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CD4+ T helper (TH)1- and TH2-type cytokines reportedly play an important role in the pathobiology of asthma. Recent
evidence suggests that proasthmatic changes in airway smooth muscle (ASM) responsiveness may be induced by the
autocrine release of certain proinflammatory cytokines by the ASM itself. We examined whether TH1- and TH2-type
cytokines are expressed by atopic asthmatic sensitized ASM and serve to autologously regulate the proasthmatic
phenotype in the sensitized ASM. Expression of these cytokines and their receptors was examined in isolated rabbit and
human ASM tissues and cultured cells passively sensitized with sera from atopic asthmatic patients or control subjects.
Relative to controls, atopic sensitized ASM cells exhibited an early increased mRNA expression of the TH2-type
cytokines, interleukin-5 (IL-5) and granulocyte–macrophage colony-stimulating factor (GM-CSF), and their receptors. This
was later followed by enhanced mRNA expression of the TH1-type cytokines, IL-2, IL-12, and interferon-γ (IFN-γ), as well
as their respective receptors. In experiments on isolated ASM tissue segments (a) exogenous administration of IL-2 and
IFN-γ to atopic asthmatic serum–sensitized ASM ablated both their enhanced constrictor responsiveness to acetylcholine
(ACh) and their attenuated relaxation responsiveness to β-adrenoceptor stimulation with isoproterenol, and (b)
administration of IL-5 and GM-CSF to naive ASM induced significant increases in their contractility to ACh and impaired
their relaxant responsiveness to isoproterenol. Collectively, these observations provide new evidence demonstrating […]
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Introduction
Exaggerated agonist-mediated bronchoconstriction,
attenuated β-adrenoceptor–mediated airway relaxation,
and airway inflammation are all characteristic features
of bronchial asthma (1–4). Although the mechanism
underlying these inflammation-associated changes in
airway responsiveness remains largely unknown, sub-
stantial evidence in recent years supports a key role for
CD4+/T helper (TH)2 cell–derived cytokines in the
pathogenesis of the pulmonary inflammatory response
in asthma (5–9). Certain TH2-type cytokines, notably
interleukin (IL)-4 and IL-5, are known to orchestrate var-
ious humoral and cellular immune responses, including
IgE synthesis, eosinophil recruitment, and upregulated
eosinophil function, that are characteristic of the inflam-
matory state in asthmatic airways (10–12). Moreover,
there is also evidence suggesting that the TH1-type
cytokines, notably interferon-γ (IFN-γ), may play a pro-
tective role in countering the IgE-dependent expression
of allergic responses and atopic asthma (13–18). Thus,
the contemporary viewpoint is that the proasthmatic
state reflects an imbalance between TH1- and TH2-type
cytokine production and action, wherein an induced
upregulated TH2 cytokine response, together with a rel-

atively downregulated TH1 cytokine response, underlies
the cellular and humoral airway inflammatory diathesis
in asthma. Accordingly, it is believed that the stimulated
release and action of TH2 cytokines are responsible for
orchestrating the influx of inflammatory cells into the
airways and that the resultant release of various proin-
flammatory mediators by these cells renders the airway
smooth muscle (ASM) hyperractive (5–12).

In support of the above concept, studies in children
and adults (5, 19–21) have demonstrated that, relative to
nonallergic/nonasthmatic subjects, both serum and
bronchoalveolar lavage (BAL) fluid samples isolated
from atopic asthmatic patients reveal significantly
increased levels of IL-4 and IL-5, in association with
decreased levels of IFN-γ (5, 19–21). Moreover, it has
been reported that mononuclear cells isolated from
serum or BAL fluid samples from atopic asthmatic
patients also demonstrate a similar altered TH1- and
TH2-type cytokine profile when the cells are stimulated
with antigen (i.e., favoring the TH2-type cytokine
response). Finally, in extended support of this concept,
treatment of asthmatic patients or allergen-sensitized
animals with corticosteroids has been found to reduce
both airway constrictor hyperresponsiveness and BAL
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We examined whether TH1- and TH2-type cytokines are expressed by atopic asthmatic sensitized ASM
and serve to autologously regulate the proasthmatic phenotype in the sensitized ASM. Expression of these
cytokines and their receptors was examined in isolated rabbit and human ASM tissues and cultured cells
passively sensitized with sera from atopic asthmatic patients or control subjects. Relative to controls,
atopic sensitized ASM cells exhibited an early increased mRNA expression of the TH2-type cytokines,
interleukin-5 (IL-5) and granulocyte–macrophage colony-stimulating factor (GM-CSF), and their recep-
tors. This was later followed by enhanced mRNA expression of the TH1-type cytokines, IL-2, IL-12, and
interferon-γ(IFN-γ), as well as their respective receptors. In experiments on isolated ASM tissue segments
(a) exogenous administration of IL-2 and IFN-γto atopic asthmatic serum–sensitized ASM ablated both
their enhanced constrictor responsiveness to acetylcholine (ACh) and their attenuated relaxation respon-
siveness to β-adrenoceptor stimulation with isoproterenol, and (b) administration of IL-5 and GM-CSF
to naive ASM induced significant increases in their contractility to ACh and impaired their relaxant
responsiveness to isoproterenol. Collectively, these observations provide new evidence demonstrating
that human ASM endogenously expresses both TH1- and TH2-type cytokines and their receptors, that
these molecules are sequentially upregulated in the atopic asthmatic sensitized state, and that they act
to downregulate and upregulate proasthmatic perturbations in ASM responsiveness, respectively.
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fluid levels of IL-4 and IL-5, as well as the percentage of
cells expressing these cytokines, whereas IFN-γ levels and
cells expressing IFN-γ in the lung are increased (22–24).

Although this evidence implies an important role for
CD4+ TH cells in the pathobiology of atopic asthma, we
have recently demonstrated (25–27)that the ASM itself
can be induced to express specific cytokines, notably IL-
1β, in the atopic asthmatic sensitized state and, thereby,
the ASM acts in an autocrine manner to manifest
endogenously its proasthmatic phenotypic responsive-
ness. In view of the latter, together with the aforemen-
tioned implied role of an altered TH1/TH2 cytokine pro-
file in allergic asthma, the present study examined
whether isolated rabbit and human ASM (HASM) tissue
and cultured ASM cells also express TH1- and TH2-type
cytokines and their receptors, whether the expression of
these molecules is perturbed in the atopic asthmatic sen-
sitized state, and whether the latter perturbation is asso-
ciated with proasthmatic changes in agonist-mediated
ASM constrictor and relaxant responsiveness. The

results provide new evidence demonstrating that HASM
tissue and cultured cells express mRNAs and proteins for
both TH1- and TH2-type cytokines and their receptors,
and that the expression of these cytokine and receptor
molecules is altered during passive sensitization of the
ASM with human atopic asthmatic serum. This evi-
dence, together with extended findings demonstrating
that TH1- and TH2-type cytokines exert opposing effects
on ASM constrictor and relaxant agonist responsiveness,
suggests a potentially important role for the ASM itself
in autologously regulating its altered responsiveness in
the atopic asthmatic state.

Methods
Animals. Thirty-two adult New Zealand white rabbits were used
in this study, which was approved by the Biosafety and Animal
Research Committee of the Joseph Stokes Research Institute at
Children’s Hospital of Philadelphia. The animals had no signs
of respiratory disease for several weeks before the study.

Preparation and sensitization of rabbit ASM tissue. After anesthesia
with xylazine (10 mg/kg) and ketamine (50 mg/kg), rabbits were
sacrificed with an overdose of pentobarbital (130 mg/kg). The
tracheae were removed via open thoracotomy, cleared of loose
connective tissue, and divided into eight ring segments of 6- to
8-mm length. Each alternative ring was then incubated for 24 h
at room temperature in human serum containing IgE >1,000
IU/ml obtained from five allergic patients with moderate to
severe asthma and 4–5/6+ radioallergosorbent test (RAST)–pos-
itive (specific IgE concentration of more than 17.5 Phadebas
RAST units [PRU]/ml) to Dermatophagoides pteronyssimus, Der-
matophagoides farinae, and ragweed, and positive skin test to these
antigens. The corresponding adjacent ring segments were incu-
bated with human serum from five nonatopic, nonasthmatic
individuals with normal serum IgE levels (i.e., < 70 IU/ml) and
negative skin test reactivity, including to D. pteronyssimus, D. fari-
nae, and ragweed (27). The sera were obtained when the subjects
were clinically stable and when the atopic asthmatic individuals
had not been treated with oral corticosteroids for at least four
weeks before study. In parallel experiments, tracheal smooth
muscle (TSM) segments were incubated in either control serum
or in atopic asthmatic serum that was cotreated with IL-2, IL-
12, or IFN-γ. Finally, TSM tissues were incubated in serum-free
medium in the presence of IL-4, IL-5, granulocyte–macrophage
colony-stimulating factor (GM-CSF), or the combination of
these cytokines. Tissues incubated in medium alone served as
controls. The serum was aerated with a continuous supplemen-
tal O2 mixture (95% O2/5% CO2) during the incubation phase.

Preparation of HASM tissue. ASM tissue was isolated from six
nonatopic, nonasthmatic subjects who underwent lung resec-
tion for removal of bronchial carcinoma. Tumor-free ASM tis-
sue was carefully cleaned of its epithelium and loose connective
tissue and divided into several strips, and each alternate ASM
strip was then passively sensitized with either human control
serum or human atopic asthmatic serum for varying durations.
The tissues’ mRNA and protein were subsequently isolated for
analyses of the expressions of TH1 and TH2 cytokines and their
respective receptors (see below).

Preparation and sensitization of human ASM cells. Cultured HASM
cells obtained from Clonetics Corp. (San Diego, California,
USA). The HASM cells were derived from two healthy male
donors, aged 16 and 21 years. The cells were grown in smooth
muscle basal medium (SmBM) supplemented with 5% FBS,
insulin (5 ng/ml), epidermal growth factor (EGF) (10 ng/ml;
human recombinant), fibroblast growth factor (FGF) (2 ng/ml;
human recombinant), gentamycin (50 ng/ml), and ampho-
tericin-B (50 ng/ml). The experimental protocol involved grow-
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Figure 1
Comparison of expression of interleukin-4 (IL-4), interleukin-5 (IL-5), and
granulocyte–macrophage colony-stimulating factor (GM-CSF) mRNAs
using RT-PCR and Southern blot analysis (a) and Northern blot analysis
(b), respectively, in human ASM cells after 0-, 3-, 6-, and 24-h treatment
with control serum vs. atopic asthmatic–sensitizing serum. Expression of
ribosomal protein L7 (RPL7) (a) and glyceraldehyde phosphate dehydro-
genase (GAPDH) (b) mRNAs, respectively, were used to control for gel
loading. The blots were probed with human specific IL-4, IL-5, GM-CSF,
RPL7, and GAPDH-32P-labeled cDNA probes (see Methods). In contrast
to undetectable expression of IL-4, human ASM cells expressed mRNAs
for the TH2-type cytokines, IL-5, (a) and GM-CSF (b). Additionally, rela-
tive to control serum–treated cells, the mRNA signals of IL-5 and  GM-CSF
were markedly increased in the atopic asthmatic serum–sensitized cells at
3 and 6 h, whereas expression of the constitutively expressed RPL7 and
GAPDH genes was unaltered. Accordingly, corrected for the constitutive-
ly expressed mRNAs for RPL7 and GAPDH, relative to their respective con-
trols, the corresponding mRNA signals for IL-5 and GM-CSF were
increased at 6 h by approximately eightfold and fivefold, respectively. ASM,
airway smooth muscle; RT, reverse transcriptase; TH, T helper.



ing the cells to confluence in this medium, as described previ-
ously (25). The cells were then starved in unsupplemented
SmBM (serum-free medium [SFM]) for 24 h, at which time the
cells were treated with either human serum from nonatopic,
nonasthmatic subjects (control) or serum from atopic asthmatic
subjects (see earlier) in the absence and presence of cotreatment
with IFN-γ. In other experiments, cells were treated with SFM
alone or SFM in the presence of IL-4, IL-5, or GM-CSF. The cells
were then examined for mRNA and protein expression for vari-
ous cytokines and their receptors, as described next.

Determination of mRNA expression of TH1 and TH2 cytokines and
their receptors. Total RNA was isolated from the tissue and cell
preparations using the modified guanidinium thiocyanate phe-
nol-chloroform extraction method to include proteinase K (in
5% SDS) digestion of protein in the initial RNA pellet (50). The
concentration of each RNA sample was determined spec-
trophotometrically. This procedure consistently produced
yields of 15 to 25 µg of intact RNA per each tissue specimen
under study or T-75 flask of HASM cells. To analyze for mRNA
expression of IL-4, IL-5, GM-CSF, IL-2, IL-12, IFN-γ and their
receptors, we used a reverse transcriptase (RT)-PCR protocol
that included human-specific primers for these molecules, as
well as for the constitutively expressed ribosomal protein
(RP)L7. cDNA was synthesized from total RNA isolated from
human ASM cells or ASM tissue passively sensitized with
human control serum or human atopic asthmatic serum.
cDNA was also prepared from activated peripheral blood
mononuclear cells that served as positive controls for analysis
of expression of the individual cytokines and their respective

receptors. The cDNA was primed with oligo(dT) 12–18 and
extended with Superscript II reverse transcriptase (GIBCO BRL,
Gaithersburg, Maryland, USA). The PCR was used to amplify
the specific products from each cDNA reaction using the fol-
lowing primer pairs, based on the published sequences of the
human IL-4, IL-5, GM-CSF, IL-2, IL-12, and IFN-γ cytokines
and their receptor genes.

IL-4: 5′-primer 5′- GTGCGATATCACCTTACAGG-3′
3′-primer 5′-AACGTACTCTGGTTGGCTTA-3′
Product is 281 bp

IL-5: 5′-primer 5′-GTATGCCATCCCCACAGAAA-3′
3′-primer 5′-TACAGACATTCACAGCCACC-3′
Product is 433 bp

GM-CSF: 5′-primer 5′-GTCTCCTGAACCTGAGTAGA-3′
3′-primer 5′-GTTTCATGAGAGAGCAGCTC-3′
Product is 324 bp

IL-5 rec.: 5′-primer 5′-GGCTCTTGGACTGAAGAATG-3′
3′-primer 5′-GCTGCTCTCACTTGAACATC-3′
Product is 367 bp

GM-CSF rec.: 5′-primer 5′-GACCTATCAGAAGCTGTCGT-3′
3′-primer 5′-TTCACGGTCAAGACCTCTTC-3′
Product is 330 bp

IL-2: 5′-primer 5′-GAATCCCAAACTCACCAGGA-3′
3′-primer 5′-TTATGTTTTCTCCCACCCCC-3′
Product is 230 bp

IL-12: 5′-primer 5′-GCAAATTCTGCCACATCTCC-3′
3′-primer 5′-TATAAGTGGGTGTCTCGTCC-3′
Product is 310 bp

IFN-γ: 5′-primer 5′-GGGTTCTCTTGGCTGTTACT-3′
3′-primer 5′-ACTGAATGAGTTCCCACCAC-3
Product is 322 bp

IL-2 rec.: 5′-primer 5′-GAGGAAGGGCAAAACCACTA-3′
3′-primer 5′-GAGAATCAGCAGTCAGAAGC-3′
Product is 224 bp

IL-12 rec.: 5′-primer 5′-GATGTGACTGTGAAGCCTTC-3′
3′-primer 5′-TATAAGTGGGTGTCTCGTCC-3′
Product is 328 bp

IFN-γ rec.: 5′-primer 5′-GTAAATGGAGACGAGCAGGA-3′
3′-primer 5′-CACTTCTTACCACAGAGATC-3′
Product is 317 bp

RPL7: 5′-primer 5′-AAGAGGCTCTCATTTTCCTGGCTG-3′
3′-primer 5′-TCCGTTCCTCCCCATAATGTTCC-3′
Product is 157 bp

The cycling profile used was as follows. Denaturation: 95°C
for 1 min; annealing: 50–62°C for 1.0–1.5 min; and extension:
72°C for 1 to 2 min, with 28–36 cycles for the IL-4, IL-5, GM-
CSF, IL-2, IL-12, and IFN-γ cytokines and cytokine receptor
genes, and with 24 cycles for the RPL7 gene. The number of
cycles was determined to be in the linear range of the PCR
products. The PCR reactions for the human IL-4, IL-5, GM-
CSF, IL-2, IL-12, and IFN-γand RPL7 primers were performed
using equivalent amounts of cDNA prepared from 2.5 µg of
total RNA. Equal aliquots of each PCR reaction were then run
on a 1.2% agarose gel and subsequently transferred to a Zeta-
probe membrane overnight in 0.4N NaOH. After capillary
transfer, the DNA was immobilized by UV cross-linking using
a Stratalinker UV Crosslinker 2400 at 120,000 µJ/cm2 (Strata-
gene, La Jolla, California, USA). Prehybridization in a
hybridization oven was conducted for 2 to 3 h at 42°C in 50%
formaldehyde, 7% (wt/vol) SDS, 0.25 M NaCl, 0.12 M
Na2HPO4 (pH 7.2), and 1 mM EDTA. Hybridization was for 20
h at 42°C in the same solution. The IL-4, IL-5, GM-CSF, IL-2,
IL-12, IFN-γ, and RPL7 DNA levels were then assayed by
Southern blot analysis using 32P-labeled probes, prepared by
pooling several RT-PCR reactions for the individual
cytokine/receptor and RPL7 PCR fragments and purifying
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Figure 2
Comparison of expression of IL-2, IL-12, and interferon-γ (IFN-γ) mRNAs
using RT-PCR and Southern blot analysis (a) and Northern blot analysis
(b), respectively, in human ASM cells after 0-, 3-, 6-, and 24-h treatment
with control serum vs. atopic asthmatic–sensitizing serum. Expression of
RPL7 (a) and GAPDH (b) mRNAs were used to control for gel loading.
The blots were probed with human specific IL-2, IL-12, IFN-γ, RPL7, and
GAPDH-32P-labeled cDNA probes (see Methods). Human ASM cells
expressed mRNAs for the TH1-type cytokines, IL-2 (a) and IL-12 and IFN-
γ (b). Additionally, relative to control serum–treated cells, expression of
the IL-2, IL-12, and IFN-γ mRNA signals was markedly increased in the
atopic asthmatic serum–sensitized cells at 6 and 24 h, whereas expres-
sion of the constitutively expressed RPL7 and GAPDH genes was unal-
tered. Accordingly, corrected to the RPL7 and GAPDH mRNAs, relative
to their respective controls, the corresponding mRNA signals for IL-2,IL-
12, and IFN-γwere increased at 24 h by ~4, 3.5, and 3-fold, respectively.



them from a 1.2% agarose gel using the QIAEX II agarose gel
extraction kit (QIAGEN Inc., Valencia, California, USA) The
individual cDNA fragments were subsequently sequenced for
product confirmation. Washes were as follows: 1 × 15 min in
2 × SSC, 0.1% SDS and 1 × 15 min in 0.1 × SSC, 0.1% SDS, both
at room temperature; and 2 × 15 min at 50°C in 0.1 × SSC,
0.1% SDS. Southern blots were quantitated by direct measure-
ments of radioactivity in each band using a PhosphorImager
(Molecular Dynamics, Sunnyvale, California, USA).

Cytoplasmic RNA (20 µg) pertaining to each time point was
also fractionated in 1% agarose, formaldehyde denaturing gels.
After capillary transfer, cross-linking and prehybridization, the
levels of mRNA were analyzed using the 32P-labeled cDNA frag-
ments as already described here for the individual IL-4, IL-5,
GM-CSF, IL-2, IL-12, and IFN-γ cytokines and their receptor
genes prepared by random priming, as well as for the constitu-
tively expressed glyceraldehyde phosphate dehydrogenase
(GAPDH) gene, as described previously in our laboratory (25).
Northern blots were quantitated by direct measurement of
radioactivity in each band using the PhosphorImager.

Determination of expression of TH1- and TH2- type receptor proteins.
Expression of cell surface protein for the IL-4, IL-5, IL-2, IL-12,
and IFN-γ receptors was assayed by Western blot analysis of
membrane protein samples isolated from cultured HASM cells
and ASM tissue passively sensitized with either human control
serum or human atopic asthmatic serum. The membrane pro-
tein samples were prepared from trachealis muscle that was
cleaned of loose connective tissue and epithelium. The ASM was
then minced and homogenized using a dounce tissue grinder in
40 volumes of 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA
(pH 7.4) containing 1 mM PMS, 5 µg/ml aprotinin, and 5 µg/ml
leupeptin. Nuclei and large particulates were removed by cen-
trifugation at 100 g for 5 min. The supernatant was then cen-
trifuged at 100,000 g for 1 h to pellet the membrane fractions.
The membrane pellet was resuspended in the same Tris-EDTA
buffer, and the protein concentration was measured using the
Lowry assay. Equivalent amounts (30–50 µg) of membrane pro-
tein were fractionated in 9% to 11% SDS–polyacrylamide gels
followed by transfer to nitrocellulose membranes. The mem-
branes were then blotted overnight at room temperature in 25
mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% Tergitol NP-
40 containing 5% nonfat milk, as described previously in our
laboratory (27). The primary mouse anti–human IL-4, IL-5, IL-
2, IL-12, and IFN-γ receptor antibodies used were diluted
1:250–1:1,000 and incubated for 1 to 2 h at room temperature.
All primary and secondary antibody incubations and washes
were conducted in 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, and
0.05% NP-40 containing 0.5% nonfat milk. The receptor protein

levels were detected using enhanced chemiluminescence after a
1-h incubation with a 1:1,000 dilution of an anti–mouse horse-
radish peroxidase–linked secondary antibody and subsequent
exposure to autoradiography film. Expression protein levels
were quantitated using laser densitometry (Bio-Rad Laborato-
ries Inc., Hercules, California, USA).

Measurements of release of IL-5 and IFN-γproteins. IL-5 and IFN-
γ protein levels were measured in the culture media from
HASM cells at baseline and after 3-, 6-, and 24-h exposure to
human control serum or human atopic asthmatic serum. The
IL-5 protein levels were quantitatively assessed using enzyme-
specific immunoassay, as described previously (25). The latter
assay was performed using a double-antibody sandwich strate-
gy in which an acetylcholine-esterase (AChE), Fab conjugated
IL-5–specific secondary antibody is targeted to a first cytokine-
captured antibody. The enzymatic activity of the AChE was
measured spectrophotometrically, and, relative to a linear stan-
dard curve (range: 0–250 pg/ml), the results were used to quan-
tify the amount of the targeted IL-5 present in the cell culture
media at various times after serum incubation. IFN-γprotein
was examined by Western blot analysis of ASM cell culture
media concentrates and membrane fraction isolates prepared
from the ASM cells at the various time points. The membrane
proteins were isolated as already described here. The cell culture
media were separately salvaged at the various time points and
centrifuged, and the resulting protein pellets were resuspend-
ed in buffer and loaded on SDS–polyacrylamide gels, as
described previously by our laboratory (26). The conditions for
use of the primary mouse anti–human IFN-γmonoclonal anti-
body (diluted 1:500), the secondary antibody, and detection of
IFN-γ protein levels were identical to those already described
here and as described previously by our laboratory (26).

Pharmacodynamic studies. After the incubation of rabbit ASM
tissue preparations in control vs. atopic asthmatic serum, each
airway segment was suspended longitudinally between stain-
less steel triangular supports in siliconized Harvard 20-ml
organ baths. The lower support was secured to the base of the
organ bath, and the upper support was attached via a gold
chain to a Grass FT.03C force transducer (Grass Instrument
Co., Quincy, Massachusetts, USA) from which isometric ten-
sion was continuously displayed on a multichannel recorder.
Care was taken to place the membranous portion of the tra-
cheal segment between the supports in order to maximize the
recorded tension generated by the contracting trachealis mus-
cle. The tissues were bathed in modified Krebs-Ringer solution
containing (in mM) 125 NaCl, 14 NaHCO3, 4 KCl, 2.25
CaCl2·H2O, 1.46 MgSO4·H2O, 1.2 NaH2PO4·H2O and 11 glu-
cose. The baths were aerated with 5% CO2 in oxygen; a pH of
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Figure 3
Comparison of human IL-5 (a) and IFN-γ (b) protein elaboration into the culture media of human ASM cells after 0-, 3-, 6-, and 24-h exposure to
human control serum (open bars) and human atopic asthmatic serum (filled bars). The IL-5 and IFN-γprotein levels were determined by ELISA (a) and
Western blot analysis (b), respectively. Human ASM cells exposed to atopic asthmatic serum released significantly increased levels of IL-5 (a) and IFN-
γ (b) protein into their tissue culture media, whereas treatment with human control serum had no appreciable effect.



7.35–7.40 was maintained, and the organ bath temperature was
held at 37°C. Passive resting tension of each TSM segment was
set at 1.5–2.0 g after each tissue had been passively stretched to
a tension of 8 g to optimize the resting length of each segment,
as described previously in our laboratory (27). The tissues were
allowed to equilibrate in the organ baths for 45 min, at which
time each tissue was primed with a 1-min exposure to 10–4 M
acetylcholine (ACh). Cholinergic contractility was subsequent-
ly assessed in the TSM segments by cumulative administration
of ACh in final bath concentrations ranging from 10–10 to 10–3

M. Thereafter, in separate studies, relaxation dose–response
curves to isoproterenol (10–10–10–4 M) were conducted in tis-
sues half-maximally contracted with ACh. The relaxant
responses to isoproterenol were analyzed in terms of percent
maximal relaxation (Rmax) from the active cholinergic contrac-
tion, and sensitivity to the relaxing agent was determined as the
negative logarithm of the dose of the relaxing agent producing
50% of Rmax (pD50) (i.e., geometric mean ED50 value).

Statistical analysis. Statistical analysis was performed by
means of the two-tailed paired Student’s t test. A value of 
P < 0.05 was considered significant.

Reagents. The human airway tissue was provided by the Coop-
erative Human Tissue Network, which is funded by the Nation-
al Cancer Institute. The HASM cells and SmBM were obtained
from Clonetics Corp. The IL-4, IL-5, GM-CSF, IL-2, IL-12, and
IFN-γcytokine, cytokine receptor, and RPL7 primers were pur-
chased from Integrated DNA Technologies Inc. (Coralville,
Iowa, USA). The monoclonal neutralizing antibodies to the IL-
4, IL-5, GM-CSF, and IL-12 cytokines and to their receptors, the
anti–mouse secondary antibody, and the IL-4, IL-5, GM-CSF,
IL-2, IL-12, and IFN-γ recombinant cytokines and IL-5 cytokine
assay kit were purchased from R&D Systems Inc. (Minneapo-
lis, Minnesota, USA). The neutralizing antibodies to IL-2 and
IFN-γ cytokines and to their receptors were purchased from
Serotec Ltd. (Oxford, United Kingdom).

Results
Altered expression of TH1 and TH2 cytokines in atopic sensi-
tized ASM. Using Southern and Northern blot analyses,
the mRNA expression and protein elaboration of various
TH1- and TH2-type cytokines were compared in cul-
tured HASM cells exposed to nonatopic/nonasthmatic
(i.e., control) serum and atopic asthmatic serum. Using
RT-PCR and TH1- and TH2-type cytokine–specific
primers, cDNA was reverse transcribed from total iso-
lated RNA primed with random hexamer primers, and
Southern blots were then probed with human cDNA
probes specific for the individual TH1 and TH2 cytokine
genes (see Methods). A 157-bp ribosomal protein L7
(RPL7) probe was also used to control for gel loading,
and the signals for the individual PCR products were
quantitated on a PhosphorImager.

As depicted in Figure 1, under control conditions, ASM
cells expressed detectable mRNA signals for the TH2-type
cytokines, IL-5 and GM-CSF, which were essentially unal-
tered at 3, 6, and 24 hours, whereas mRNA expression of
IL-4 was undetectable. In contrast, relative to the unal-
tered constitutively expressed RPL-7  and GAPDH sig-
nals, the corresponding intensities of the IL-5 and GM-
CSF mRNA signals were progressively increased at 3 and
6 hours in atopic asthmatic serum–sensitized ASM cells
and decreased somewhat thereafter at 24 hours (Figure
1). Furthermore, as shown in Figure 2, mRNA expression
signals were also detected in ASM cells for the TH1-type
cytokines, IL-2, IL-12, and IFN-γ. However, compared

with the earlier-described temporal pattern of induced
upregulation of the TH2 cytokines in atopic asthmatic
serum–sensitized ASM cells, the mRNA signals for the
TH1 cytokines were notably increased only later at 6 and
24 hours in the sensitized cells.

Given these findings, we next examined whether
HASM cells release TH1- and TH2-type cytokine pro-
teins into their cell culture media, using Western blot
analysis and enzyme-specific immunoassays (see Meth-
ods). There were no detectable protein levels for IFN-γor
IL-5 protein in the culture media of ASM cells exposed
to control serum. In contrast, as depicted in Figure 3,
cultured HASM cells that were exposed to atopic asth-
matic serum demonstrated progressively increased elab-
oration of IL-5 protein into their cell culture media for
up to 24 hours (Figure 3a). Similarly, relative to control
serum–exposed cells, IFN-γprotein levels were increased
in both the cell media concentrates and membrane iso-
lates of cells exposed to atopic asthmatic serum 
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Figure 4
Comparison of mRNA expression of the TH1-type cytokine receptors for
IL-2, IL-12, and IFN-γ (a), and of the TH2-type cytokine receptors for IL-5
and GM-CSF (b) using RT-PCR after exposure of human ASM cells for 0,
3, 6, and 24 h to human control serum vs. human atopic asthmatic sen-
sitizing serum. Expression of RPL7 was used to control for gel loading. The
blots were probed with human specific IL-2, IL-12, IFN-γ, IL-5, and GM-
CSF 32P-labeled cDNA probes (see Methods). In contrast to undetectable
expression of the IL-12 receptor (IL-12r) mRNA, cells expressed mRNAs of
the TH1 receptors for IL-2 and IFN-γ (a), and of the TH2 receptors for IL-
5 and GM-CSF (b). Moreover, relative to control serum–treated cells,
expression of IL-5 and GM-CSF receptor (GM-CSFr) mRNAs was notably
increased at 3 h and thereafter in the atopic asthmatic serum–sensitized
cells, whereas expression of IL-2 and IFN-γ receptor mRNAs was increased
subsequently at 6 h and thereafter. Constitutively expressed RPL7 mRNA
was similar under control and atopic asthmatic serum–treated conditions.
Accordingly, corrected to RPL7 expression, relative to their respective con-
trols, the IL-2 and IFN-g receptor mRNA signals were increased at 6 h by
4.5-fold and ~4-fold, respectively.



(Figure 3b). There were no detectable levels of IL-4 pro-
tein in either the control or atopic-sensitized ASM cell
preparations (data not shown).

Altered expression of TH1 and TH2 cytokine receptors in
atopic sensitized ASM. In extended experiments, we also
examined whether cultured ASM cells express mRNAs
for the TH1- and TH2-type cytokine receptors and
whether the expression of these receptors is altered in the
atopic asthmatic sensitized state. cDNA was reverse tran-
scribed from total isolated RNA primed with random
hexamer primers, and Southern blots were probed with
human cDNA probes specific for the individual TH1
and TH2 cytokine receptor genes. A RPL7 probe was also
used to control for gel loading, and the signals for the
individual PCR products were quantitated on a Phos-
phorImager (see Methods). As shown in Figure 4a, in
control serum–exposed cells, contrasting the lack of
detectable mRNA expression of the IL-12 receptor, ASM
cells expressed mRNA signals for the TH1-type cytokine
receptors for IL-2 and IFN-γ. Also, the intensities of the
mRNA signals for the latter cytokine receptors were
markedly enhanced at 6 and 24 hours in atopic asth-
matic serum–sensitized ASM cells. Comparatively, as
depicted in Figure 4b, mRNA signals for the TH2
cytokine receptors for IL-5 and GM-CSF were also

detected in control serum–exposed cells, and the inten-
sities of these signals were notably enhanced at 3 and 6
hours in atopic asthmatic serum–sensitized ASM cells.
In contrast, constitutive expression of RPL7 mRNA was
similar in control and atopic asthmatic serum–treated
cells. Qualitatively similar results were also obtained in
comparable experiments conducted using isolated
human TSM tissue, wherein, relative to control
serum–exposed ASM, the signals for the TH1- and TH2-
type cytokine receptors in atopic-sensitized ASH demon-
strated patterns of upregulation, which were similar to
those obtained in cultured HASM cells exposed to atopic
asthmatic serum. Comparably, RPL7 mRNA expression
was unaltered in the tissue samples (data not shown).

In view of these observations, we examined in addi-
tional experiments whether ASM cells express TH1 and
TH2 cytokine receptor membrane proteins on their cell
surface, using Western immunoblot analysis (see Meth-
ods). As illustrated in Figure 5, in contrast to the lack of
IL-12 receptor protein expression, ASM cells expressed
membrane surface proteins for the TH1 cytokine recep-
tors for IL-2 and IFN-γ (Figure 5a), as well as for the
TH2-type cytokine receptors for IL-4, IL-5, and GM-CSF
(Figure 5b). Moreover, relative to the levels of expression
of these proteins in control serum–treated cells, in cells
exposed to human atopic asthmatic serum, cell surface
protein expression of both the TH1- and TH2-type
cytokine receptors were markedly upregulated at 24
hours (Figure 5, a and b, respectively).

Modulatory actions of TH1 cytokines on ASM responsiveness
in atopic sensitized ASM. We recently demonstrated (25, 27)
that passive sensitization of isolated naive rabbit ASM tis-
sue with human atopic asthmatic serum induces changes
in the tissue’s agonist-mediated constrictor and relaxant
responsiveness that phenotypically resemble the proasth-
matic state. Given this evidence, together with the find-
ings already discussed and the previous reports suggest-
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Figure 5
Representative Western blots depicting receptor protein expression of the
TH1 cytokines, IL-2, IL-12, and IFN-γ (a), and of the TH2 cytokines, IL-4,
IL-5, and GM-CSF (b) in membrane homogenates from human control
serum–treated (CO) vs. atopic asthmatic serum–sensitized (SE) human
ASM cells. Fifty micrograms of membrane protein was loaded in each
lane. In contrast to undetectable expression of IL-12r protein, human
ASM expressed cell surface receptor proteins for the TH1-type cytokines,
IL-2 and IFN-γ (a), as well as for the TH2-type cytokines, IL-4, IL-5, and
GM-CSF (b). Moreover, relative to control cells, expression of both the
TH1- and TH2-type cell surface receptor proteins was significantly
enhanced in the atopic asthmatic serum–sensitized cells.

Figure 6
Comparison of contractile dose–response relationships to ACh in paired
human control serum–treated (open circles) and atopic asthmatic
serum–treated ASM segments in the absence (filled circles) and presence
(filled squares) of maximum effective concentrations of IL-2. Relative to
controls, the heightened Tmax and ED50 responses to ACh in the atopic
asthmatic serum–sensitized tissues were prevented by cotreatment of tis-
sues with IL-2. Data represent mean ± SE values from six paired experi-
ments. ACh, acetylcholine.



ing that TH1 cytokines may serve a protective role in aller-
gic airway responses, we examined whether the sensitizing
effects of atopic asthmatic serum on ASM responsiveness
could be prevented by pretreating the tissues with TH1
cytokines (see Methods). Thus, constrictor and relaxation
responses were separately examined in rabbit tracheal
ASM segments that were incubated for 24 hours in
human control serum or atopic asthmatic serum, both in
the absence and presence of the TH1 cytokine, IL-2, IL-12,
or IFN-γ. As shown in Figure 6, relative to tissues incubat-
ed with control serum (Figure 6, open circles), the maximal
constrictor (Tmax) responses to ACh were significantly
enhanced in ASM passively sensitized with atopic asth-
matic serum (Figure 6, filled circles). Accordingly, the mean
± SE Tmax values amounted to 73.16 ± 8.47 and 100.91 ±
16.46 g/g ASM wt in the control and sensitized tissues,
respectively (P < 0.01). This induced augmented constric-
tor response to ACh, however, was largely prevented in
atopic serum–sensitized tissues that were pretreated with
IL-2 (Figure 6, filled squares), wherein the mean ± SE Tmax

values amounted to 74.99 ± 13.78 g/g ASM wt. Compara-
tively, pretreatment of ASM with IFN-γ had a quantita-
tively lesser preventive effect, wherein the tissues’ Tmax val-
ues averaged 95.52 ± 10.09 g/g ASM, and pretreatment
with IL-12 had no preventive effect on ACh hyperrespon-
siveness in the atopic sensitized state (data not shown).
Moreover, contrasting the observations made in atopic
asthmatic serum–sensitized ASM, pretreatment of control
serum–exposed tissues with any of the above TH2
cytokines had no effect on the tissues’ subsequent con-
tractility to ACh (data not shown).

In separate studies, during comparable levels of initial
sustained ACh-induced contractions in control and
atopic asthmatic serum–sensitized ASM segments, aver-
aging ∼ 45% of Tmax, administration of the β-adrenergic

receptor agonist, isoproterenol, elicited cumulative dose-
dependent relaxation of the precontracted ASM seg-
ments (Figure 7). Relative to control serum–treated ASM
(Figure 7, open circles), the maximal relaxation responses
(Rmax) and sensitivities (pD50; i.e., –log ED50) to isopro-
terenol were significantly attenuated in the correspon-
ding atopic asthmatic serum–sensitized tissues (Figure
7, filled circles). Accordingly, the mean Rmax values for iso-
proterenol amounted to 53.7 ± 5.2% in the atopic sensi-
tized ASM, compared with 71.5 ± 7.9% in the control
serum–treated TSM (P < 0.05), with corresponding pD50

values averaging 6.18 ± 0.12 and 6.51 ± 0.08 –log M,
respectively (P < 0.05). The attenuated isoproterenol-
induced relaxation responses, however, were ablated in
atopic asthmatic serum–sensitized ASM that were pre-
treated with IFN-γ (Figure 7, filled squares). Contrasting
the observations made in atopic asthmatic serum–sensi-
tized ASM, pretreatment of control serum–exposed tis-
sues with IFN-γ did not affect the tissues’ subsequent
contractility to ACh or relaxation responsiveness to iso-
proterenol (data not shown).

Modulatory actions of TH2 cytokines on ASM responsiveness
in naive ASM. In view of the findings just described,
together with previous evidence implicating a role for
TH2 cytokines in the pathobiology of asthma, we next
examined whether the proasthmatic sensitizing effects of
atopic asthmatic serum on ASM responsiveness could be
simulated by treating naive ASM with exogenously
administered TH2-type cytokines. Accordingly, constric-
tor and relaxant dose–response relationships to ACh and
isoproterenol, respectively, were separately compared in
ASM exposed for 24 hours to vehicle alone (control) or to
either IL-4, IL-5, or GM-CSF (see Methods). As shown in
Figure 8, relative to their respective controls (Figure 8,
open circles), the Tmax responses to ACh were significantly
(P < 0.05) enhanced in tissues treated with a maximally
effective concentration (5 ng/ml) of IL-5 (Figure 8, filled
circles), wherein the mean ± SE Tmax responses amounted
to 118.1 ± 12.0 vs. 92.7 ± 3.6 g/g ASM wt obtained in the
control tissues. Similarly, the Tmax responses to ACh were
also significantly (P < 0.05) enhanced in tissues treated
with a maximum effective concentration (2 ng/ml) of
GM-CSF (Figure 8, filled squares), wherein the mean ± SE
Tmax responses amounted to 112.4 ± 8.4 g/g ASM wt.
Contrasting the effects of these TH2 cytokines, adminis-
tration of IL-4 had no appreciable effect on the tissues’
constrictor responsiveness to ACh (data not shown).

In concert with these observations, during similar ini-
tial sustained levels of ACh-induced contractions (i.e.,
∼ 45% Tmax), as shown in Figure 9, the subsequent relax-
ation responses to cumulative administration of isopro-
terenol were markedly reduced in IL-5–treated (Figure 9,
filled circles) vs. control (Figure 9, open circles) tissues,
wherein the Rmax responses amounted to 46.8 ± 4.1 vs.
66.0 ± 4.5 %, respectively (P < 0.01). Similarly, the corre-
sponding pD50 values averaged 5.93 ± 0.09 vs. 6.67 ± 0.11
–log M in the IL-5–treated vs. control tissues, respective-
ly (P < 0.05). Qualitatively similar results were also
obtained in tissues that were treated with GM-CSF (Fig-
ure 9, filled squares), although, quantitatively, the attenu-
ating effect of GM-CSF on ASM relaxation was less pro-
nounced, wherein the Rmax and pD50 values amounted to
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Figure 7
Comparison of relaxation dose–response relationships to isoproterenol
in paired human control serum–treated (open circles) and human atopic
asthmatic serum–treated rabbit ASM segments half-maximally contract-
ed with their respective ED50 doses of ACh in the absence (filled circles) and
presence (filled squares) of a maximum effective concentration of IFN-γ.
Relative to controls, the attenuated Rmax and pD50 responses to isopro-
terenol in the atopic asthmatic serum–sensitized tissues were prevented
by cotreatment of tissues with IFN-γ. Data represent mean ± SE values
from six paired experiments.



56.93 ± 3.67% and 5.85 ± 0.10 –log M, respectively (P <
0.05). In contrast, IL-4 had no effect on the tissues’ relax-
ation responses to isoproterenol (data not shown).

Taken together, these observations demonstrate that
HASM expresses both TH1- and TH2-type cytokines and
their receptors and that activation of these receptors
serves to downregulate and upregulate proasthmatic
perturbations in ASM responsiveness, respectively.

Discussion
Bronchial asthma is characterized by exaggerated ago-
nist-induced bronchoconstriction, attenuated β-adreno-
ceptor–mediated airway relaxation and airway inflam-
mation, the latter typically involving infiltration of the
airways with mast cells, lymphocytes, and eosinophils
(1–4). Although the mechanistic interplay between
inflammation and the associated changes in airway
responsiveness remains to be identified, a growing num-
ber of studies (5, 19–21) have demonstrated that the
changes in airway responsiveness in asthmatic individu-
als are associated with elevated serum and BAL fluid lev-
els of the TH2 phenotype of cytokine release, principal-
ly including IL-4 and IL-5. In addition, mononuclear
cells isolated from serum or BAL fluid samples from
atopic asthmatic patients have been found to display an
enhanced TH2-type cytokine response when activated by
ligand. Moreover, emerging data derived from genetic
analyses of family members with allergic asthma have
demonstrated a significant direct correlation between
altered airway responsiveness and IL-4 and IL-5 cytokine
levels in serum or BAL fluid samples (5, 19, 28).

The roles of the TH2 cytokines in allergic asthma have
been reasonably well characterized. IL-4 was found to
direct immunoglobulin isotype switching to IgE synthe-
sis, and IL-5 was found to be primarily responsible for
mast cell and eosinophil differentiation, recruitment, and
activation (10–12). These cytokines thus appear to serve

important functions in initiating and/or propagating the
proinflammatory airway response in asthma as it relates
to allergen sensitization, IgE production, and eosinophil
action. In contrast to the TH2 cytokine actions, the TH1
cytokines, as most notably reflected by IFN-γ, have been
generally associated with amelioration of airway con-
strictor hyperresponsiveness and a reduction in TH2
cytokine expression and action in patients with asthma
(13–18). IFN-γ has been found to inhibit IL-4–driven
immunoglobulin isotype switching to IgE synthesis
(15–17), inhibit the proliferation of TH2 cells (29, 30),
and promote the differentiation of precursor TH0 cells
into those expressing a TH1 phenotype (30). This evi-
dence, together with the findings that expression of IFN-
γ protein and BAL fluid levels of IFN-γ positive cells are
generally reduced in the lungs of asthmatic subjects (5,
19–21), supports the notion that an imbalance in the net
expression and action of TH2 vs. TH1 cytokines, charac-
terized by an upregulated TH2 cytokine response and
downregulated TH1 response, fundamentally underlies
the proinflammatory diathesis in atopic asthma.

In light of the findings described above, the present
study investigated the potential roles of TH1- and TH2-
type cytokines in regulating airway responsiveness by
examining whether the ASM itself expresses and
responds to these cytokine subtypes. The rationale for
addressing this issue was based, in part, on our recent evi-
dence demonstrating that the ASM itself can be induced
to express specific proinflammatory cytokines (notably,
IL-1β) in the atopic asthmatic–sensitized state and
responds to IL-1β in an autocrine manner that establish-
es proasthmatic phenotypic changes in the ASM tissues’
constrictor and relaxant responsiveness (25, 26). Our
results herein provide evidence demonstrating that: (a)
human ASM tissue and cultured ASM cells express
mRNAs and proteins for certain TH1- and TH2-type
cytokines and their receptors; (b) the expression of these
cytokines and their receptors is upregulated during pas-
sive sensitization of the ASM with human atopic asth-
matic serum; and (c) this upregulated cytokine expression
is characterized by an initial relatively enhanced expres-
sion of the TH2-type cytokines, IL-5 and GM-CSF, fol-
lowed hours later by an enhanced expression of the TH1-
type cytokines, IL-2, IL-12, and IFN-γ. Moreover, our
extended findings demonstrate that TH1- and TH2-type
cytokines exert opposing direct effects on ASM constric-
tor and relaxant responsiveness, whereby: (a) administra-
tion of the TH1 cytokines, IL-2 and IFN-γ, acts to atten-
uate the heightened ASM constrictor and reduced ASM
relaxant responsiveness, respectively, in atopic asthmatic
serum–sensitized tissues; and (b) administration of the
TH2 cytokines, IL-5 and GM-CSF, to naive ASM tissues
induces proasthmatic changes in the tissues’ constrictor
and relaxant responsiveness.

To our knowledge, this study is the first to demonstrate
that smooth muscle cells have the capacity to express
both TH1- and TH2-type cytokines and their respective
receptors and to physiologically respond to these mole-
cules. Our results concur with those in recent reports that
have also demonstrated the elaboration of certain TH1-
and TH2-type cytokines by other resident tissue (i.e.,
non–bone marrow derived) cells including epithelial cells
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Figure 8
Comparison of airway constrictor responses to ACh in isolated paired
ASM segments in the absence (open circles) and presence of 24-h exposure
to maximum effective concentrations of IL-5 (filled circles) and GM-CSF
(filled squares). Relative to controls, both the Tmax and ED50 values to ACh
were significantly enhanced in the presence of IL-5 and GM-CSF. Data
represent mean ± SE values from six paired experiments.



(31), keratinocytes (32), and other cell types (33, 34).
These findings, together with our present observations,
support the notions that expression of the TH1- and
TH2-type cytokine profiles is not restricted to CD4+ TH
cells and that the release of these cytokines by airway
smooth muscle and other resident tissue cells may serve
to regulate local tissue physiological and immune
responses in a manner somewhat analogous to the
known behavior of TH cells. The latter, when activated,
secrete cytokines that they use for autocrine effects (e.g.,
proliferation) and to influence the development and
function of immediately adjacent effector cells. Indeed,
recent studies have demonstrated that cytokines act very
locally and do not diffuse widely (35, 36). Given this evi-
dence, the consideration is raised that our observed per-
turbations in ASM responsiveness in the atopic asthmat-
ic sensitized state reflect, at least in part, the net effect of
the autocrine actions of specific TH1- and TH2-type
cytokines released by the ASM itself. To the extent that
our findings pertain to in vitro experimental conditions,
however, the potential role of such an ASM autocrine
mechanism in inducing autologous changes in ASM
responsiveness in vivo remains to be elucidated. In this
context, identification of the potential in vivo role of the
latter autocrine mechanism in eliciting altered ASM
responsiveness would require partitioning of its contri-
bution from those possibly mediated by airway infiltrat-
ing TH cells and other proinflammatory and airway res-
ident cell types (e.g., epithelial cells).

Our results showing that ASM expression of the
mRNAs and proteins for both TH1- and TH2-type
cytokines and their receptors is upregulated in the atopic
asthmatic serum–sensitized state raise certain notewor-
thy considerations. Among these, as a first approxima-
tion, the results appear to differ from the prevailing con-
cepts, largely derived from studies examining murine TH
cell differentiation, that mature and fully differentiated
TH cells are “polarized” in their expression of either a
TH1- or TH2-type phenotype and that the commitment
of a given TH cell alone to one or the other phenotype is
irreversible (37). On the other hand, less differentiated
TH precursor cells are known to progress through an
intermediate TH0 stage, which is characterized by the
stimulated production of both TH1- and TH2-type
cytokines including IL-2, IL-4, and IFN-γ (38). In view of
the latter, it could be argued that our observed upregu-
lated expression of both TH1- and TH2-type cytokines
by atopic asthmatic serum–sensitized ASM phenotypi-
cally resembles the behavior of stimulated TH0 cells.
Additionally, in contrast to mice, it should be noted that
the most common clonal phenotype of TH cells isolated
from healthy humans is given by the production of both
TH1- and TH2-type cytokines, including IL-4, IL-2, and
IFN-γ (39). Moreover, it has been identified that these
cytokines are often released even by allergen-specific acti-
vated T cell clones (40, 41) and that other human TH cell
clones can elaborate IL-5 and IFN-γ (42). This evidence,
together with more recent findings demonstrating that
serum or BAL fluid levels of IFN-γ and IFN-γ−producing
cells may be increased in patients having moderate to
severe asthma (43, 44), suggests that the atopic asth-
matic state is not necessarily manifested by selective

expression of the TH2 phenotype. Our present observa-
tions in atopic asthmatic serum–sensitized ASM concur
with the latter notion, and, as noted later here, the
results further suggest a potential mechanism by which
TH1- and TH2-type cytokine expression by sensitized
ASM may contribute to its physiological expression of
the atopic asthmatic phenotype.

Consideration of this potential mechanism relates to
our observed temporal patterns of increased expression
of the TH1- and TH2-type cytokines and their receptors
during the course of passive sensitization of ASM with
atopic asthmatic serum. The results demonstrate that an
initial transient (i.e., at 3 and 6 hours) increased expres-
sion by sensitized ASM of the TH2-type cytokines, IL-5
and GM-CSF (Figure 1), and their receptors (Figure 4b)
is followed hours later (i.e., at 6 and 24 hours) by an
increased expression of the TH-1 type cytokines, IL-2, IL-
12, and IFN-γ (Figure 2) and their receptors (Figure 4a).
These findings, when considered in light of our extend-
ed pharmacodynamic observations demonstrating that:
(a) administration of TH2-type cytokines elicits proasth-
matic phenotypic changes in ASM responsiveness (Fig-
ures 8 and 9); and (b) the latter phenotype in ASM
responsiveness is inhibited by administrating the TH1-
type cytokines, IL-2 and IFN-γ(Figures 6 and 7), support
the notion of an autologously controlled temporal vari-
ation in the contributions of mechanisms regulating the
proasthmatic state in sensitized ASM. Accordingly, after
its initial autologous induction of the proasthmatic phe-
notypic responsiveness in association with TH2-type
cytokine release, the sensitized ASM initiates the expres-
sion of TH1-type cytokines that act to subsequently
downregulate (or attenuate) the manifestation of the
proasthmatic state of altered ASM responsiveness. While
our results herein provide some evidence in support of
this hypothesis, and extended studies are clearly needed
to systematically address this issue, it is relevant that the
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Figure 9
Comparison of airway relaxation responses to isoproterenol in paired
ASM segments in the absence (open symbols) and presence of 24-h expo-
sure to maximum effective concentrations of IL-5 (filled circles) and GM-
CSF (filled squares). Relative to controls, both the Rmax and pD50 values to
isoproterenol were significantly attenuated in the presence of IL-5 and
GM-CSF. Data represent mean ± SE values from six paired experiments



phenomenon of interconversion between TH2 and TH1
responses through cross-regulation has been demon-
strated in TH cells under various experimental condi-
tions (45–47). The potential mechanism(s) underlying
this switching in TH responsiveness remains to be iden-
tified; however, evidence demonstrating that such
switching indeed occurs suggests that TH1 and TH2
responses may coexist before one or the other phenotype
dominates in its expression and action.

Using the same experimental model described herein,
we previously demonstrated that the proasthmatic per-
turbations in ASM responsiveness obtained in rabbit
ASM passively sensitized with human atopic asthmatic
serum are fundamentally initiated by IgE-induced acti-
vation of its low-affinity receptor, FcεRII (or CD23), in
ASM (48). Moreover, we found that activation of FcεRII
is associated with the autologously induced release and
autocrine action of the proinflammatory cytokine, IL-
1β, in the sensitized ASM (25, 26). The latter cytokine
apparently produces the observed changes in ASM
responsiveness secondary to the induced upregulated
expression and action of Gi protein, specifically Giα2 and
Giα3 (26), that inhibit intracellular cAMP accumulation
(26). Given this sequence of events, the present results
raise the notion that our comparably observed IL-5– and,
to a lesser extent, GM-CSF–induced changes in ASM
responsiveness may be mediated by a similar mechanism
involving the autocrine release and action of IL-1β.
Clearly, the existence of such an intrinsic autocrine net-
work involving TH2-type cytokines and IL-1β release
and action in atopic sensitized ASM needs to be investi-
gated, particularly given the compelling recent evidence
demonstrating that activated TH2 cells can synthesize
their own IL-1β (45, 49).

In conclusion, the present study demonstrated the pres-
ence and autologously upregulated expression of TH1-
and TH2-type cytokines and their respective receptors in
atopic asthmatic sensitized ASM. Furthermore, the
results demonstrated that the latter phenomenon is asso-
ciated with the induction of altered airway responsiveness
in the atopic asthmatic sensitized state. These findings,
together with additional evidence depicting the temporal
patterns of change in the expression of these cytokines,
and their opposing direct actions on airway responsive-
ness, identify a potentially important role for the resident
ASM in autologously regulating its own state of altered
responsiveness in the atopic asthmatic condition.
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