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ABSTRACT: Cyclo-oxygenase is the rate-limiting enzyme in the prostanoid pathway.
Although expression of the inducible isoform of cyclo-oxygenase (COX-2) is associated
with cytokine-mediated inflammation, recent evidence suggests a homeostatic role for
epithelial COX-2 in the gastrointestinal tract. The aim of this study was to examine the
expression and localization of COX-2 in human airway epithelium both in vivo and in
vitro.

Human airway specimens from patients undergoing lung resection surgery for
primary lung tumours (n=10) or nasal mucosal resection for non-inflammatory nasal
obstruction (n=5) were examined for COX-2 expression by in situ hybridization and
immunohistochemistry. COX-2 expression was also studied in two human airway
epithelial cell lines (BEAS-2B and A549) using reverse transcription polymerase chain
reaction and Northern and Western blot analysis.

COX-2 messenger ribonucleic acid (mRNA) and protein were localized to indi-
vidual columnar epithelial cells and to airway resident inflammatory cells in 9/10
lower and 5/5 upper airway specimens. Expression of COX-2 did not correlate with
evidence of airway inflammation. Focal expression of COX-2 mRNA and protein was
observed in bronchus-associated lymphoid tissue. Both COX-2 mRNA and protein
were detected in BEAS-2B and A549 cells cultured under standard conditions.

In conclusion, expression of COX-2 in human airway epithelium occurs in the
upper and lower airways, is widespread in airway epithelial and airway resident
inflam-matory cells in the absence of overt airway inflammation, and is detectable in
cultured human airway epithelial cells in the absence of inflammatory cytokine
stimulation. These data suggest a potentially important homeostatic role for COX-2 in
the regu-lation of human airway contractility, inflammation and immune responses.
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Prostaglandins are lipid mediators of central importance
in the regulation of inflammation and smooth muscle tone
[1]. Airway-resident inflammatory cells release prosta-
glandins (PG) D2 and PDF2a which amplify smooth mus-
cle contraction and airway inflammation [1]. In contrast,
the predominant product of mammalian airway epithe-
lium, PGE2, is thought to play a role in the down-
regulation of allergic inflammation [2] and modulates
histamine-induced bronchoconstrictor responses in hu-
man airways [3]. In addition, studies in animal airways
[2], ex vivo epithelial cultures [1] and cultured human
airway epithelial cells [4] have demonstrated epithelial
PGE2 production both de novo and in response to in-
flammatory cytokine stimulation.

Following its conversion from membrane phospholipids
by phospholipase, arachidonic acid enters the prostanoid
pathway via cyclo-oxygenase (COX), which catalyses the
conversion of arachidonic acid to PGH2 [5]. PGH2 is then
converted to biologically active prostaglandins by cell-
specific prostaglandin synthases [6]. As COX is the rate
limiting step in the prostaglandin pathway, the regulation
of this enzyme is of critical importance in prostaglandin
production [6].

The constitutive isoform of COX (COX-1) subserves a
homeostatic role [6]. The inducible isoform (COX-2), nor-
mally absent from cells, is transcriptionally upregulated
by pro-inflammatory cytokines and growth factors [6, 7].
Expression of COX-2 messenger ribonucleic acid (mR-
NA) in response to inflammatory cytokines has been well
documented [7], and in vitro studies have demonstrated
expression and activity of COX-2 in response to cyto-
kine stimulation in human airway epithelium [4, 8] and
smooth muscle [9]. Furthermore, it has been shown that
endogenous nitric oxide is an important regulator of
COX-2 activity in the human airway epithelium in vitro
[4], although the significance of these findings for the
intact human airway is yet to be established. In addition,
the coexpression of COX-2 mRNA and protein has not
been studied in human airways. nor have localization
studies for COX-2 in airway smooth muscle of human
airways been performed.

Although COX-2 expression is characteristically asso-
ciated with cytokine-mediated inflammation, recent studies
have suggested an important homeostatic role for this en-
zyme. The findings of severe renal pathology in the COX-
2 knockout mouse [10] and enhanced colonic mucosal

Eur Respir J 1999; 13: 999±1007
Printed in UK ± all rights reserved

Copyright #ERS Journals Ltd 1999
European Respiratory Journal

ISSN 0903-1936



injury associated with COX-2 inhibition in the rat [11],
and the demonstration of "constitutive" COX-2 expres-
sion in the epithelium of the rat stomach [12] suggest that
COX-2 expression may not be restricted to the production
of prostanoids in association with inflammation or tissue
injury.

It was hypothesized that human airway epithelial cells
constitutively express COX-2 mRNA and protein both in
vivo and in vitro. The aim of this study was to examine the
expression and localization of COX-2 mRNA and protein
in upper and lower human airway specimens obtained sur-
gically from subjects without overt airway inflammation.
In order to validate the identity of COX-2 mRNA and pro-
tein, and to examine the pathways of COX-2 regulation in
human airway epithelium, COX-2 expression was studied
in cultured human airway epithelium by both Northern and
Western blot analysis.

Materials and methods

Source of materials

Unless otherwise stated, all chemicals were obtained
from Sigma (Sydney, Australia).

Tissue preparation

Medium-sized lower airway specimens (n=10) from pa-
tients undergoing lobectomy or pneumonectomy for lung
tumours, and nasal turbinate specimens (n=5) from patients
undergoing surgery for deviated nasal septum were pro-
cessed immediately following resection by fixation in 4%
paraformaldehyde (BDH, Perth, Australia) at 48C for 8 h
prior to mounting in paraffin blocks. Prior to sectioning
for localization studies, each specimen was sectioned and
stained with haematoxylin and eosin for pathological ex-
amination.

Cell culture

A simian virus (SV) 40-immortalized human bronchial
epithelial (BEAS-2B) cell line, was obtained from the
American Type Culture Collection (ATCC; Rockville,
MD, USA) and grown according to established methods
[13, 14]. A human airway epithelial carcinoma cell line
(A549) [15] was also obtained from the ATCC and cul-
tured according to standard protocols [4].

Reverse transcription-polymerase chain reaction

Extraction and reverse transcription of total cellular
RNA was performed according to standard protocols [14].
To amplify COX-2 complementary deoxyribonucleic ac-
id (cDNA), specific intron-spanning 20-mer primers were
designed based on published cDNA sequences obtained
from Genbank (http://www.ncbi.nlm.nih.gov/Web/Se-
arch/ index.html). The oligonucleotides used are shown
in table 1. In order to detect significant fluctuations in the
efficiency of reverse transcription (RT) and polymerase
chain reaction (PCR) amplification, primers for b-actin, a
ubiquitous housekeeping gene, were added to each reac-
tion to act as an internal control. PCR amplification was

performed according to established methods [14]. Reac-
tion conditions were as follows: 948C for 5 min, 558C for
1 min, 728C for 2 min for 1 cycle, followed by 948C for
30 s, 558C for 1 min, 728C for 2 min for 35 cycles. Posi-
tive controls consisted of 1 ng of a plasmid construct
containing the full COX-2 cDNA kindly donated by T.
Hla (Dept of Molecular Biology, Holland Laboratory,
American Red Cross, Rockville, USA). Negative controls
consisted of RT reaction mixtures without avian myelo-
blastosis virus (AMV)RT. Southern blot analysis of PCR
products was performed as described [14]. A plasmid
containing the COX-2 cDNA referred to above served as
a template for probe synthesis.

Northern blot analysis of total ribonucleic acid

Heat-denatured samples of total cellular RNA (20 mg)
extracted from cell cultures were electrophoresed on a 1%
agarose/1.5% formaldehyde gel prior to transfer to a Hy-
bond N+ (Amersham Pharmacia Biotech, Castle Hill,
NSW, Australia) membrane. The linearized plasmid con-
struct described above served as a template for the syn-
thesis of a 32P-ribouridine triphosphate (rUTP) antisense
RNA probe using a GeminiTM in vitro transcription system
(Promega, Madison,WI, USA). Hybridizationwasperform-
ed in 56saline sodium phosphate, ethylenediaminetetra-
acetic acid (SSPE)/56 Denhardt's solution/0.5% sodium
dodecylsulphate (SDS)/heat-denatured herring sperm DNA
20 mg.mL-1/50% formamide at 558C. Membranes were
then washed at 758C in 26saline, sodium citrate (SSC)/
0.1% SDS and 0.16 SSC/0.1% SDS for 20 min each and
exposed to film for 48 h.

In Situ hybridization

Localization of COX-2 mRNA was performed by in situ
hybridization as described previously [14]. Sections were
hybridized with a COX-2-specific 35S-rUTP-labelled anti-
sense riboprobe, or a complementary sense probe as a
negative control. Autoradiography was performed by
coating the slides in Kodak NTB2 (Kodak, Melbourne,
Australia) emulsion and exposing for 7±28 days. Slides
were then developed and counterstained with haematoxy-
lin.

Immunohistochemistry

Immunolocalization of the COX-2 protein was per-
formed using a modification of the method of ISEKI [12], as
described [14]. Sections were incubated with a rabbit
polyclonal anti-COX-2 antibody (Cayman Chemical Co.
Ann Arbor, MI, USA). This antibody has previously been
shown to be monospecific for COX-2 in paraffin-fixed
tissues [12]. Control slides consisted of sections incu-
bated with antibody preadsorbed with an equimolar con-
centration of purified COX-2 protein (Cayman Chemical
Co.), as described [12]. Following washing and incuba-
tion with a biotinylated anti-mouse immunoglobulin
(Ig)G secondary antibody (DAKO Corporation, Botany,
NSW, Australia) and with streptavidin±horseradish per-
oxidase (DAKO), sections were treated with diamino-
benzidine and counterstained with haematoxylin.
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Semi-quantitative analysis of in situ hybridization and
immunohistochemistry sections

Semi-quantitative scoring of in situ hybridization and
immunohistochemical signals was performed using the
method described by DETRE et al. [16] by two investigators
(D.N.Watkins and J.C. Lenzo). The product of the per-
centage positive cell score (1±6) and the average signal
intensity per cell (0±3) was recorded in six 406 fields in
each section. The score for each specimen was then
recorded as the average of the six areas examined.

Immunoblotting

Cells were lysed in sample buffer (0.067 M Tris; 13%
glycerol; 50 mM dithiothreitol; 1.3% (w/v) SDS; 0.0025%
bromphenol blue; 2% 2-mercaptoethanol), boiled for 10
min and electrophoresed on a 10% reducing polyacryl-
amide gel. Protein was then transferred to nitrocellulose
membranes (BioRad, North Ryde, Australia). Following
blocking with 3% BLOTTO (BioRad) in Tween/Tris-
buffered saline (TTBS) (20 mM Tris±HCl pH 7.5; 500 mM
NaCl and 0.1% Tween-20), membranes were incubated
with the anti-COX-2 polyclonal antibody described above
(Cayman), diluted 1:1,000 in TTBS, for 2 h at room tem-
perature. Membranes were washed twice in TTBS, then
twice in 50 mM Tris pH 7.5; 500 mM NaCl, and finally re-
equilibrated in TTBS. Membranes were then incubated
with biotinylated goat anti-rabbit immunoglobulin (Sigma)
at a dilution of 1:4,000 in TTBS for 1 h at room tem-

perature. Immunoblot detection was then performed using
enhanced chemiluminescence according to standard pro-
tocols. Purified COX-2 protein (Cayman) was used as a
positive control.

Results

Patient data

Tissue specimens were obtained from patients under-
going resection of lung tumours (n=10) and for deviated
nasal septum (n=5). Relevant patient characteristics are
summarized in tables 2 and 3.

Pathological examination of haematoxylin and eosin-
stained specimens

Morphological features in the lower airways demon-
strated minor basement membrane thickening (6/10) with-
out evidence of epithelial shedding or metaplastic changes
in the epithelial layer. Compared to the specimen obtained
from patient 2 (a lifelong nonsmoker), some of the re-
maining specimens demonstrated increased numbers of
mononuclear cells and polymorphonuclear leukocytes in
the subepithelium (3/10) as well as some evidence of
glandular hypertrophy (4/10). The upper airway specimens
demonstrated morphology consistent with normal nasal
epithelial mucosa.

Table 1. ± Oligonucleotide primers used for polymerase chain reaction amplification

Target Primers Product (bp)

COX-2 (+)297 5'-TGAAACCCACTCCAAACACA-3' 728
(-)1025 5'-TGGAACAACTGCTCATCACC-3'

b-actin (+)1267 5'-CGTGACATTAAGGAGAAGCTGTGC-3' 375
(-)1618 5'-CTCAGGAGGAGCAATGATCTTGAT-3'

bp: base pair.

Table 2. ± Patient information and expression of the inducible isoform of cyclo-oxygenase (COX-2)

Patient
No.

Age
yrs

Sex Diagnosis Atopic Asthma FEV1

% pred
Last

smoked
Medications Epithelial COX-2

expression

ISH IHC

1 55 M Squamous cell carcinoma N N 88 2 weeks Nil 3.1 2.1
2 40 F Bronchoalveolar carcinoma Y N 96 Never Nil 2.1 1.0
3 75 M Squamous cell carcinoma N N 89 1 month Ranitidine,

indomethacin
2.7 1.1

4 64 F Metastatic breast carcinoma N N 93 8 yrs Tamoxifen 0 0
5 73 F Adenocarcinoma N N 98 5 yrs Metoprolol,

aspirin
3.4 1.2

6 54 F Large cell carcinoma N N 105 10 yrs Oestrogen 2.1 1.9
7 60 M Atypical carcinoid N N 88 27 yrs Nil 1.4 1.9
8 51 F Adenocarcinoma N Y 88 2 weeks Salbutamol MDI,

budesonide MDI
1.2 3.7

9 69 M Squamous cell carcinoma N N 68 20 yrs Nil 2.9 2.0
10 64 M Large cell carcinoma N Y 64 15 yrs Ranitidine, verapamil,

salbutamol MDI,
beclomethasone MDI

4.2 4.5

FEV1: forced expiratory volume in one second. M: male; F: female; Y: yes; N: no; MDI: metered-dose inhaler, ISH: in situ
hybridization; IHC: immunohistochemistry.
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COX-2 expression in airway specimens

The presence of COX-2 mRNA was examined in ten
lower airway and five nasal turbinate specimens by in situ
hybridization. The hybridization signal using a COX-2
antisense RNA probe was focal, non-uniform and localized
to the pseudostratified columnar epithelium and subepi-
thelial layer. A specific hybridization signal was observed
in 9/10 lower airway specimens and 5/5 upper airway
specimens. In the lower airway sections, both medium- and
small-sized airways demonstrated a similar hybridization
pattern. This consisted of a focal perinuclear hybridization
signal surrounding individual columnar epithelial cells.
Airway resident epithelial cells also demonstrated a focal
perinuclear hybridization signal, which was observed adja-
cent to areas of epithelial hybridization. A scattered low-
level hybridization signal was observed in airway cartilage
and smooth muscle, however, this did not appear to be
significantly above background signal intensity. Bronchus-
associated lymphoid tissue (BALT) also demonstrated spe-
cific hybridization which was localized to lymphoid cells.
Control specimens hybridized with a complementary sense
RNA probe were negative. Representative sections are
shown in figures 1±3.

COX-2 protein immunolocalization studies confirmed
the in situ hybridization findings, with a strong association
between in situ hybridization and immunohistochemical
staining seen in adjacent sections. In lower airway sections,
focal cytoplasmic immunostaining was observed in col-
umnar epithelial cells in close association with subepithe-
lial staining in the airway-resident inflammatory cells. In
addition to focal cytoplasmic staining, more extensive and
intense apical staining was observed at the luminal surface
of the airway epithelium, involving the cilial layer and the
cytoplasmic layer immediately below. This pattern was
more prominent in the upper airway specimens. Airway-
resident inflammatory cells demonstrated focal cytoplas-
mic staining. This was seen predominantly in mononuclear
cells, however, occasional cytoplasmic staining in poly-
morphonuclear granulocytes was also detected. More focal
cytoplasmic immunostaining of BALT lymphocytes was
observed, which was less extensive than the in situ hy-
bridization findings. Specimens incubated with the COX-2
antibody pre-adsorbed with purified COX-2 protein show-

ed marked reduction or ablation of immunoperoxidase
staining. These findings are summarised in figures 1±3. No
association was observed between the histological chan-
ges in airway structure referred to above and COX-2
expression. Semiquantitative analysis of COX-2 expres-
sion in airway epithelial cells is shown in table 2.

COX-2 expression in cultured human airway epithelium

Both BEAS-2B and A549 cells grown in standard
conditions were examined for COX-2 mRNA and protein
expression. COX-2 mRNA expression was detected by
RT-PCR/Southern blot analysis in both cell lines, as dem-
onstrated by a 728 base pair (bp) PCR amplification
product which hybridized with a COX-2-specific probe on
Southern blot analysis. Identical results were seen in
BEAS-2B cells cultured without growth factors for 24 h
and in A549 cells grown serum-free from 24 or 48 h (data
not shown). COX-2 mRNA was not detectable by Nor-
thern blot analysis of 20 mg of total cellular RNA in either
cell type under standard culture conditions. When the cells
were stimulated with a combination of interferon (IFN)-
c (100 U.mL-1), tumour necrosis factor (TNF)-a (500
U.mL-1 and interleukin (IL)-1b (5 U.mL-1) (Boehringer-
Mannheim, Castle Hill, NSW, Australia) for 6 h, upregu-
lation of COX-2 mRNA expression was seen in A549
cells by Northern blot analysis but not in BEAS-2B cells.
The results of these experiments are presented in figure 4.

COX-2 protein expression was examined by Western
immunoblotting of cell protein extracts in cells cultured
under standard conditions. In both BEAS-2B and A549
cells, COX-2 protein was detected as demonstrated by an
immunoblot signal at ~72 kDa. COX-2 detected in cell
protein extracts was slightly larger than the band obtained
by immunoblot analysis of purified COX-2 protein. These
data are shown in figure 4.

Discussion

Widespread expression of COX-2 has been demon-
strated in the epithelium of human airways without clinical
or histological evidence of overt airway inflammation.
This supports recent findings of so-called "quasiconsti-
tutive" COX-2 expression in the epithelium of normal

Table 3. ± Patient information and expression of the inducible isoform of cyclooxygenase (COX-2) in upper airway sec-
tions

Pt.
No.

Age
yrs

Sex Diagnosis Procedure Atopic Smoker Medications Epithelial COX-2 expression

ISH IHC

1 30 M Deviated nasal septum,
chronic sinusitis

Septoplasty,
turbinectomy

No Never Nasal steroid 4.2 5.6

2 58 F Obstructive sleep apnoea,
deviated nasal septum

Turbinectomy No Yes Nasal steroid 3.1 5.1

3 34 M Deviated nasal septum,
inferior turbinate
hypertrophy, snoring

Palatoplasty,
turbinectomy

No Never Nil 2.0 3.8

4 47 F Deviated nasal septum Septoplasty,
turbinectomy

No Ex Nil 3.4 4.5

5 44 M Deviated nasal septum,
nasal obstruction

Turbinectomy No Ex Salbutamol MDI 2.1 2.9

Pt.: patient. For definitions see footnote to table 2.
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subjects studied at bronchoscopy [17]. Similar "constitu-
tive" expression of COX-2 in nasal respiratory epithelium
has recently been reported by immunohistochemical
analysis of sinoscopic biopsy specimens [18]. Although
this airway epithelial COX-2 expression may reflect
exposure to cigarette smoke, viral infection or airborne
allergens, which may chronically upregulate regional
cytokine production, this would seem a less likely ex-
planation for the present findings. In particular, all but
two of the lower airway subjects had ceased smoking
some years prior to surgery. However, as the airway
epithelium is regarded as the first line of defence against
inhaled pathogens and irritants [19], induction of COX-2

may represent an early response to low level environ-
mental inflammatory stimuli, and as such may not be
distinguishable from "constitutive" expression.

In contrast to these findings, SOUSA et al. [20] dem-
onstrated diffuse cytoplasmic COX-2 staining in bron-
chial biopsies from asthmatics, which was significantly
increased when compared with normal airway biopsies.
The different cellular localization demonstrated in the
present study may reflect the differing COX-2 antibodies
and immunohistochemical methologies used, crush ar-
tefact induced by bronchoscopic biopsy or an altered
COX-2 cellular localization profile in asthmatic subjects.
In opposition to this is the finding of similar COX-2

Fig. 1. ± Localization of the inducible isoform of cyclo-oxygenase (COX-
2) in serial sections obtained from a lower human airway specimen. A) In
situ hybridization study using a COX-2 sense ribonucleic acid (RNA)
probe. B) In situ hybridization using a COX-2 antisense RNA probe,
demonstrating a focal perinuclear hybridization signal in columnar epi-
thelial cells (arrow). C) Immunohistochemical study using a COX-2-
specific polyclonal antibody incubated with an equimolar concentration
of purified COX-2 protein. D) Immunohistochemical study using a
COX-2-specific polyclonal antibody, demonstrating extensive staining at
the luminal surface of columnar epithelial cells (upper arrow), focal
cytoplasmic staining in columnar epithelial cells and cytoplasmic stain-
ing in airway-resident inflammatory cells (lower arrow). E) Haematox-
ylin and eosin-stained section (Internal scale bars=7.5 mm.)
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expression in two asthmatic airways compared with the
remainder of the lower airway samples.

Immunohistochemical localization of COX-2 in the res-
piratory epithelium in this study demonstrated distinct
polarization to the apical region of columnar epithelial
cells. Using a different COX-2 antibody, DEMOLY et al. [17]
demonstrated diffuse cytoplasmic staining COX-2 in
bronchial biopsy tissue without distinct apical distribu-
tion. Although this discrepancy may reflect differences in
antibody specificity, this would seem unlikely based on
the ablation of staining by adsorption with purified COX-
2 protein seen in the present study, and the similarity

between these findings and those of ISEKI [12] who
demonstrated distinct apical polarization of COX-2 im-
munostaining in rat gastric epithelium. Although pre-
liminary studies of COX-2 subcellular localization have
suggested binding to the nuclear membrane [5], extensive
cell fraction studies have not been performed in epithelial
cells.

Studies of primary human airway epithelial cell cultures
have demonstrated that COX-2 is the constitutive and
dominant isoform, and that COX-2 expression and activity
in these cells is not dependent on the presence of peptide
growth factors [21, 22]. Although these studies provide

Fig. 2. ± Localization of the inducible isoform of cyclo-oxygenase (COX-
2) in serial sections obtained from an upper human airway specimen. A)
In situ hybridization study using a COX-2 sense ribonucleic acid (RNA)
probe. B) In situ hybridization using a COX-2 antisense RNA probe,
demonstrating a focal perinuclear hybridization signal in columnar epi-
thelial cells (upper arrow) and airway-resident inflammatory cells (lower
arrow). C) Immunohistochemical study using a COX-2-specific poly-
clonal antibody incubated with an equimolar concentration of purified
COX-2 protein. D) Immunohistochemical study using a COX-2-specific
polyclonal antibody, demonstrating intense staining at the luminal sur-
face of columnar epithelial cells (upper arrow) and diffuse cytoplasmic
staining in columnar epithelial cells limited by the basement membrane
(lower arrow). E) Haematoxylin and eosin-stained section (Internal scale
bars A and B=15 mm; C±E=7.5 mm.)
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support for constitutive expression of COX-2 in human
airway epithelium in vivo, it is likely that different me-
chanisms may be involved in the expression of COX-2 in
this study's cell culture models. In particular A549 cells
are a malignant cell line, and may possess autocrine cyto-
kine pathways which are well characterized in many
human cancers [23]. In addition, oncogenic ras muta-
tions, including those present in A549 cells, are asso-
ciated with activation of both the phospholipase A2 and
COX-2 pathways [24].

In contrast both to these findings and those of other
studies [8, 25], AKARASEREENONT and THIEMERMANN [26]
did not demonstrate constitutive COX-2 expression in
A549 cells. One possible explanation for this discrepancy
is the differing cell culture, immunoblot and PGE2 as-
say methodologies employed in this study. Although the
transcriptional regulation of COX-2 in cultured human
airway epithelium may differ from that seen in vivo, the
expression and activity of COX-2 in these cell lines
makes them a useful model for the study of COX-2
biology in the human airway.

The presence of COX-2 mRNA in unstimulated A549
cells detected by RT-PCR but not by Northern blot analysis

in the present study suggests that low levels of the trans-
cript and resultant protein may be insufficient to result in
significant PGE2 production. This contention is further sup-
ported by the findings of cytokine upregulation of COX-2
mRNA in A549 cells detected by Northern blot analysis.
Alternatively, cytokine-induced activation of the phos-
pholipase pathway may result in an increased supply of
arachidonic acid to the "constitutively" expressed COX-2.

Prostanoid production associated with activation of the
COX-2 pathway is dependent on the presence of a cell-
specific prostaglandin synthase [1, 5]. Although differen-
tial expression of these enzymes has not been studied in
airway cells, a large number of in vitro studies suggest
that COX-2 expression in human airway epithelium is
associated with PGE2 production [4, 8, 27], resident
mononuclear cells with PGE2 and PGF2a production and
airway smooth muscle with PGF2a release [1]. Although
recent in vitro studies have demonstrated cytokine-med-
iated COX-2 induction in cultured human airway smooth
muscle cells [28, 29], the present study did not demon-
strate evidence of COX-2 localization in airway smooth
muscle in vivo. In view of the opposing effects of these
prostanoids on smooth muscle contractility and airway

Fig. 3. ± Localization of the inducible isoform of cyclo-oxygenase (COX-2) in bronchus-associated lymphoid tissue. A) In situ hybridization study using
a COX-2 sense ribonucleic acid (RNA) probe. B) In situ hybridization using a COX-2 antisense RNA probe, demonstrating focal perinuclear
hybridization signal in lymphoid cells. C) Immunohistochemical study using a COX-2-specific polyclonal antibody incubated with an equimolar
concentration of purified COX-2 protein. D) Immunohistochemical study using a COX-2-specific polyclonal antibody, demonstrating cytoplasmic
staining of lymphoid cells (arrow). (Internal scale bars=7.5 mm.)
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inflammatory responses, the factors determining the dom-
inant prostaglandin in the human airway may be import-
ant in the development of diseases such as asthma.

The finding of focal COX-2 expression in BALT in this
study suggests that prostanoids may be important regu-
lators of the immune response in the human airway. The
results clearly demonstrate the cellular origin of the PGE2-
production associated with lymph node efferents [30], and
to the author's knowledge is the first study to demonstrate
COX-2 expression in lymph node tissue. As prostaglan-
dins have important regulatory effects on the cellular
immune system [31], the presence of COX-2 in human
airway lymphoid tissue suggests a potentially important
role for prostanoid metabolites in the regulation of the
human mucosal immune system. Moreover, recent find-
ings that PGE2 may direct naive CD4+ T cells toward a
T-helper (Th) 2 phenotype [32] and differentiation of
murine B-lymphocytes towards IgE-secreting cells [33]
directly implicate airway COX-2 expression and pros-
tanoid production in the pathophysiology of airway in-
flammatory disease such as asthma. Characterization of
the lymphoid cell phenotypes associated with COX-2
induction will be required to further delineate the role of
PGE2 in the regulation of the cellular immune system.

The presence of widespread activation of COX-2 in the
airway epithelium and resident inflammatory cells of the
upper and lower human airway strongly implicates prod-
ucts of the prostanoid pathway in the regulation of human
airway function. These findings have implications for the
homeostatic role of epithelial-derived prostaglandin E2, as
well as the regulation of airway inflammation and smooth
muscle tone in inflammatory airway disease. Further ev-
aluation of airway prostanoid regulation in both animal
models and clinical studies is required to define the im-
portance of COX-2 expression in the upper and lower
airway.
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