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Although respiratory syncytial virus (RSV) is the most common cause
of lower respiratory tract illness in infants, the effect of RSV on
human airway smooth muscle (HASM) has not been studied. We
hypothesized that RSV has direct effects on cAMP formation and
�2-adrenergic receptor (ADRB2) density and that ADRB2 haplotype
influences this response. A recombinant green-fluorescent protein
(rg) expressing RSV was used to determine whether RSV could
infect cultured HASM. Influence of RSV infection on �2-adrenergic
responsiveness was determined by measuring differences in isopro-
terenol (ISO)-induced cyclic AMP (cAMP) formation, ADRB2 den-
sity, and Gi expression in HASM cells challenged with RSV, with
ultraviolet-inactivated RSV, and with mock infection. The rgRSV
efficiently infected cultured HASM cells. ISO-induced cAMP forma-
tion was significantly reduced in cells infected with RSV, compared
with mock-infected and ultraviolet-inactivated RSV, in a time- and
concentration-dependent manner. Forskolin-induced cAMP forma-
tion and Gi expression were not altered in cells infected with RSV,
suggesting that the influence of RSV on �2-adrenergic relaxation
was upstream of cAMP formation. ADRB2 density was reduced in
cells infected with RSV, compared with mock infection, and the
Arg16Gln27 ADRB2 haplotype was associated with decreased ISO-
induced cAMP formation (P � 0.05) and with decreased ADRB2
density at baseline (P � 0.05). The implications of these results
are that limitations of �2-agonists in the treatment of any airway
obstruction associated with RSV infection may be related to direct
effects of RSV on HASM, and ADRB2 genotype may predict
�2-adrenergic responses.
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Respiratory syncytial virus (RSV) is the most common infectious
cause of wheezing in children less than two years of age (1).
The mechanisms by which RSV results in airway obstruction
that causes wheezing are only partially understood. The contrib-
utors to RSV-induced airway obstruction in humans have been
hypothesized to include luminal collections of desquamated air-
way epithelial and inflammatory cells, increased vascular perme-
ability leading to airway edema, mucus secretion, and constric-
tion of the smooth muscle that surrounds the airway (2, 3). A
direct test of the importance of smooth muscle constriction
in RSV-induced wheezing is to measure responsiveness to
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�-agonist medications during infection. However, results from
these studies in children with RSV infection have not been con-
clusive due to variability in physiologic response to these phar-
macologic agents (4). In vitro data suggest that �2-adrenergic
receptor (ADRB2) genotype influences ARDB2 responsiveness
after repeated agonist exposures in human airway smooth muscle
(HASM) (5, 6). In addition, a number of clinical studies have
suggested that ADRB2 genotype influences the severity of clini-
cal symptoms. Although two recent studies from the Asthma
Clinical Research Network have suggested that presence of the
Arg16 may impact one parameter of clinical disease (AM Peak
Expiratory Flow) (7, 8), a recent meta-analysis suggests that the
relationship between ADRB2 genotype and desensitization is
complex and exceeds the SNP at the 16 position (9).

Studies of how RSV infection regulates smooth muscle con-
striction have focused primarily on how RSV infection alters
neural regulation of the airway in animal models. To date, there
have been no studies examining how human smooth muscle
function is modulated directly by RSV infection. We hypothe-
sized that: (1) HASM is susceptible to RSV infection; (2) that
such RSV infection decreases airway smooth muscle cyclic AMP
(cAMP) production; and (3) that ADRB2 genotype influences
RSV-infection induced changes in smooth muscle function.

MATERIALS AND METHODS

Cell Culture

Human tracheas were obtained from lung transplant donors in accor-
dance with procedures approved by the Vanderbilt University Institu-
tional Review Board. Tracheal smooth-muscle cells were harvested
from the tracheas as previously described (10, 11). The cells were then
grown in plastic flasks in Ham’s F12 medium with 10% fetal calf serum
(FCS) that was supplemented with penicillin (100 U/ml), streptomycin
(0.1 mg/ml), NaOH (12 mM), amphotericin-B (2.5 �g/ml), CaCl2

(1.6 mM), and l-glutamine (2 mM). Medium was replaced every 3–4 d,
and cells were passaged with 0.25% trypsin and 1 mM ethylene diamine
tetraacetic acid (EDTA) every 10–14 d. Cells were studied in Passages
4–7.

Maintenance of RSV Stock

The A2 strain of RSV was provided by Dr. Robert Chanock, National
Institutes of Health. Master stocks and working stocks of RSV were
prepared as previously described (12).

Infection of HASM

We used rgRSV expressing the enhanced GFP gene (13) to determine
if RSV could infect cultured HASM. HASM cells were grown in a
T-150 flask to 65–75% confluence (the equivalent of � 650,000 cells)
and infected with RSV at a multiplicity of infection (MOI) of 15.
Photomicrographs of GFP-expressing cells were acquired using an in-
verted fluorescence microscope equipped with a charge-coupled device
digital camera (Olympus BX51-TRF; Olympus, Center Valley, PA) and
with a paired brightfield image.
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Experimental Protocol

For each set of experiments, 6-well plates (Sigma, St. Louis, MO) of
HASM cells at 65–75% confluence (the equivalent of � 65,000 cells/
well) were serum-deprived and supplemented with insulin at 5.7 �g/ml
and transferrin at 5 �g/ml at 24–36 h before use, since these conditions
maximize expression of smooth muscle–specific contractile proteins
(10, 14). We examined the effect of RSV challenge on HASM cells
from four different donors by adding live RSV at an MOI of 0.0015,
0.15, or 15; RSV (MOI 15) which had been inactivated with ultraviolet
light (UV-RSV); or culture media that did not contain RSV (mock) for
periods of 2, 6, and 24 h. Outcome indicators included agonist-induced
cAMP formation, ADRB2 density, and Gi expression. For each donor,
the protocol was performed on three experimental days in duplicate.

cAMP Measurements

For cAMP measurements, cells were lysed and intracellular cAMP
concentration was measured. Specifically, cells were studied at the desig-
nated time after challenge, at which time the medium was replaced
with 0.5 ml of PBS containing 0.1 mM 3-isobutyl-1-methylxanthine
(IBMX) and 300 �M ascorbic acid. Thirty minutes later, the cells either
were treated with isoproterenol (ISO) (10�6 M) or Forskolin (10�4 M)
or were left untreated (for measurement of basal cAMP formation).
The cell supernatant containing cAMP was collected 10 min later, and
cAMP was assayed with a Rainen [125I] cAMP radioimmunoassay kit
(Amersham, Boston, MA) as previously described (11, 15).

ADRB2 Density

On Day 1, two T-150 flasks of cells were exposed to RSV challenge.
On Day 2 after 24 h of incubation, flasks were removed from the
incubator and placed on ice and washed with 10 ml of ice cold PBS.
Cells were harvested in a harvest buffer containing HEPES (15 mM),
EDTA (5 mM), EGTA (5 mM) at pH 7.6, and PMSF (10�5 M) by
scraping cells from the flask. The cells were then placed in a 50-ml
conical tube. Flasks were washed with an additional 5 ml of the harvest
buffer without PMSF and transferred to the same 50-ml conical tube.
Cells were homogenized by passing them through a 20-gauge syringe
10 times. The cells then were centrifuged at 6,000 � g for 15 min at
4�C. The supernatant was decanted and 3 ml of the harvest buffer was
added. The cells were again homogenized by passing them through
a 20-gauge needle and centrifuged again. This homogenization and
centrifugation step was again repeated. The supernatant was decanted
and the pellet was resuspended in binding buffer (75 mM Tris, 12.5 mM
MgCl2, 1.5 mM EDTA, pH to 7.6 with NMDG). The pellet was homoge-
nized with a 20-gauge needle 10 times, and cells were further dispersed
with a 25-gauge needle an additional 10 times. A saturation curve was
set up in triplicate on ice using I-125 cyanopindolol, 2,000 ci/mmole
(Amersham) as the radioligand. Membrane preparations were incubated
3 h at room temperature in a total volume of 100 �l in the absence or
presence of propranolol (5 �M), and reactions were terminated via filtra-
tion on a Whatman GF-C filter (Whatman Inc., Florham Park, NJ) using
a cell harvester apparatus. Counts were performed using a � counter.

ADBR2 Genotyping

HASM cells from two donors homozygous for the Arg16Gln27 ADBR2
haplotype and from two donors homozygous for the Gly16Glu27
ADBR2 haplotype were used in these experiments. ADBR2 genotyping
was performed through standard methods as previously described (15).
Briefly, a 241-bp peptide containing the ADRB2 SNPs encoding for
amino acid changes at position 16 and 27 were amplified with the
primers 5	-CTGAATGAGGCTTCCAGGC-3	 and 5	-GCCAGGAC-
GATGAGAGACAT’3	. Conditions of PCR were 94�C for 3 min, fol-
lowed by 35 cycles of 45 s at 94�C, of 45 s at 58�C, of 60 s at 72�C, with
a final extension time of 7 min at 72�C, and PCR product identified by
direct sequencing (Applied Biosystems, Foster City, CA).

Gi Expression

HASM cells were grown in 6-well plates and treated identically as
described above for cAMP assays. Cell lysates were harvested by
scraping, and nuclei and large particulates were removed by centrifuga-
tion. The supernatant was then centrifuged, the membrane pellet re-
suspended, and the protein concentration was measured. Equivalent

amounts (50 �g) of membrane protein were fractionated in 12% SDS-
polyacrylamide gels; this was followed by transfer to nitrocellulose
membranes. The primary antibody used was rabbit polyclonal Gi
3

(Santa Cruz Biotechnology, Santa Cruz, CA) used at 1:5,000 dilution,
with goat anti-rabbit IgG used as the secondary antibody.

Reagents

Tissue culture reagents and drugs used in the study were obtained
from Sigma, with the exception of amphotericin-B and trypsin-EDTA
solution, which were purchased from GIBCO (Grand Island, NY). ISO
was dissolved at 10�1 M in distilled water on each experimental day,
and because ISO is rapidly oxidized, dilutions of ISO in medium were
made immediately before treating cells with ISO.

Data Analysis and Statistics

ANOVA was used to determine statistical significance among the treat-
ment groups before the data were stratified by genotype, with P � 0.05
to reject the null hypothesis. Data are presented as mean � SE.

RESULTS

RSV Infects Cultured HASM Cells

To determine if HASM are susceptible to RSV infection, we
inoculated cultured HASM with live rgRSV (MOI 15). At 8 h
after inoculation, nearly all cultured cells were green under fluo-
rescence (Figure 1A), indicating that the virus efficiently infected
these cells. A paired bright light image (Figure 1B) shows that
infection efficiency approaches 100%.

RSV Attenuates ISO-Induced cAMP Formation

We then questioned whether RSV itself had direct, functional
effects on HASM. We first performed a time-course experiment
to determine whether RSV altered ISO-induced cAMP forma-
tion. We infected cultured HASM cells with RSV (MOI 15),
UV-RSV, and mock over three different time periods (2 h, 6 h,
and 24 h). In our experiments, ISO caused an � 8-fold increase
in cAMP formation, consistent with previous reports (11, 15,
16). We found that RSV had no effects on ISO-induced cAMP
formation at 2 h, but that there was a trend for a decrease at 6 h
that reached statistical significance at 24 h (P � 0.05; Figure 2),
compared with baseline, as well as compared with the 24-h mock
and UV-RSV groups. Forskolin (10�4 M) caused an � 30-fold
increase in cAMP formation in mock conditions (data not
shown), consistent with previous reports (11, 15), and neither
RSV nor UV-RSV altered forskolin-induced cAMP formation,
suggesting that RSV had no effects on forskolin expression or
activity or any downstream signaling events. As Forskolin-
induced cAMP formation did not differ among treatment groups,
ISO-induced cAMP formation is expressed as % forskolin-
induced cAMP formation in Figure 2. We then performed a
dose–response experiment to determine the effect of RSV titer
(MOI 0.0015, 0.15, and 15) for 24 h on ISO-induced cAMP
formation. We found that RSV had no effects on ISO-induced
cAMP formation at an MOI of 0.0015, but that there was a
trend for a decrease at an MOI of 0.15, which reached statistical
significance at an MOI of 15 (P � 0.05; Figure 3), compared
with the mock and UV-RSV groups.

RSV Does Not Alter Gi�-3 Expression

To determine whether RSV influenced Gi signaling in cultured
HASM, we performed Western blots on cell lysates from cul-
tured HASM cells exposed to RSV (MOI 15), UV-RSV, and
mock. As shown in Figure 4, RSV does not appear to alter Gi
-3

expression, compared with the mock and UV-RSV groups. This
antibody also detects G
i-1 and G
i-2. In the insert in Figure 4,
bands corresponding to the molecular weight of all three iso-
forms of G
i are shown.
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Figure 1. RSV infects cultured HASM cells. Cultured HASM cells in a
T-150 flask at 70% confluence were infected with a recombinant green-
fluorescent protein–expressing RSV and visualized under immunofluo-
rescence after 8 h (A ) and under paired brightfield analysis (B ).

ADRB2 Density Is Reduced in HASM Cells Exposed to RSV

To determine whether RSV had direct effects on ADRB2 den-
sity, we measured receptor density using radioligand binding in
cultured HASM cells challenged with RSV (MOI 15) or mock
for 24 h. Under mock challenge conditions, ADRB2 density
(Bmax) was 30 pmol/mg of protein, similar to previously reported
levels of ADRB2 expression in HASM (6). By contrast, we
found that RSV reduced ADBR2 expression in cultured HASM
by 32% (P � 0.05; Figure 5).

ADRB2 Haplotype Influences RSV Effects on ISO-Induced
cAMP Formation and ADRB2 Density

To determine whether ADRB2 haplotype influenced the ability
of RSV to modulate ISO-induced cAMP formation, we stratified
data from Figure 2 by ADRB2 haplotype. As shown in Figure 6,
there was no change in ISO-induced cAMP formation with RSV
infection (MOI 15) in cells from individuals homozygous for
the Gly16Glu27 haplotype, compared with UV-RSV or mock.
However, there was a significant decrease in ISO-induced

Figure 2. RSV attenuates
ISO-induced cAMP for-
mation (time course).
Cultured HASM cells on
each experimental day
were infected with RSV
(MOI 15; dark grey bars),
UV-RSV (light grey bars),
or mock infection (open
bars) over three different
time periods (2 h, 6 h,
and 24 h), and then

supernatant was harvested after ISO (10�6 M) stimulation for 10 min.
Measurements were performed in duplicate in two separate experiments
for each of four donors. Data are expressed as % maximal stimulation
(Forskolin 10�4 M–induced cAMP formation). *P � 0.05 compared with
baseline and compared with UV-RSV and with mock.

cAMP formation in cells from individuals homozygous for the
Arg16Gln27 haplotype, compared with UV-RSV or mock (P �
0.05). We also stratified data from Figure 5 by ADRB2 genotype.
As shown in Figure 7, ADRB2 haplotype influences ADRB2
density in mock-treated cells (P � 0.05). Challenge with RSV
led to a trend in decreased ADRB2 density in both groups,
which was not statistically significant (P � 0.09).

DISCUSSION

Our results indicate that RSV can infect HASM (Figure 1), and
that it also has direct functional effects on ASM by inhibiting
ISO-induced cAMP production in a time- and concentration-
dependent fashion (Figures 2 and 3). RSV does not appear to
influence HASM via Gi expression (Figure 4), but rather through
effects on ADRB2 density (Figure 5). In fact, we demonstrated
significant genotypic differences in the ability of RSV to influ-
ence ISO-induced cAMP expression (Figure 6), with a trend
toward reducing ADRB2 density (Figure 7).

The influence of viral infection on airway smooth muscle has
been the focus of a number of recent studies. D’Aprile and
coworkers demonstrated that parainfluenza-3 virus infection
reduces endothelin receptor density and function in guinea pig
airways (17), and Billington and colleagues showed that rhinovirus
influences cAMP production in HASM (18). Although epithelial
cells may be the primary target of RSV infection as manifest by

Figure 3. RSV attenuates ISO-induced cAMP formation (dose response).
Cultured HASM cells on each experimental day were infected with
increasing RSV titers (MOI 0.0015, 0.15, and 15), UV-RSV, or mock
infection for 24 h, and then supernatant was harvested after ISO
(10�6 M) stimulation for 10 min. Measurements were performed in du-
plicate in two separate experiments for each of four donors. *P � 0.05
compared with UV-RSV and with mock.
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Figure 4. RSV does not alter Gi expres-
sion. Cultured HASM cells on each experi-
mental day were infected with RSV (MOI
15), UV-inactivated RSV, or mock infec-
tion for 24 h, after which protein was
harvested and Gi protein expression as-
sayed by Western blot. The inset demon-
strates the three isoforms of Gi detected
by this antibody. In addition, the anti-
body detects a strong band correspond-
ing to the 75-kD marker, which represents
cross detection with albumin, present in
the Biorad protein standard and in the
cell lanes. A Western blot was performed
on cell lysates from three donors.

histopathologic characteristics of massive epithelial sloughing,
the release of cytokines and chemokines in the setting of RSV
infection may have paracrine effects on HASM. To our knowl-
edge, this is the first study to suggest that RSV has direct effects
on HASM. There are no definitive data showing that RSV infects
HASM in vivo; however, sloughing of the bronchial epithelium
could facilitate access of the virus to these cells.

Figure 5. ADRB2 density is reduced in HASM cells exposed to RSV.
Cultured HASM cells on each experimental day were infected with RSV
(MOI 15) or mock infection for 24 h, and cell membranes were isolated
for ADRB2 density measurements using radioligand binding. Measure-
ments were performed in triplicate in two separate experiments from
each of four donors. *P � 0.05 compared with mock.

The mechanistic basis by which RSV alters the ASM relax-
ation pathway is not known, but may involve the production of
cytokines which exert an autocrine effect on ASM. In a murine
model, challenge with RSV resulted in IL-4 and IL-13 production
(19), and in the only previous in vitro report of RSV effects in
HASM, RSV was shown to stimulate IL-11 production (20). A
number of cytokines, including IL-1�, TNF-
, IL-13, IL-4, and

Figure 6. ADRB2 haplotype influences RSV effects on ISO-induced cAMP
formation. Cultured HASM on each experimental day were infected
with RSV (MOI 15), UV-RSV, or mock infection for 24 h. Measurements
were performed in duplicate in two separate experiments from each of
two donors homozygous at the Arg16Gln27 ADRB2 haplotype (open
bars), and also in duplicate in two separate experiments from each of
two donors homozygous at the Gly16Glu27 haplotype (filled bars). Data
are expressed as % maximal stimulation (Forskolin 10�4 M–induced
cAMP formation). *P � 0.05 compared with RSV-exposed cells from
Gly16Glu27 donors and compared with UV-RSV and mock from
Arg16Gln27 donors.
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Figure 7. ADRB2 haplo-
type influences RSV effects
on ADRB2 density. Cul-
tured HASM cells on each
experimental day were in-
fected with RSV (MOI 15;
open bars) or mock infec-
tion (filled bars) for 24 h,
and cell membranes were
isolated for ADRB2 density
measurements using radio-
ligand binding. Measure-

ments were performed in triplicate in two separate experiments from
each of two donors homozygous at the Arg16Gln27 ADRB2 haplotype,
and in triplicate in two separate experiments from each of two donors
homozygous at the Gly16Glu27 haplotype. *P � 0.05 compared with
mock exposure in cells from Gly16Glu27 donors.

IL-6, have been associated with decreased �-agonist responses
in HASM (21). Hakonarson and coworkers reported that de-
creased agonist responsiveness elicited in rhinovirus-exposed
ASM is largely attributed to the induced autologous expression
and autocrine action of IL-1� in the virus-infected ASM (22).
We saw that RSV had no impact (Figure 4) on Gi expression in
our system, suggesting that the primary effect of RSV is through
Gs signaling via cAMP production, rather than through Gi

signaling.
The ability of ADRB2 genotype to influence desensitization

in HASM led us to question in this study whether ADRB2
genotype could also influence the desensitization to �-agonist
responses associated with RSV exposure. Despite a number of
clinical studies in patients with asthma, there has been no con-
sensus on which ADRB2 genotype influences desensitization.
Screening from four ethnically distinct populations suggests that
there are only a few common haplotypes spanning the coding
block and the immediate 5	-untranslated region of the ADRB2
gene (7, 8, 23). For this reason, HASM cells were chosen for
this study only from individuals homozygous at either the
Arg16Gln27 or the Gly16Glu27 allele. The observation that
Arg16Gln27 haplotypes had lower basal ADRB2 expression
levels, yet did not differ from Gly16Glu27 haplotypes in their
ISO-induced cAMP responses, may possibly be explained by
receptor expression not being the limiting factor in cAMP forma-
tion and therefore spare receptors possibly being present in the
Gly16Glu27 haplotype (24, 25).

Although SNPs in the ADRB2 gene have received the great-
est scrutiny, we recognize that genetic variants in other targets
in the �-adrenergic relaxation pathway may alter the ASM relax-
ation phenotype. Genetic variants in the AC type 9 have been
identified that confer reduced �-adrenergic stimulation (26). Al-
though we did not see differences in AC expression or activity,
Billington reported that chronic incubation with rhinovirus in
HASM caused a significant increase in Forskolin-induced cAMP
formation, suggesting sensitization of AC (18). Thus, it is possible
that genetic variation in AC and other downstream genes could
influence responses in the setting of RSV infection.

There are several clinical implications of our in vitro observa-
tions. Approximately half of the infants with RSV-induced bron-
chospasm will respond to inhaled �-agonists; however, there is
no reliable method for predicting which infants will respond.
Perhaps the variation observed in clinical responses to bronchod-
ilators during RSV infection is secondary to differences in
ADRB2 haplotype. Genetic screening of patients with RSV may
predict patients with a more favorable response to certain thera-
pies, including �-agonists and corticosteroids. In addition, lower

respiratory tract infection by RSV is a major risk factor for the
development of persistent wheezing and asthma during child-
hood. Although the mechanism by which RSV alters airway
reactivity is not understood, the more long-term sequelae of
RSV infection may be related to ADRB2 haplotype. Further
in vitro and clinical studies are needed to clarify the role of
ADRB2 genotype in RSV infection.
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