Effects of 3-agonists on airway epithelial
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B-Adrenergic receptor (BAR) agonists exert a variety of effects
on airway epithelial cells. Among their best known actions is
their ability to increase ciliary beat frequency, mediated by
cyclic adenosine monophosphate (cAMP) production, stimula-
tion of protein kinase A (PKA), and phosphorylation of an
outer dynein arm light chain. Submucosal glands express
BARs, and B-agonists may stimulate secretion of mucus from
airways, although human data are controversial. f-Agonists
may also affect ion transport across epithelial cells by opening
apical ion channels such as the cystic fibrosis transmembrane
regulator. This effect, likely to occur in submucosal glands, can
influence water fluxes across the airway epithelium and may
have profound influences on mucus hydration. BAR activation
can increase intracellular calcium in some ciliated cells, there-
by stimulating ciliary beating and possibly influencing
transepithelial ion transport. BAR-mediated activation of
cAMP-dependent protein kinase accelerates epithelial cell
migration, thereby enhancing epithelial wound repair.
[B-Agonists reduce the ultrastructural damage seen with infec-
tion and potentiate secretion of certain cytokines from epithe-
lial cells while inhibiting secretion of others. Finally, 3-agonists
may have effects on airway epithelial cells that are mediated
through BARs but do not require cAMP production. The sig-
naling mechanisms of some [-agonist effects are not well
understood but are important to our understanding of airway
epithelial cell growth, differentiation, and function. (J Allergy
Clin Immunol 2002;110:S275-81.)
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B-Adrenergic receptor (BAR) agonists elicit a variety
of effects on airway epithelial cells, including an increase
in ciliary beat frequency. This article briefly reviews
responses of airway epithelial cells to B-agonists.

EXPRESSION OF SAR ON THE AIRWAY
EPITHELIUM

The first step in understanding airway epithelial cell
responses to B-agonists was to evaluate which cells in the
superficial airway epithelium and in submucosal glands
express BARs. Several approaches were used for this pur-
pose. Application of radiolabeled B-agonists and antago-

From the Division of Pulmonary and Critical Care Medicine, University of
Miami School of Medicine, Miami, Fla.

Supported by grants from the National Institutes of Health.

Reprint requests: Matthias Salathe, MD, Division of Pulmonary and Critical
Care Medicine (R-47), University of Miami School of Medicine, 1600 NW
10th Ave, RMSB 7063, Miami, FL 33136.

© 2002 Mosby, Inc. All rights reserved.

0091-6749/2002 $35.00 + 0 1/0/129412

doi:10.1067/mai.2002.129412

Abbreviations used
ATP: Adenosine triphosphate
BAR: B-Adrenergic receptor
cAMP: Cyclic adenosine monophosphate
CBF: Ciliary beat frequency
CFTR: Cystic fibrosis transmembrane regulator
ECj5(: Median effective concentration
G;: Adenylyl cyclase inhibitory G-protein
G,: Adenylyl cyclase stimulatory G-protein
ICAM-1: Intercellular cell adhesion molecule-1
PKA: cAMP-dependent protein kinase

nists to detect BARs by autoradiography in human lung
revealed that the superficial epithelium expresses mainly
BARs and that B;ARs and B,ARs coexist on submucosal
gland cells.l:2 Another approach, the use of in situ
hybridization techniques to detect BAR mRNA in lung
tissues, confirmed the findings obtained with radiola-
beled BAR agonists or antagonists.? The last approach,
immunodetection of cyclic adenosine monophosphate
(cAMP) produced after B-agonist application in cat tra-
chea, showed that BARs were functional on ciliated cells
and that goblet cells of the surface epithelium did not
respond to B-agonists (at least as assessed by cAMP pro-
duction).# This study also showed that, in submucosal
glands, both serous and mucous cells expressed func-
tional BARs. Further studies in the ferret showed that
mucous cells expressed relatively more BARs than
serous cells.5 Thus, these results suggest that ciliated
cells in the superficial epithelium, as well as both
mucous and serous cells in submucosal gland cells, can
respond to B-agonist stimulation by producing cAMP.
Acutely dissociated human airway epithelial cells also
express functional B3AR (approximately 8900 recep-
tors/cell, 80% of the 3, subtype) with an estimated ligand
dissociation constant of 45 pM and a median effective
concentration (ECs) of 131 nM.6 However, BAR expres-
sion and its functional coupling to adenylyl cyclase
varies considerably between persons. For instance, the
ECs, can vary up to 39-fold.6 Finally, experiments that
use specific agonists for BARs suggested that these
receptors might be expressed on canine ciliated cells7;
however, molecular approaches did not reveal any evi-
dence for B3AR expression in human lung tissues.8
BARs signal mainly by activating the o. subunit of an
adenylyl cyclase stimulatory G-protein (G,) to stimulate
adenylyl cyclase, which produces cAMP.9 More recently
it has become clear, however, that BARs can signal
through mechanisms not involving cAMP.10 Whereas
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direct effects of the By subunits that associate with G,
and even G; effects, have been implicated in some of
these responses, the exact signal transduction mecha-
nisms have not been clearly elucidated.

B-AGONISTS AND CILIARY BEAT
FREQUENCY

Ciliary beating is an integral part of the mucociliary
transport apparatus, and it has been well established that
[B-agonists stimulate ciliary beat frequency (CBF) in a
variety of mammalian airway epithelial cells. 3-Agonists
used in these studies included isoproterenol,!!-19
fenoterol,20-22 albuterol,”-23-24 BRL 37344 (a B;-ago-
nist),” and salmeterol.23

The main mechanism by which these [B-agonists
increase ciliary beating is through stimulation of adenylyl
cyclase and the subsequent rises in intracellular cAMP lev-
els.13-15.18,25.26 Tncreasing the cellular cAMP concentra-
tion, independent of BAR stimulation, has also been
shown to increase human, bovine, ovine, and lupine CBF,
and this increase was blockable by a broad protein kinase
inhibitor implicating cAMP-dependent protein kinase
(PKA).18.27 By analogy, stimulation of PKA seemed to be
the next step in the BAR-signaling cascade to stimulate
CBFE. This hypothesis is supported by the ability of PKA
inhibitors to block the effects of B-agonists on CBE.18.24.28

The molecular mechanism by which PKA increases
mammalian CBF is likely analogous to the stimulation of
ciliary activity by PKA in Paramecium. There, Hamasaki et
al?? showed that PKA phosphorylated specific axonemal
targets both in vitro and in permeabilized cells. One with an
apparent molecular weight of 29 kDa was extractable by
procedures used for the isolation of outer arm dynein and
was identified to be a dynein light chain.30 The phosphory-
lation of this light chain has been shown to increase the
velocity of microtubule gliding across dynein-coated sur-
faces in vitro and to increase the swimming speed (ie, CBF)
of Paramecium in vivo.30 Axonemal targets of PKA with
similar molecular weights have also been identified by
virtue of their cAMP-dependent phosphorylation in mam-
malian respiratory cilia,3!-33 and in an ovine study the tar-
get was present on outer dynein arms.3# The experiments
that used mammalian tissues also revealed that PKA itself
must be localized to cilia,3233 a fact supported by the pres-
ence of an immunopositive protein in bovine axonemes
stained for PKA3! and the presence of a specific A-kinase
anchoring protein in human airway cilia.33

In addition to this classic pathway, a more complex [3-
adrenergic signaling to stimulate CBF has been delineat-
ed, first in rabbit tracheal explants and then in ovine air-
way epithelial cells, where CBF increased through both
an initial calcium-coupled mechanism and a prolonged
calcium-independent mechanism.!424 Tt seems that
PKA, this time likely a cytosolic form, was mediating the
initial calcium rise in ovine cells because an inhibitor of
PKA prevented it.24 These data support previous findings
in canine airway epithelia, where B-agonists caused
cAMP-dependent release of calcium from intracellular
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stores.35 The cAMP-dependent calcium increase did not
seem to be mediated by stimulated adenosine triphos-
phate (ATP) secretion and subsequent activation of
purinergic receptors as isoproterenol did not alter cellu-
lar accumulation of inositol phosphates.39

In any cell that responds with an initial cAMP-depen-
dent calcium increase, the production of nitric oxide can
be activated to contribute to ciliary stimulation, as shown
in canine and bovine cells.19:36 However, nitric oxide
production has not been detected in human nasal cells
upon stimulation with B-agonists.28 This could be
because human airway epithelial cells do not respond
with a significant transient calcium increase upon [3-ago-
nist stimulation.37.38

In summary, BAR activation in mammalian ciliated
cells increases CBF through two mechanisms: an initial
calcium-coupled mechanism in cells from some species
and a prolonged, calcium-independent mechanism in all
cells. These mechanisms seem to depend on the activa-
tion of different PKAs through a signaling cascade
involving the BAR, adenylyl cyclase, and cAMP (Fig 1).

B-AGONISTS AND MUCUS SECRETION

The majority of data on mucus secretion in response to
[B-agonists stems from the 1980s, and whether human air-
ways secrete mucus upon [-agonist stimulation is contro-
versial. In keeping with the data on receptor expression?
and the data on morphometric evaluation after stimula-
tion,3940 B-agonists cause degranulation of mainly
mucous cells in the submucosal glands in the cat and fer-
ret. These findings may explain why relatively thick secre-
tions are produced in cat trachea after B-agonist stimula-
tion4! and why B-agonists cause a relatively high increase
of secreted glycoproteins compared with the secreted vol-
ume in ferret trachea.*?> The molecular mechanism by
which B-agonists cause mucus secretion in these prepara-
tions has not been studied in detail. From early work in the
cat trachea, it is clear that both cAMP and PKA are
involved.43 Whether PKA activation alone is sufficient for
mucus secretion or whether PKA also needs to cause cal-
cium increases in these cells remains unknown.

Human tissues mounted in Ussing chambers revealed
increased glycoprotein release in one study upon salbuta-
mol stimulation.44 Isoproterenol, however, did not elicit
radiolabeled glycoconjugate release in other human
preparations.*5:46 In addition, SPOCI cells, which are
derived from rat airway epithelium and are used to study
mucus secretion, expressed functional BARs#7 but did
not secrete mucus upon stimulation with -agonists,
forskolin, or membrane-permeable cAMP analogs.43
Human bronchial epithelial cell xenograft cultures were
also nonresponsive to membrane-permeable cAMP ana-
logues, whereas ATP stimulated mucus secretion (C.
William Davis, University of North Carolina at Chapel
Hill, personal communication). Although the final word
on mucus secretion in human airways upon AR stimu-
lation is not out, it is likely that B-agonists do not cause
mucin secretion in significant amounts.



J ALLERGY CLIN IMMUNOL
VOLUME 110, NUMBER 6

Salathe S277

.

FIG 1. Proposed signal transduction mechanisms by which B-agonists increase CBF. Stimulation of BARs
activates adenylyl cyclase to produce cAMP, which activates an axonemal PKA on outer dynein arms. This
PKA phosphorylates a dynein light chain, which mediates an increase in CBF. In some ciliated cells, cytoso-
lic PKA activation also releases calcium from intracellular stores, which increases CBF through an addi-

tional mechanism.

B-AGONISTS AND ION TRANSPORT

Proper water and ion transport across the airway
epithelium are critically important to maintain an ade-
quate airway surface liquid layer and effective mucocil-
iary clearance. Despite this fact and current intense
investigations, no definite consensus has been reached on
the physiology of the airway surface liquid layer with
respect to production, regulation, and composition. Two
competing theories have been developed, the isotonic
model and the hypotonic model, with many arguments
seeming to favor the isotonic model. Details about these
competing theories are beyond the scope of this discus-
sion but have been extensively reviewed elsewhere (eg,
Boucher et al,#® Widdicombe et al3).

There is consensus, however, that the superficial
human airway epithelium is mainly sodium-absorbing

(and thus also water-absorbing) and that 3-agonists have
a relatively small effect on overall ion and water trans-
port, as originally evaluated in excised human bronchi.5!
This may not reflect the whole truth, though. One of the
best known effects on ion transport of increasing intra-
cellular cAMP concentrations is the opening of the cys-
tic fibrosis transmembrane regulator (CFTR). Because
CFTR is highly expressed in submucosal glands,52
effects of B-agonists on ion transport may be found there
and may contrast with the effects on the mainly water-
absorbing superficial epithelium.49 In submucosal gland
cells, it is therefore possible that B-agonists actually
stimulate chloride secretion and water flux toward the
glandular lumen. Water secretion in submucosal glands
is, in fact, highly relevant for proper mucus hydration and
secretion from the glandular ducts. In a porcine model,
for instance, inhibition of anion (and presumably liquid)
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secretion into the lumen resulted in substantial ductal
mucus accumulation, leading to mucus obstruction of
submucosal gland ducts, similar to lesions seen in early
cystic fibrosis.53

-AGONISTS AND EPITHELIAL PROTECTION

Bacteria, including Pseudomonas aeruginosa, have
been shown to release proteases that cause human nasal
epithelial disruption as well as CBF slowing in vitro.54
The release of bacterial products such as hydroxy-
phenazine, pyocyanin, and a rhamnolipid has also been
shown to decrease CBF,55-58 as well as to decrease
mucus transport velocity.59:60 The mechanism of
pyocyanin-induced ciliary inhibition has been studied in
detail, and two mechanisms have been implicated: direct
action of pyocyanin on airway cells to cause a decrease
in cCAMP and ATP and subsequent decrease in CBF,38
and stimulation of hydrogen peroxide release from
inflammatory cells to cause a protein kinase C—mediated
decrease in CBF.55

[B-Agonists have been shown to counteract some of the
adverse effects of bacteria and bacterial products on the
airway epithelium. For instance, salmeterol has been
shown to reduce Pseudomonas aeruginosa—induced
(including pyocyanin-induced) and Haemophilus
influenzae—induced epithelial damage.61-:62 Salmeterol
also reduced pyocyanin-induced cytoplasmic blebbing
and reduced mitochondrial damage in ciliated cells.6!
The number of bacteria adhering to the epithelium in the
Pseudomonas study decreased on treatment with salme-
terol®2 (consistent with the notion that these bacteria
preferentially adhere to damaged cells), but there was no
change in the number of Haemophilus adhering to the
cell cultures.52 Note that in one study using Calu-3 cells
(a carcinoma cell line with features of serous cells),
short-acting [-agonists were found to decrease the
antibacterial activity of recovered surface liquid.63 Thus,
the exact mechanism by which salmeterol and potential-
ly other B-agonists protect airway epithelial cells from
damage remains unknown but is likely related to main-
taining structural integrity rather than to an increase in
the antibacterial activity of surface fluid.

In addition, salmeterol and isoprenaline have been
shown to reduce pyocyanin-induced slowing of CBF by
preventing the fall in intracellular cAMP and ATP.%4 The
ability of salmeterol to prevent toxin-mediated decreases
in CBF was sustained at concentrations that did not have
an effect on baseline CBF.65

B-AGONISTS AND EPITHELIAL REACTION TO
INFLAMMATORY STIMULI

Airway epithelial cells are capable of releasing a vari-
ety of inflammatory mediators, including prostaglandins,
15-lipoxygenase products, cytokines (eg, IL-6, IL-8,
GM-CSF, and TNF-0), and nitric oxide. The cells are
also capable of up-regulating the expression of adhesion
molecules, including intercellular cell adhesion mole-
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cule-1 (ICAM-1), in response to inflammatory stimuli.
Recent investigations have examined the influence of -
agonists on stimulated cytokine release and ICAM-1
expression. When human bronchial epithelial cells were
exposed to IFN-y a significant increase in ICAM-1
expression could be detected and fenoterol inhibited this
response in a dose-dependent manner.%¢ Another study
investigated the effect of formoterol on TNF-o—stimulated
human bronchial epithelial cells grown in submerged
culture. Formoterol reduced GM-CSF levels in culture
supernatants by 40% to 50% but increased IL-8 levels by
50%,67 confirming older data obtained with a trans-
formed human bronchial epithelial cell line that used
salbutamol and isoprenaline.68 How these studies trans-
late to the in vivo situation in inflammatory diseases
remains to be determined, especially because one study
looking at bronchial biopsies from asthmatic subjects did
not find any change in epithelial GM-CSF or IL-8
immunoreactivity upon treatment with formoterol.69

-AGONISTS AND EPITHELIAL WOUND
REPAIR

cAMP and PKA have been implicated in cell migra-
tion and wound repair. In bovine bronchial epithelial
cells, isoproterenol increased the migration of cells to
speed up the closure of mechanically and enzymatically
induced wounds of submerged monolayers.”? The signal-
ing pathway responsible for this response was found to
go through cAMP and subsequently PKA, which in turn
inhibited Rho. These findings, although not confirmed in
clinical trials, may have important implications for
patients with airway diseases, where [,-agonists may
help to accelerate airway epithelial repair after insults.

More recent work indicates that isoproterenol can also
induce apoptosis in bovine bronchial epithelial cells.”!
This effect was mediated through BARs but did not seem
to involve cAMP production. These data are reminiscent
of results obtained in cardiac myocytes, where B,ARs
have been shown to couple to G; to activate a variety of
intracellular signaling pathways, including extracellular
signal-regulated kinase and phosphatidylinositol
3—kinase. Thus, it seems likely that the classical signal
transduction by BARs in airway epithelial cells is com-
plemented by signaling that does not involve G4 and
adenylyl cyclase. Whether the differentiation state of
these cells plays a role in the determination of signaling
by these receptors remains to be investigated.

CONCLUSIONS

B-Agonists exert a variety of effects on airway epithe-
lial cells. They clearly increase CBF, and the mechanism
of this increase has been studied in detail. The increase in
CBF is likely the main mechanism by which these ago-
nists increase mucociliary clearance in vivo. Effects on
mucin secretion are likely subtle in human airways and
possibly clinically irrelevant. Other effects of f-agonists
on airway epithelial cells are less well studied and some
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remain controversial. Thus, we are left with several
important questions about the effects of B-agonists on
airway epithelial cells: what are the effects of B-agonists
on cytokine release from airway epithelial cells and are
these effects clinically relevant; what role do B-agonists
play in epithelial cell migration, wound repair, and apop-
tosis; what mechanisms of action of -agonists other
than cAMP production and stimulation of PKA are rele-
vant in airway epithelial cells (and at which differentia-
tion state are they active); and which mechanisms of
action could be clinically useful? These issues will, we
hope, be clarified in the near future.

I thank Drs Richard J. Bookman, Gregory E. Conner, Rosanna
Forteza, and Adam Wanner for their valuable comments and support
over many years.

DISCUSSION SESSION

Question: Regarding the effect of Pseudomonas on the cilia, are
the cilia lost or does the whole cell desquamate?

Dr Salathe: They are clearly damaged cells, and it seems that they
initially lose the cilia. Whether they can be recovered is a difficult
question to answer.

Question: Does Pseudomonas activate PKC or inhibit PKC-¢? We
tried to determine whether we could block PKC action, but the
cells kept coming off the dish.

Comment: When Pseudomonas comes into contact with the cells,
they produce secretory cytotoxins. Some of those factors may
need to be controlled to avoid release of the cells from the dish.
Comment: There is evidence that the entire ciliated cell lifts off the
dish rather than just the cilia. Treatment of epithelial cells for 24
hours with salmeterol causes up-regulation of junctional proteins. It
looks as if the long-acting -agonist is increasing the integrity of
the epithelium and preventing the toxins from getting in.

Dr Salathe: There are two mechanisms involved by Pseudomonas.
One depends on the presence of inflammatory cells involving PKC
activation and the other seems to be a more direct effect of high
concentrations of bacteria and pyocyanin. One is probably
reversible and the other is probably not.

Question: Would you comment on 3-agonist stimulation of nitric
oxide production in the ciliated cell. There is a great deal of nitric
oxide-generating machinery, probably linked to motility.

Dr Salathe: Nitric oxide is stimulated upon B-agonist stimulation,
but this does not occur in all cells from all species. However, if
that pathway operates, it will end up being a PKA-mediated phos-
phorylation event. In some species, this may be more important
than in others.

Question: Are there any ciliary beat data for long-acting 3-
agonists?

Dr Salathe: 1 personally do not have any experience with long-
acting B-agonists. We tried to conduct experiments with for-
moterol, but we encountered toxicity problems with the cells.
There are data on salmeterol. Even when you give a short-acting
B-agonist and then wash it away, the CBF response will remain for
at least a half-hour. This is probably mediated by the phosphoryla-
tion event in the cilia rather than activation of the signaling trans-
duction pathway.

Question: Could some of the association you observed between
effects of B-adrenergic agonists on the cell relative to the amount
of agonists be due to the secretion of cAMP from one cell type
that then enters the next cell?

Dr Salathe: 1f one uses human cells and applies cAMP to the out-
side in doses similar to what you would give for the B-agonist,
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nothing happens. Thus, there seems to be no receptor, and I doubt
that cAMP could cross the membrane.

Question: Is the protective effect of salmeterol dependent upon
either inhibiting the adhesion of bacteria or promoting clearance
of the bacteria, or is there a dissociation between those two?

Dr Salathe: That seems to depend on the bacteria you study. With
Pseudomonas, for example, there is a clear decrease in adherence
with the protective effect. Whether that is a direct effect or because
cilia are still moving and therefore there is a problem of this bacte-
ria to adhere is not clear. However, if you look at Haemophilus, for
example, there is no difference in cell adherence.

Question: Did you see any response to a [3-agonist in the smooth
muscle cells? What cell is the target of inhaled -agonist bron-
chodilators? Is it the epithelial cell, which in turn is producing a
secondary bronchodilator? Do epithelial cells metabolize the -
agonist?

Comment: Smooth muscle cells usually need a lower concentra-
tion of cAMP to respond in some way. Airway epithelial cells
seem to have a requirement at least for ciliary beat frequency, to
have a fairly high increase in cAMP. That may explain some of the
signal differences seen between these different cells. They still
may produce a lot of cAMP, but not enough that you see the bio-
logical effect.

Comment: Well, 1 think that is an intriguing question. Is the
inhaled -agonist metabolized locally, or is it all absorbed and
metabolized elsewhere in the body? The question is, are the
enzymes necessary to inactivate catecholamines? Are they
expressed in airway epithelial cells and to what extent? The air-
way epithelium may have a very important role to play regarding
the inhaled (-agonists.

Dr Salathe: There is another mechanism of inactivating them—
oxidation. Many of these beta agonists are very sensitive to oxida-
tion, and the airway itself is a very oxidative environment. So you
could think about inactivation of some of these 3-agonists easily
in the airway by oxidation itself.

Question: You commented that in most of the human cell lines
you could not see secretion of mucus in response to a B-agonist.
Yet in the in vivo situation one of the major symptoms observed
with -agonists was increased cough and sputum production.
Could there be major differences in the in vitro and in vivo situa-
tions?

Dr Salathe: Yes, there are discrepancies between the in vitro and
in vivo effects. If mucociliary clearance is increased, this might
bring more mucus to the central airways that can then be coughed
out. So maybe the effect of coughing and being able to produce
sputum does not necessarily reflect only mucus secretion.
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