these cells. For tryptase, the relative
importance of proteolytic vs. nonproteolytic mecha-
nisms for mediating its mitogenic effects have not been
evaluated extensively. However, in some prior studies,
although protease inhibitors clearly attenuated
tryptase’s growth stimulatory effects, there was sub-
stantial residual mitogenic activity, even in the pres-

ence of potent and irreversible protease inhibitors (10,
44). In one other study, on the other hand, protease
inhibitors abolished tryptase’s mitogenic effects com-
pletely in human lung fibroblast cells (1).

Our study had the following three goals: 1) to deter-
mine whether tryptase is a mitogen for cultured hu-
man airway smooth muscle cells; 2) to compare its
relative strength as a mitogen compared with other
mitogenic serine proteases and with classical growth
factor receptor tyrosine kinases; and 3) to determine
the importance of proteolytic vs. nonproteolytic mech-
anisms for tryptase’s growth stimulatory effects in
these cells.

MATERIALS AND METHODS

Materials. Porcine heparin (4–6 kDa), N-p-tosyl-Gly-Pro-
Lys p-nitroanilide (GPK), p-amidino phenylmethanesulfonyl
fluoride (p-APMSF), trypsin, Triton X-100, diisopropylfluoro-
phosphate (DFP), and 3,4-dichloroisocoumarin (DCI) were
purchased from Sigma Chemical (St. Louis, MO). Other re-
agents and their sources were plasminogen-free bovine
thrombin, human plasma coagulation factors Xa and XII
(Calbiochem, La Jolla, CA), serum-free medium (cellgro
COMPLETE; Mediatech, Herndon, VA), recombinant human
platelet-derived growth factor-BB homodimer (PDGF-BB),
recombinant human insulin-like growth factor I (IGF-I), re-
combinant human basic fibroblast growth factor (bFGF), re-
combinant human epidermal growth factor (EGF), Moloney
murine leukemia virus reverse transcriptase (MMLV RT),
and Thermus aquaticus (Taq) polymerase (Life Technologies,
Gaithersburg, MD). Ultraspec II was from Biotecx (Houston,
TX), and succinyl-Phe-Pro-Phe-p-nitroanilide was from Bachem
(Torrance, CA). Oligonucleotide primers employed in PCR re-
actions were synthesized by the Biomolecular Resource Center
(University of California-San Francisco).

Cell culture. Primary cultures of dog tracheal smooth mus-
cle cells were established and maintained as previously de-
scribed (52). Cells were fed on alternate days and were
passaged enzymatically when they approached confluence.
Human cells were isolated by culture of explants of trachealis
muscle obtained from individuals without respiratory dis-
ease within 12 h of death, as described previously (6). Cells
isolated from three different individuals were employed in
these experiments. Human cells were maintained in Ham’s
F-12 medium containing 100 U/ml penicillin, 100 �g/ml
streptomycin, and 10% FCS. They were maintained by feed-
ing on alternate days and were enzymatically passaged near
confluence. A549 cells were obtained from American Type
Culture Collection (Manassas, VA).

Tryptase and other mast cell proteases. Tryptase was iso-
lated from human lung tissue, as described previously (28).
Purity of the tryptase in these isolates has been established
using chromatographic, electrophoretic, and immunologic
criteria (28). This preparation is predominantly �-tryptase
(personal communication, Dr. L. B. Schwartz, Medical Col-
lege of Virginia, Richmond, VA). In a few experiments, we
also employed tryptase from other sources for purposes of
comparison. These were human lung tryptase from a com-
mercial source (Calbiochem), from human mast cell leukemia
cells (HMC-1; see Ref. 11), and from dog mastocytoma cells
(18). Dog mast cell �-chymase and a novel tryptase-like
serine protease known as dog mast cell protease-3 (dMCP-3;
see Ref. 57) or mastin (16) also were isolated as described
previously (57).
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Assay of serine protease activity. Catalytic activity of
tryptase was measured by assessing its ability to cleave GPK
(47). Tryptase was added to 50 mM Tris buffer, pH 7.7,
containing 120 mM NaCl, 20 �g/ml heparin, and 100 �M
GPK (final volume: 100 �l). Rates of GPK hydrolysis were
determined at room temperature for 3 min by following the
change in absorbance at 405 nm using a Beckman spectro-
photometer. The concentration of tryptase was calculated
from the amount of cleaved substrate (molar extinction coef-
ficient � 8,800), assuming a molecular weight of 140,000 for
tetrameric tryptase (42). Catalytic activities of dMCP-3 (or
mastin) and thrombin also were confirmed using this assay.
Proteolytic activity of chymase was confirmed by monitoring
its cleavage (at 405 nm and 37°C) of 80 �M succinyl-Phe-Pro-
Phe-p-nitroanilide in 30 mM Tris buffer containing 1 M
NaCl, pH 8.0 (17).

Tryptase catalytic inhibition. To assess proteolytic vs. non-
proteolytic effects, we explored available techniques poten-
tially suitable for irreversibly inhibiting tryptase’s catalytic
activity. We reasoned that reversible inhibitors could be
inadequate for our purposes because of their possible degra-
dation during the 48 h required to assess changes in DNA
synthesis. We considered the following three different irre-
versible serine protease inhibitors: DFP, DCI (43), and p-
APMSF (33). A disadvantage of DFP is its toxicity. DCI (100
�M) effectively inhibited catalytic activity but caused signif-
icant cytotoxicity in our cellular preparations. p-APMSF
proved to be an ideal irreversible inhibitor. This compound is
a specific, irreversible, noncytotoxic inhibitor of the class of
serine proteases that cleaves substrates after lysine or argi-
nine (33), and tryptase falls into this class (46). In our
experiments, tryptase (10.5–27 nM) was incubated with p-
APMSF (10 �M) for 100–120 min at 4°C in 10 mM BisTris
buffer, pH 6.1. As a control, tryptase was incubated with
p-APMSF diluent alone (1:1 acetonitrile-dimethylform-
amide). Incubates then were diluted 1:5 in serum-free cellgro
COMPLETE media, pH 7.4, and placed on ice for 3–5 h
before application to cells in 96-well plates. To test for its
possible cytotoxic effects, p-APMSF that had been incubated
alone was added to wells containing either serum-free media
or PDGF-BB, and the effects on DNA synthesis (see below)
were determined. Before application on cells, p-APMSF-
treated tryptase was assayed for completeness of catalytic
inhibition using the GPK assay, as described above. In some
experiments, to test for irreversibility of the catalytic inhibi-
tion, we removed aliquots of media overlying cells that con-
tained p-APMSF-treated tryptase after 24 h and confirmed
that it still was unable to cleave GPK. In other experiments,
trypsin (8.9–125.1 nM) was incubated with p-APMSF in an
identical manner to test for mitogenic effects of p-APMSF-
treated trypsin.

DNA synthesis. To quantify DNA synthesis in the cells, we
measured the incorporation of bromodeoxyuridine (BrDU)
into cellular DNA using an enzyme-linked immunosorbent
assay (ELISA), as we described previously (10). For studies
in human cells, passage 5–9 cells were seeded at a density of
10,000 cells/well in 96-well format. After 24 h in F-12 media
containing 10% FCS, the cells in each well were washed one
time with PBS and then starved for 24 h in 100 �l of
serum-free F-12 media before the addition of mitogens. BrDU
was introduced 24–48 h after the addition of mitogens. For
dog cells, passages 1–5 were used for quantifying DNA syn-
thesis and were starved in cellgro COMPLETE serum-free
media. Mitogens were introduced in the cultures, and the
BrDU (10 �M) was added 24–48 h later.

Cell counts. Human airway smooth muscle cells were
seeded at a density of 10,000 cells/well in 96-well format.

After 24 h starvation in serum-free F-12 media, mitogens or
media alone were added to cells at day 0. Counts were
performed 48 and 96 h later (“days 2 and 4”) from triplicate
wells using a hemocytometer after enzymatic detachment of
cells.

PAR-2 expression in human airway smooth muscle cells.
Previous investigators have demonstrated that PAR-2 is ex-
pressed in cultured human airway smooth muscle cells (29).
To confirm that the cells employed in our study also express
this receptor, we used PCR. RNA was isolated from five
different preparations of human airway smooth cells, at a
confluent or near-confluent stage, using Ultraspec II. As
positive and negative controls, we also isolated RNA from
A549 cells and human platelets, which express PAR-2 in
abundance and not at all, respectively (8). Single-stranded
cDNA was synthesized from the RNA using MMLV RT. Each
reaction was carried out in 20 �l containing 2 �g RNA as
template, 0.6 mM concentrations of each dNTP, random
hexamers (50 ng/reaction), RNasin (20 U/reaction), 50 nM
Tris (pH 8.3), 3 mM MgCl2, 75 mM KCl, and 10 mM dithio-
threitol. Reverse transcription was carried out using 200
units of MMLV RT per reaction at room temperature for 10
min followed by 42°C for 45 min and then heat inactivation
for 5 min at 95°C.

For PCR, oligonucleotide primers used for amplification of
PAR-2 gene fragments were as follows: forward primer (com-
plementary to nucleotides 159–179 in exon 1), 5�-CAGCGCG-
GCGTGGCTGCTGGG; reverse primer (complementary to
nucleotides 446–466 in exon 2), 5�-AAGACCCACAGGGC-
CATGCCG (8). The expected size of the amplified product
was 287 bp (8). To test for RNA integrity and efficiency of the
RT reactions in each sample, PCR also was carried out with
primers for identification of �-actin. The primers used were
identical to those employed previously (38), as follows: for-
ward primer (complementary to nucleotides 3119–3136), 5�-
CCGCAAATGCTTCTAGGC; reverse primer (complementary
to nucleotides 3774–3754 on exon 6 of the rat �-actin gene)
5�-GGTCTCACGTCAGTGTACAGG (40). The expected prod-
uct size for this reaction was 656 bp. For each reaction, 15%
of the transcribed cDNA was added to a reaction mixture
containing 10 mM Tris (pH 8.0), 50 mM KCl, 1.5 mM MgCl2,
0.2 mM concentrations of each dNTP, 0.2–0.6 �M of each
primer, and 2.5 units Taq DNA polymerase. Reaction mixes
were heated to 94°C for 5 min before addition of Taq poly-
merase to completely denature the template. Reaction mixes
were overlaid with light mineral oil and incubated in a DNA
thermal cycler (Perkin-Elmer Cetus, Norwalk, CT) followed
by 30 cycles of amplification as follows: denaturing for 100
min at 95°C, annealing for 70 min at 57°C, and extending for
100 min at 72°C. PCR-generated DNA bands were identified
by size after electrophoresis on a 2% (wt/vol) agarose gel (in
40 mM Tris and 1 mM EDTA) that was run at 10 V/cm for 1 h.
Gels were stained with ethidium bromide (0.01 �g/ml) and
photographed under ultraviolet illumination. In some of the
reactions with the PAR-2 primers, DNA from a full-length
(6.9 kb) human PAR-2 clone (generously provided by Dr.
Nigel W. Bunnett, University of California-San Francisco)
was used as a template.

RESULTS

Tryptase is a mitogen for human airway smooth
muscle cells. Human lung tryptase in nanomolar con-
centrations effectively stimulated BrDU incorporation
into newly synthesized DNA (Fig. 1). The mitogenic
effects of tryptase were concentration dependent, and
maximum stimulation occurred at concentrations of

L199TRYPTASE IN HUMAN AIRWAY SMOOTH MUSCLE CELL GROWTH

AJP-Lung Cell Mol Physiol • VOL 282 • FEBRUARY 2002 • www.ajplung.org

Downloaded from www.physiology.org/journal/ajplung at Tulane University (129.081.226.078) on February 12, 2019.



20–30 nM. Concentrations of tryptase �20 nM elicited
33–46% of the BrDU uptake occurring in the presence
of 10% FCS (data not shown). Exposure to tryptase for
4 days produced significant increases in smooth muscle
cell numbers compared with numbers when cells were
maintained for the same time period under basal, se-
rum-free conditions (Fig. 2). Tryptase purified from
HMC-1 mastocytoma cells (11) and from dog mastocy-
toma cells (18) also promoted BrDU incorporation in
human cells (data not shown).

Tryptase is an extremely strong mitogen for human
airway smooth muscle cells when its maximum effects
on increased DNA synthesis are compared with those of
peptide growth factors and other mitogenic serine pro-
teases. In cultured human airway smooth muscle, max-
imum increases in BrDU incorporation induced by
large concentrations of tryptase were comparable to
those induced by large concentrations of PDGF-BB and
bFGF, and the responses to tryptase were substan-
tially greater than those induced by large concentra-
tions of EGF (Fig. 3A). IGF-I did not induce detectable
increases in BrDU incorporation at any concentration
in the human cells (Fig. 3A). Compared with the max-
imum effects of tryptase, increases in BrDU incorpora-
tion in response to the other mitogenic serine proteases
tested (thrombin, factor Xa, and factor XII) were rela-
tively small.

We previously have demonstrated that tryptase is a
mitogen for airway smooth muscle cells from one other
species, dogs (10). Therefore, during the course of these
experiments, we used dog tracheal smooth muscle cells
and similar techniques to compare maximal growth
stimulatory effects of tryptase with those of other mi-
togens in cultured canine cells. The human lung
tryptase employed in these experiments induced large
increases in BrDU incorporation, once again similar in
magnitude to those induced by PDGF-BB (Fig. 3B).
Unlike in human airway smooth muscle cells (Fig. 3A),
in the dog cells we found that IGF-I also was a strong
mitogen (Fig. 3B). Although thrombin clearly induced
increases in BrDU incorporation in dog cells, the re-
sponses to tryptase were approximately sixfold greater
(Fig. 3B). Dog mastin, a serine protease closely related
to tryptase, and chymase, a serine protease with chy-
motrypsin-like specificity, were not mitogenic in these
cells. Together, these results suggest that tryptase is a
strong mitogen for both human and dog airway smooth
muscle cells.

It has been reported previously that trypsin has
the potential to induce mitogenic effects via its prop-
erties as a serine protease (9), perhaps via its ability
to cleave and activate insulin receptors (49). There-
fore, during the course of these experiments, we were
interested in testing for trypsin’s potency as a mito-
gen for cultured airway smooth muscle cells and to

Fig. 1. Concentration-dependent effects of tryptase on DNA synthe-
sis in human airway smooth muscle cells. A range of concentrations
of tryptase (0.8–60 nM) was applied to cells, and DNA synthesis was
quantitated by bromodeoxyuridine (BrDU) enzyme-linked immu-
nosorbent assay (ELISA), as described in MATERIALS AND METHODS.
BrDU incorporation is expressed as a percentage of the response to
the highest concentration of tryptase ([tryptase]) applied to cells.
Each point is a mean value from 4 separate experiments, each
performed in duplicate, over the range of tryptase concentrations
shown. The concentration of tryptase that elicited half-maximal
stimulation was 4.9 nM, as determined using SigmaPlot (Jandel,
San Rafael, CA).

Fig. 2. Tryptase-induced proliferation of human airway smooth mus-
cle cells. Compared proliferative responses of human airway smooth
muscle cells to human lung tryptase (5 nM), recombinant human
platelet-derived growth factor (PDGF)-BB (100 ng/ml), and 10% FCS
at days 2 and 4 after addition of mitogens. Cell counts on day 2 and
day 4 are expressed as the degree of increases in cell number above
those that occurred in the presence of serum-free media alone.
Results are means � SD of triplicate determinations in one experi-
ment. Day 4 values were significantly greater than those occurring in
response to serum-free medium alone for tryptase, PDGF, and 10%
FCS (P � 0.05, paired t-test).
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compare it with tryptase’s potency. Because of the
structural similarity of receptors for insulin and
IGF-I (53), we employed IGF-I, rather than PDGF, as
the peptide growth factor for these experiments and
therefore employed dog, rather than human, airway
smooth muscle cells because IGF-I did not increase
BrDU incorporation in the human cells (Fig. 3A).
Trypsin alone, in concentrations of 1–10 nM, did
induce small but detectable increases in BrDU incor-
poration (Fig. 4). Higher concentrations of trypsin
invariably caused the cells to detach from their sup-
porting matrix, an effect that we never observed with
tryptase over the range of concentrations employed
in these experiments. Therefore, we were not able to
examine full concentration-response relationships
between trypsin and mitogenesis. Previous reports

have indicated that low “threshold” concentrations of
tryptase may potentiate responses to peptide growth
factors of the receptor tyrosine kinase class in lung
fibroblast cells (28). Therefore, we sought to deter-
mine, in dog airway smooth muscle cells, whether
threshold concentrations of trypsin and tryptase
both potentiated responses to IGF-I and, if so, to a
similar degree. Threshold concentrations of tryptase
caused synergistic or more-than-additive increases
in BrDU accumulation when applied in combination
with IGF-I (Fig. 4A). By contrast, when threshold
concentrations of trypsin were applied to cells, alone
or together with IGF-I, the magnitude of the result-
ing responses was an additive combination of the
responses to each mitogen, and there was no indica-
tion of synergistic potentiation (Fig. 4B).

Fig. 3. Maximum increases in DNA syn-
thesis in human (A) and dog (B) airway
smooth muscle cells in response to serine
proteases and peptide growth factors.
Cellular DNA synthesis was measured
using the BrDU ELISA after exposure of
human airway smooth muscle cells to
large concentrations of either human
lung tryptase (20–47 nM, n � 5), bovine
thrombin (10 U/ml, n � 6), human factor
Xa (50 nM, n � 3), human factor XII (6
�g/ml, n � 3), human epidermal growth
factor (EGF; 100 ng/ml, n � 8), human
PDGF-BB (100 ng/ml, n � 8), human
basic fibroblast growth factor (bFGF;
100 ng/ml, n � 8), or human insulin-like
growth factor I (IGF-I; 100 ng/ml, n � 3).
Responses in dog cells were tested with
human tryptase (4 nM, n � 9), bovine
thrombin (10 U/ml, n � 3), dog mast cell
protease-3 (dMCP-3 or mastin; 550 ng/
ml, n � 2), chymase (550 ng/ml, n � 2),
human PDGF-BB (100 ng/ml, n � 5), or
human IGF-I (50 ng/ml, n � 19). Re-
sponses shown are means � SE and are
expressed as a percentage of the re-
sponse to 10% FCS.

Fig. 4. Compared effects of threshold concentra-
tions of tryptase (A) and trypsin (B) on IGF-I-
induced BrDU incorporation in dog airway
smooth muscle cells. IGF-I dose responses were
measured alone or in the presence of threshold
doses of tryptase (0.25–0.5 nM) or trypsin (1–10
nM). Data are expressed as mean � SE from 5
experiments, each performed in triplicate. [IGF-
I], IGF-I concentration.
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To characterize further the effects of trypsin on the
cultured cells, we examined the effects of inhibiting
trypsin’s proteolytic activity on its ability to induce
mitogenesis in the dog cells. Treating trypsin (8.9–64.4
nM) with p-APMSF appeared to prevent trypsin-in-
duced cellular detachment. p-APMSF-treated trypsin,
even in a large concentration (64.4 nM), induced rela-
tively small increases in BrDU incorporation (6.5 �
1.5%; n � 2; data not shown). Treatment with an even
larger concentration of trypsin (125.1 nM) with
p-APMSF reduced its proteolytic activity to only 	60%
of control values and did not prevent trypsin-induced
cellular detachment.

Tryptase’s mitogenic effects in human airway smooth
muscle cells are largely nonproteolytic. Treatment of
tryptase with p-APMSF invariably inhibited its proteo-
lytic activity by 99% or more. In human airway smooth
muscle cells, growth stimulatory effects of tryptase
were not altered by prior treatment by p-APMSF (Fig.
5B). Results shown are from 10 different experiments,
each performed in triplicate, and in none of these
experiments was there an apparent difference between
p-APMSF-treated and -untreated tryptase. By con-
trast, in dog cells, the tryptase response clearly was
attenuated by p-APMSF (Fig. 5A). The total and irre-
versible inhibition of tryptase’s proteolytic activity af-
ter treatment with p-APMSF was confirmed upon the
addition of p-APMSF-treated tryptase to cells and after
a period of 24 h under conditions identical to those
employed in the BrDU assay. In the same experiments,
we tested the effects of p-APMSF treatment on re-
sponses to PDGF in both human and dog cells. Con-
centrations of PDGF employed in these experiments
were adjusted such that PDGF-induced mitogenic re-
sponses approximated those achieved in response to
tryptase. Treatment of PDGF with p-APMSF had no

significant attenuatory effects on responses to PDGF in
either human or dog cells (Fig. 5). In the human cells,
human lung tryptase from a commercial source (Cal-
biochem) also was a potent mitogen, and p-APMSF
treatment had no significant attenuating effects on its
mitogenic activity (data not shown).

Human airway smooth muscle cells employed in
these experiments express PAR-2. PCR yielded DNA
bands of the expected size from each of the five differ-
ent preparations of human airway smooth muscle cells,
although there was variability in band intensity com-
pared with that of �-actin (Fig. 6). Using the PAR-2
primers, we also identified intense bands of the appro-
priate size using RNA preparations from A549 cells,
but no bands were seen using RNA from human plate-
lets (data not shown). We also identified an intense

Fig. 5. Compared effects of p-amidino phenyl-
methylsulfonyl fluoride (p-APMSF) treatment on
mitogen-induced increases in DNA synthesis in
cultured dog (A) and human (B) tracheal smooth
muscle cells. Cells were growth arrested in se-
rum-free media and then exposed to PDGF (50
ng/ml) or tryptase (2.1–5.4 nM) alone (control) or
to PDGF or tryptase that had been preincubated
with the irreversible inhibitor p-APMSF (plus
p-APMSF). DNA synthesis was measured as
BrDU incorporation using an ELISA. Results are
means � SE; n � 6 or 10 experiments with
PDGF or tryptase, respectively. *Significant dif-
ference compared with control response (P �
0.05, paired t-test).

Fig. 6. Demonstration of protease-activated receptor (PAR)-2 ex-
pression in human airway smooth muscle cells. RNA was isolated
from 5 different preparations of confluent human airway smooth
muscle cells, and RT-PCR was carried out to test for PAR-2 expres-
sion, as described in MATERIALS AND METHODS. A: DNA bands, stained
with ethidium bromide, that are of the appropriate size for the
287-bp product expected for PAR-2 cDNA fragments when the PAR-2
primers were used. B: RT-PCR for �-actin carried out on the same
RNA samples as in A. The relatively equal intensity of the bands
demonstrates comparable RNA integrity and efficiency of the RT
reactions among the different cellular preparations employed.
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band of the appropriate size when a Hind III-linearized
human PAR-2 cDNA was used as template with the
PAR-2 primers (data not shown). The findings indicate
that the preparations of human cells employed in our
experiments express PAR-2, as reported previously in
other preparations of cultured human airway smooth
muscle cells by other investigators (5, 29).

DISCUSSION

In this study, we found that mast cell tryptase pro-
duced concentration-dependent increases in DNA syn-
thesis in cultured human airway smooth muscle cells
(Fig. 1), as in cultured dog tracheal smooth muscle cells
reported previously (10). Tryptase-induced increases in
DNA synthesis resulted in demonstrable and signifi-
cant increases in cell numbers in the human cells (Fig.
2). The increases in DNA synthesis occurred over the
1–30 nM range of tryptase concentrations, a concen-
tration range with potential relevance in vivo based on
previous estimates of mast cell densities in the smooth
muscle layer of human bronchi (35) and of tryptase
concentrations per human lung mast cell (22). In our
experiments, the maximum increases in DNA synthe-
sis induced by tryptase were comparable to those in
response to several classical peptide growth factors
and substantially greater than to other mitogenic
serine proteases (Fig. 3). Bolstering the strength of
these findings is our prior extensive validation of the
BrDU ELISA as an accurate means of quantifying
DNA synthesis in cultured airway smooth muscle cells
(10). As reported by prior investigators in other prep-
arations of human airway smooth muscle cells (29), the
human cells employed in our experiments appeared to
express PAR-2 (Fig. 6). However, a major and some-
what surprising finding of our experiments was that
tryptase-induced mitogenic responses in the human
cells were largely via nonproteolytic mechanisms (Fig.
5B); therefore, PAR-2 activation likely was not in-
volved in mediating tryptase’s growth stimulatory ef-
fects in these cells.

In a previous study, we showed that tryptase-in-
duced mitogenesis in cultured dog airway smooth mus-
cle cells was attenuated by a protease inhibitor (10),
and we confirmed this finding in the present study
(Fig. 5A). For that reason, at the outset of the current
study, we were curious to compare the magnitude of
mitogenic responses to tryptase with those of other
mitogenic serine proteases to determine whether or not
tryptase’s effects reflected a general, nonspecific
growth stimulatory response to serine proteases. We
tested several other serine proteases. Chymase, a mast
cell protease with chymotrypsin-like activity, has mi-
togenic effects on intramyocardial cells (27) and 3T3
fibroblasts (3). The cellular mechanism is not known
but may relate to chymase’s potent angiotensin-con-
verting enzyme activity (50). Human coagulation fac-
tor Xa is a potent growth factor for vascular smooth
muscle and endothelial cells, perhaps mediated via
activation of effector cell protease receptor-1 (EPR-1;
see Ref. 39). Current evidence suggests that factor Xa

binds with high affinity to EPR-1 and then may initiate
growth via a secondary event that requires its (factor
Xa’s) catalytic site (39). Factor XII stimulates growth of
hepatocytes and aortic smooth muscle, endothelial,
and alveolar type 2 cells (28). Intriguingly, the factor
XII molecule contains EGF-homologous domains, al-
though recent evidence argues against EGF receptor
activation as the mechanism for factor XII’s growth
stimulatory activity (28). Potent mitogenic effects of
thrombin in the vasculature may occur via proteolytic
activation of PARs (21) and possibly via nonproteolytic
binding and activation of GP Ib� (2). In our experi-
ments, thrombin clearly was a mitogen in both human
and dog airway smooth muscle cells (Fig. 3, A and B),
as described previously in human cells by other inves-
tigators (41). However, tryptase stimulated maximal
increases in DNA synthesis to a much greater extent
than any of these other serine proteases. The findings
suggest that tryptase’s growth stimulatory effects in
cultured airway smooth muscle cells do not reflect a
nonspecific effect of many different serine proteases.
Instead, a mechanism relatively unique to tryptase
likely is involved. Specificity of the mechanisms
through which different proteases induce growth stim-
ulatory effects also is suggested by the prior observa-
tion that tryptase was not a mitogen for cultured vas-
cular smooth muscle cells (28), where the coagulation
proteases would be expected to have relatively potent
growth stimulatory effects.

Trypsin is a mitogen in some cells (9); therefore,
during the course of our experiments, we were inter-
ested in determining its potential growth stimulatory
effects in airway smooth muscle cells. Not surprisingly,
we were unable to test the full range of trypsin concen-
trations in our BrDU ELISAs because trypsin concen-
trations �10 nM detached the smooth muscle cells
from their substrate. These observations, coupled with
the fact that tryptase never caused such detachment,
are consistent with a general lack of specificity at the
substrate P3 locus for trypsin’s proteolytic actions vs.
the relatively narrow range of extended peptide sub-
strates cleaved by tryptase (51). Trypsin may induce
growth stimulatory effects via its insulinomimetic ef-
fects (49). Thus tryptic cleavage of the �-subunit of the
insulin receptor resulted in autophosphorylation of the
�-subunit and initiation of transmembrane signaling
(49). Cleavage of the �-subunit may have relieved its
tonic inhibition of �-subunit phosphorylation and thus
allowed signaling and growth induction to proceed just
as if the receptor were occupied by insulin (49). In our
experiments, we considered the possibility that the
IGF-I receptor might be a site of action for tryptase
effects because of this known insulinomimetic activity
of trypsin, the structural similarities of insulin and
IGF-I receptors (53), and the potent growth-promoting
effects of IGF-I in cultured dog airway smooth muscle
cells (Fig. 3B). We defined concentrations of trypsin
that produced a small mitogenic response without de-
taching cells from the substratum. Concentrations of
tryptase were chosen to match these small mitogenic
responses. We then sought to determine the effects of
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threshold concentrations of each protease on responses
to IGF-I. Interestingly, trypsin and IGF-I induced in-
creases in DNA synthesis that were additive (Fig. 4B).
The finding is consistent with activation by trypsin and
IGF-I of the same cell surface receptor, possibly the
IGF-I receptor, although more information would be
needed to establish this mechanism. In contrast, re-
sponses to tryptase and IGF-I were synergistic (Fig.
4A), and the findings suggested that these two agents
employed separate modes of activation and possibly
separate, rather than a shared, receptor(s) (28).

In our experiments, we used p-APMSF to inhibit
tryptase’s proteolytic actions irreversibly (10, 33). Other
more commonly used inhibitors of tryptase’s proteo-
lytic activity include leupeptin, antipain, and benzami-
dine (15). All have the potential problems of reversibil-
ity and low potency (15). Compounds such as bis(5-
amidino-2-benzimidazolyl)methane (15) and APC366
(19) have improved potency but still are reversible.
p-APMSF (33) is well suited for use in relatively
lengthy proliferation assays in vitro because it effec-
tively and irreversibly blocks virtually all catalytic
activity of tryptase at low concentrations without in-
ducing cytotoxic effects (33). In our experiments, we
established that p-APMSF inhibited tryptase’s cata-
lytic activity by 99% or more in every experiment, and
the inhibition persisted throughout the time course of
the mitogenic assays. Our principal finding was that
treatment of tryptase with p-APMSF significantly at-
tenuated, but failed to abolish, increases in DNA syn-
thesis in cultured dog airway smooth muscle cells (Fig.
5B) on the one hand but did not significantly alter
tryptase-induced responses in human cells on the other
hand (Fig. 5A). In the human cells, it seems unlikely
that a very small amount of residual catalytic activity
in p-AMSF-treated-tryptase could account for its per-
sistently potent mitogenic activity, particularly when
the relationships between tryptase concentration and
mitogenic response are taken into consideration (Fig.
1). The findings raise the possibility that tryptase has
the capacity to induce its mitogenic effects in airway
smooth muscle cells via both proteolytic and nonpro-
teolytic mechanisms, with each mechanism being of
different degrees of importance depending on the spe-
cific cell type and experimental conditions.

Although tryptase-induced activation of PAR-2
clearly is one potential proteolytic mechanism for
tryptase’s effects (1, 20, 36), we can only speculate
about possible nonproteolytic mechanisms. In bovine
airway smooth muscle cells, potent proliferative re-
sponses to �-hexosaminidase and other mannosyl-rich
glycoproteins are mediated by specific mannose recep-
tors (34). The purified tryptase from human lung used
in our studies most likely is composed of a combination
of �1- and �2-isoforms that have two and one NH2-
linked glycosylation site(s) per monomer, respectively
(54). The crystal structure of tetrameric human
�-tryptase has several glycosylated residues on the
outer surface of the molecule in a location where such
residues likely would be accessible for binding to cell
surface mannose receptors (42). Such a mechanism

would account for nonproteolytic activation of cellular
growth by tryptase in airway smooth muscle cells.

In summary, tryptase is an extremely potent mito-
gen in cultured human airway smooth muscle cells.
Therefore, its repeated release in the airways after
mast cell degranulation (56) could contribute impor-
tantly to the smooth muscle hyperplasia and remodel-
ing that occur in the airways of asthmatic patients (30).
Many have assumed that all biological effects of extra-
cellular tryptase are mediated via its catalytic site, but
the tryptase tetramer has a complicated structure with
the potential to exert both nonproteolytic and proteo-
lytic actions (42). To our knowledge, all current efforts
to develop tryptase inhibitors focus on attenuating its
catalytic effects exclusively (15, 19). In this regard, our
finding that tryptase’s growth stimulatory effects in
human airway smooth muscle cells occur largely via
nonproteolytic mechanisms is important. The finding
suggests that more complete information about the
specific cellular mechanisms for tryptase’s growth
stimulatory effects may be needed before compounds
can be developed that would be predicted to inhibit
tryptase-induced mitogenesis in vivo with a full degree
of effectiveness.
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paign (United Kingdom).
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