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Abstract

Pharmacological inhibition or genetic disruption of cyclooxygenase (COX)-1 or COX-2 exacerbates
the inflammatory and functional responses of the lung to environmentally relevant stimuli. To further
examine the contribution of COX-derived eicosanoids to basal lung function and to allergic lung
inflammation, transgenic (Tr) mice were generated in which overexpression of human COX-1 was
targeted to airway epithelium. Although no differences in basal respiratory or lung mechanical
parameters were observed, COX-1 Tr mice had increased bronchoalveolar lavage fluid PGE;, content
compared with wild-type littermates (23.0 £ 3.6 vs 8.4 + 1.4 pg/ml; p < 0.05) and exhibited decreased
airway responsiveness to inhaled methacholine. In an OVA-induced allergic airway inflammation
model, comparable up-regulation of COX-2 protein was observed in the lungs of allergic wild-type
and COX-1 Tr mice. Furthermore, no genotype differences were observed in allergic mice in total
cell number, eosinophil content (70 vs 76% of total cells, respectively), and inflammatory cytokine
content of bronchoalveolar lavage fluid, or in airway responsiveness to inhaled methacholine (p >
0.05). To eliminate the presumed confounding effects of COX-2 up-regulation, COX-1 Tr mice were
bred into a COX-2 null background. In these mice, the presence of the COX-1 transgene did not alter
allergen-induced inflammation but significantly attenuated allergen-induced airway
hyperresponsiveness, coincident with reduced airway leuko-triene levels. Collectively, these data
indicate that COX-1 overexpression attenuates airway responsiveness under basal conditions but
does not influence allergic airway inflammation.

Cyclooxygenase (COX)3 catalyzes the committed step in the biosynthetic pathway of
prostanoid formation from arachidonic acid. Both COX-1 and COX-2, the constitutive and
inducible COX isoforms, respectively, are expressed in the lung and are important in the
pulmonary response to allergic and nonallergic inflammatory stimuli (1,2). In normal mouse
lung, immunohistochemical analysis indicates that COX-1 is constitutively expressed at high
levels in airway smooth muscle cells, airway epithelial (Clara) cells, and alveolar type 11 cells
(3). Similarly, expression of COX-1 in human lung is abundant and widespread (4).
Conversely, COX-2 expression is low and is limited primarily to airway Clara cells in naive
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mice (3) and in humans (4), but is up-regulated in numerous cell types in response to
inflammatory stimuli and in certain pathological conditions.

COX-derived prostanoids include PGE,, PGD5, PGF5,, PGI, (prostacyclin), and thromboxane
A, all of which can exert receptor-mediated effects in the airways and/or vasculature of the
lung. For example, PGE, and PGI5 possess bronchodilatory activity (5,6), whereas PGD, and
PGF,, are bronchoconstrictive (6,7). As such, COX products have received considerable
attention regarding their potential roles in various lung diseases, with a particular emphasis on
asthma and allergic inflammation. In humans, inhaled PGE, inhibits the early- and late-phase
pulmonary responses to inhaled allergen (8,9) and attenuates aspirin- and exercise-induced
bronchoconstriction in susceptible patients (10,11). However, the interactions and cumulative
effects of other COX-derived prostanoids with PGE> in asthma and allergic inflammation are
complex and not completely understood (12). In a murine model of allergic lung inflammation
induced by sensitization and challenge with OVA, genetic deficiency of COX-1 or COX-2
increases airway inflammation and decreases lung compliance, whereas COX-1 deficiency
also results in increased lung resistance (2). The administration of a selective COX-1 or COX-2
inhibitor to wild-type (WT) mice similarly increases airway inflammation and
hyperresponsiveness following OVA (13). Collectively, these observations suggest thata COX
product(s) is protective in allergic lung inflammation and that the exaggerated inflammatory
and functional responses are, at least in part, a result of its impaired production.

To further examine the roles of COX and COX-derived prostanoids in the lung under normal
and inflammatory conditions, we generated transgenic (Tr) mice that overexpress human
COX-1 specifically in airway Clara cells. Expression and localization of the transgene were
confirmed by molecular and immunohisto-chemical techniques and its functionality was
assessed by quantifying prostanoid levels in bronchoalveolar lavage (BAL) fluid. Functional
effects of the transgene on respiration and pulmonary mechanics were evaluated using
noninvasive and invasive techniques. Finally, the inflammatory and functional responses of
COX-1 Tr mice were compared with WT littermates in an established model of allergic airway
inflammation.

Materials and Methods

All studies were conducted in accordance with principles and procedures outlined in the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the National Institute of Environmental Health Sciences Animal Care and Use
Committee.

Construction and identification of COX-1 Tr mice

The coding region of human COX-1 cDNA (GenBank accession no. M59979) was cloned into
the Hindl11-Notl sites of the pcDNA2.1-CC10-bovine growth hormone (bGH) vector (provided
by Dr. J. A. Whitsett, Children’s Hospital Medical Center, Cincinnati, OH). This vector
contains the murine Clara cell 10-kDa protein (CC10) promoter to drive Clara cell-specific
expression of the transgene and bGH/poly(A) sequences to enhance transgene mRNA stability.
The linearized transgene was microinjected into pronuclei of single-cell C57BL/6 mouse
embryos that were implanted into pseudopregnant mice. Identification of founders was
performed by PCR analysis of genomic DNA isolated from tail biopsies. PCR analysis was
performed using the following oligonucleotide primer pairs: CC10F1, 5'-
CCTACAGTTCCACGACCTCTGGGT-3', and COX1R1, 5'-
GGCACAGAGGGCAGAATACGA-3’ (835-bp amplicon); CC10F2, 5'-
CATACCCTCACATTACAACATCAG-3', and COX1R2, 5'-
CACAGAGGGCAGAATACGAGT-3' (570-bp amplicon). All mice were propagated as
heterozygous Trs by breeding with WT C57BL/6 mice. All animal studies described herein
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were approved by the Animal Care and Use Committee of the National Institute of
Environmental Health Sciences.

Analysis of transgene expression

RNA was isolated from various tissues using an RNeasy Midi kit (Qiagen) and tissue
expression of the transgene was analyzed by RT-PCR (Superscript one-step RT-PCR System;
Invitrogen Life Technologies). First-strand cDNA was synthesized from 1.0 pg of total RNA
at 50°C for 30 min, followed by 2 min at 94°C. The PCR was then performed for 35 cycles,
each consisting of 20 s at 94°C for denaturation, 30 s at 55°C for annealing, and 30 s at 72°C
for extension. The following primers were designed on the basis of the cDNA sequences: 5'
GTCTCTTGCTCCGGTTCT-3’ (sense) and 5-GGAAGTGGGTGAAAGAGG-3' (antisense)
for human COX-1 and 5-GCCTTCTTTGCACAACAC-3' (sense) and 5'-
GCAGGAAATAGCCACTCA-3' (antisense) for murine COX-1. The expected sizes of the
PCR products were 243 bp for human COX-1 and 460 bp for murine COX-1. PCR products
were resolved on 1.2% agarose gels and visualized with ethidium bromide staining.

COX-1 protein levels in lung tissue were determined by immunoblotting. Lysates were
prepared from frozen lung tissue as described previously (1), and immunoblotting for COX-1
was performed using a murine anti-sheep mAb (no. 160110; Cayman Chemical) that also
recognizes human and murine COX-1. Equivalent amounts of lung lysate protein from COX-1
Tr and WT mice were separated on 10% Tris-glycine gels and transferred to nitrocellulose
membranes. Membranes were immunoblotted with the primary Ab at a dilution of 1/500,
followed by a HRP-conjugated bovine anti-mouse polyclonal Ab (Santa Cruz Biotechnology)
at a dilution of 1/3000. Bound Abs were detected and visualized with an enhanced
chemiluminescent detection system (Pierce).

Immunostaining for COX-1 was performed on formalin-fixed, paraffin-embedded lung tissue
using the same murine anti-sheep mAb as above (Cayman Chemical). The detailed
immunostaining protocol can be found on the National Institute of Environmental Health
Sciences Laboratory of Experimental Pathology website
({http://dir.niehs.nih.gov/dirlep/immuno/protocols.htm)).

BAL and histological evaluation of lung tissue

Naive mice and mice used in the allergic inflammation model (see below) were killed with an
overdose of sodium pentobarbital (80 mg/kg i.p.). BAL was performed with two 1.0-ml aliquots
of HBSS; recovery was >80% for each mouse. Recovered BAL fluid from each mouse was
processed and analyzed for total and differential cell counts by routine methods and for
cytokines, eicosanoids, and/or protein content as appropriate. For histological evaluation, lungs
were inflated and fixed with 4% paraformaldehyde. Sections (5—6 pum) were stained with H&E
for analysis of lung architecture in naive mice and with periodic acid-Schiff for examination
of inflammation in allergic mice.

Airway PG analysis

PG levels in BAL fluid were analyzed by liquid chromatography-tandem mass spectrometry.
Briefly, 500 pl of BAL fluid was applied to Amprep Octadecyl C1g columns (Amersham
Biosciences), followed by washes with water and then hexane. Extraction was performed with
ethyl acetate that was collected in polypropylene tubes. The ethyl acetate was then evaporated
under a stream of nitrogen gas, and the dried tubes were frozen and stored at —80°C until
analysis. Online liquid chromatography of extracted samples was performed with an Agilent
1100 Series capillary HPLC. Separations were achieved using a Phenomenex Luna C18(2)
column (5 pm, 150 x 2 mm), which was held at 40°C. The flow rate was 350 pl/min. Mobile
phase A was 0.1% acetic acid in water. Mobile phase B was 0.1% acetic acid in 85:15
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acetonitrile:zmethanol. Gradient elution was used and the mobile phase percent B was varied
as follows: 15% B at 0 min, ramp from 0 to 2 min to 30% B, ramp from 2 to 5 min to 55% B,
ramp from 5 to 12 min to 62% B, ramp from 12 to 14 min to 100% B, hold from 14 to 22 min
at 100% B, ramp from 22 to 23 min down to 15% B, and hold 15% B from 23 to 27 min.
Samples were solvated in 70 pl of 50% acetonitrile containing 105 pg PGE»-d4 as an internal
standard. The injection volume was 20 pl. Samples were analyzed in triplicate.

Electrospray ionization tandem mass spectrometry was used for detection. Analyses were
performed on an MDS Sciex API 3000 equipped with a TurbolonSpray source. Turbo
desolvation gas was heated to 425°C at a flow rate of 7 L/min. All analytes were monitored
simultaneously as negative ions in a multiple reaction monitoring scan with dwell times of 250
ms. Analytes were monitored at the following parent ion-product ion mass/charge ratio pairs
and retention times (R;): 6-keto PGFy,, 369.2:163.0 (R; = 8.14 min); thromboxane B,
369.2:169.0 (R = 8.86 min); PGFy,, 353.2:309.0 (R¢ = 9.22 min); PGEy, 351.2:271.1 (R =
9.41 min); PGD,, 351.2:271.1 (Ry = 9.69 min); and PGE,-d,, 355.2:275.1 (R = 9.41 min).

The levels of the major COX PG product, PGEj, were also determined in BAL fluid, whole
lung homogenates, and plasma of naive mice using a radioimmunoassay kit (Amersham
Biosciences) according to the manufacturer’s instructions.

Noninvasive analysis of lung function and airway responsiveness by whole-body
plethysmography

Respiratory parameters in spontaneously breathing naive mice were determined by barometric
whole-body plethysmography (Buxco Electronics). Mice were placed in individual
plethysmograph chambers and breathing frequency, tidal volume, minute ventilation, peak
inspiratory flow, peak expiratory flow, and enhanced pause (Penh; a dimensionless parameter
that is a function of total pulmonary airflow in mice) were determined and averaged over a 30-
min period.

Invasive analysis of lung function and airway responsiveness in mechanically ventilated

mice

Respiratory mechanics and airway responsiveness to aerosolized methacholine were
determined in naive mice using invasive analysis with the FlexiVent mechanical ventilator
system (SCIREQ) as described previously (14). Invasive analysis of respiratory mechanics and
airway responsiveness was also performed on day 18 of the allergic airway inflammation model
as described below.

Allergic airway inflammation model

Allergic inflammation was induced by sensitization and challenge with OVA essentially as
described (15). Only male mice were used for study due to observed gender differences in
respiratory parameters in naive mice (14) and reported gender differences in OVA-induced
airway inflammation (16,17). On days 0 and 1, male COX-1 Tr and WT littermate mice were
administered 20 ug of OVA (grade V; Sigma-Aldrich) emulsified in 0.2 ml of aluminum
hydroxide adjuvant by i.p. injection. Control (nonallergic) mice received adjuvant alone. On
days 13-17, all mice were challenged for 30 min/day with 1% OVA in saline aerosol via a
nose-only exposure chamber. On day 18, mice were subjected to invasive analysis of
respiratory mechanics and airway responsiveness as described above and were subsequently
sacrificed. BAL was performed as described above, and cells and cell-free BAL fluid
supernatants were processed for total and differential cell counts and PG and cytokine analysis.
BAL fluid cysteinyl leukotriene (cysLT) and leukotriene B, (LTB,) levels in allergic mice
were determined with enzyme immunoassay kits from Amersham Biosciences and Cayman
Chemical, respectively, according to the manufacturers’ instructions. Following BAL, right
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lungs were removed and frozen at —80°C, and left lungs were inflated and fixed in 4%
paraformaldehyde for histological evaluation.

COX-2 protein levels in whole lung lysates were quantified by immunoblotting using a rabbit
polyclonal Ab (no. 160126; Cayman Chemical). Membranes were stripped with Restore
Western Blot Stripping buffer (Pierce), and protein levels of GAPDH were subsequently
determined with a goat polyclonal Ab (SC-20357; Santa Cruz Biotechnology). To account for
variations in treatment groups and/or gel loading, relative band intensities, expressed as
arbitrary units of COX-2 to GAPDH, were determined by densitometry with a Chemilmager
5500 system (Alpha Innotech Corporation). Whole lung lysate levels of PGD synthase protein
and microsomal PGE synthase-1 protein in allergic mice were determined in a similar fashion
using rabbit anti-murine polyclonal (no. 10004348; Cayman Chemical) and rabbit anti-human
polyclonal (no. 160140; Cayman Chemical) Abs, respectively. BAL fluid PG levels were
determined by liquid chromatography-tandem mass spectrometry as described above. BAL
fluid levels of IL-1B, IL-4, IL-5, IL-6, and IL-10 were determined with a Bio-Plex mouse
cytokine kit (Bio-Rad) using fluorescently labeled microsphere beads and a Bio-Plex
suspension array system (Bio-Rad) according to the manufacturer’s instructions.

Generation of COX-2 null/COX-1 Tr mice

The following breeding strategy was used to generate COX-2-deficient mice harboring the
airway-specific COX-1 transgene. COX-2 null males (Taconic Farms) were bred to COX-1 Tr
females and ~50% of the F; offspring were heterozygous at the COX-2 locus and also positive
for the COX-1 transgene. Genotyping for the COX-2 allele was performed as described
elsewhere (18), whereas genotyping for the COX-1 transgene was performed as described
above. Female COX-2*/~ COX-1 Tr mice were crossed to male COX-27/~ COX-1 WT (non-
Tr) mice to generate F» mice for study. F, mice (~25%) were COX-2~~ COX-1 Tr (COX-2
null/COX-1 Tr) and ~25% were COX-27/~ COX-1 WT (COX-2 null/COX-1 WT). A similar
scheme was used to generate COX-2*/* COX-1 Tr and COX-2*/* COX-1 WT mice. Male
littermates were used in all studies because the COX-1 Tr mice are on a pure C57BL/6
background, whereas the COX-2 null mice are on a hybrid C57BL/6-SvEv background that
has been intercrossed for >20 generations. Lung function and airway inflammation were
assessed on day 18 of the allergic airway inflammation model as described above.

Statistical analyses

Results

Data are presented as group means + SEM. Statistical comparisons among treatment groups
were performed by randomized design two-way ANOVA followed by the Newman-Keuls post
hoc test for more than two groups, or by an unpaired Student’s t test for two groups. In all
cases, statistical significance was defined as p < 0.05.

Generation and identification of COX-1 Tr mice

Human COX-1 expressed under control of the murine CC10 promoter (Fig. 1A) was used to
generate five founder mice that contained the transgene, as identified by PCR analysis of tail
biopsy DNA samples (Fig. 1B). One of the founders (line C4) was shown by RT-PCR and
immunoblot blot analyses to overexpress the transgene, and this line was propagated for further
study. Transgene-positive mice expressed human COX-1 mRNA specifically in lung tissue
(Fig. 2, A and B) and had increased amounts of total COX-1 protein in lung tissue compared
with WT littermates (Fig. 2C). Immunohistochemical analysis revealed increased staining for
COX-1 in tracheal and bronchial epithelial cells of COX-1 Tr mice compared with WT
littermates (Fig. 2D). Staining of alveolar epithelial cells did not differ between the genotypes
(data not shown), consistent with a predominant airway expression of the transgene. No
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differences were observed between male and female COX-1 Tr mice with regard to expression
of the transgene.

Phenotypic characterization of COX-1 Tr mice

COX-1 Trand WT littermates did not differ from one another with respect to appearance,
growth rate, or disposition. Analysis of BAL fluid collected from naive mice did not reveal
any differences between COX-1 Tr and WT littermates with regard to cell counts, cell
differentials, or protein content (data not shown). However, BAL fluid PGE, content was
elevated nearly 3-fold in COX-1 Tr mice (p < 0.05), whereas levels of other prostanoids were
not significantly altered (Fig. 3A). Analysis of BAL fluid by radioimmunoassay confirmed
increased airway PGE, in COX-1 Tr mice (57.3 £ 9.7 vs 19.5 + 3.8 pg/ml for COX-1 Tr and
WT, respectively; p < 0.05) and demonstrated no difference in whole lung homogenate or
plasma PGE; levels between genotypes (data not shown). Thus, the major prostanoid product
of COX-mediated arachidonic acid metabolism was specifically elevated in the airways of
COX-1 Tr mice, indicative of the functionality of the human COX-1 transgene.

Lung function in naive COX-1 Tr and WT littermate mice was assessed using invasive and
noninvasive methods. We have previously observed (14) considerable gender differences in
airway responsiveness to methacholine aerosol challenge in naive C57BL/6 mice; as such, lung
function data presented herein was derived from studies conducted with male mice only.
Similar results were obtained when studies were conducted with female mice (data not shown).
Under resting conditions, breathing frequency, tidal volume, Penh, and other parameters that
were assessed non-invasively did not differ between naive COX-1 Tr and WT mice (Table I).
Traditional invasive techniques were used to examine both the single compartment and
constant phase models of respiratory mechanics in COX-1 Tr and WT littermate mice. In the
absence of any aerosol challenge, no differences were observed between genotypes as assessed
by the single compartment model of the lung for total respiratory system resistance (R) or
elastance (E) (Table II). Similarly, data derived from the constant phase model of the lung
revealed no differences between genotypes for baseline Ry, (Newtonian resistance, an indicator
of central airways resistance), G (tissue damping, an indicator of peripheral airways and
parenchymal resistance), or H (tissue elastance, an indicator of peripheral airways and
parenchymal elastance) (Table I1). Following aerosol administration of methacholine, all
animals studied demonstrated increased responses in all of the measured parameters (Fig. 3,
B-F); however, these responses were more pronounced in WT mice than in COX-1 Tr mice.
Calculated provocative concentration (PC) 200 values (the concentration of methacholine
aerosol required to increase baseline values by 200%) for R, R,,, G, and PCs values (the
concentration of methacholine aerosol required to increase baseline values by 50%) for E and
H were significantly greater in COX-1 Tr mice than in WT mice (Fig. 3G), indicative of
decreased sensitivity to methacholine. Collectively, these data indicate that COX-1
overexpression in the airways, and the concomitant increase in PGE; levels, resulted in a
beneficial effect on airway responsiveness and respiratory mechanics in naive mice following
challenge with a cholinergic agonist.

Effect of COX-1 overexpression on allergic airway inflammation and responsiveness

Due to the demonstrated importance of COX enzymes in mediating and resolving airway
inflammatory responses (1,2,13,19), we examined the responses of COX-1 Tr mice in an
allergic model of airway inflammation induced by OVA sensitization and challenge. As
expected, significant increases in BAL fluid total cell number and eosinophil content were
observed in mice sensitized and challenged with OVA (i.e., allergic) in comparison to mice
sensitized with adjuvant alone (i.e., nonallergic) (Table 111). BAL fluid levels of IL-1p, I1L-4,
IL-5, IL-6, and IL-10 were at low or undetectable levels in nonallergic mice (data not shown)
and were increased in allergic mice of both genotypes (Fig. 4A). However, no differences were

J Immunol. Author manuscript; available in PMC 2008 January 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Card et al.

Page 7

found between allergic COX-1 Tr and WT littermate mice in any of the BAL fluid parameters
measured (Table Il and Fig. 4A), nor were any histological differences observed (Fig. 4B).

Respiratory mechanics and airway responsiveness to methacholine were determined in
mechanically ventilated allergic mice. No differences were observed between allergic COX-1
Trand WT mice with regard to baseline values of R, E, R,,, G, and H (Table V), nor did these
values differ from those observed in naive animals (Table I1). Furthermore, allergic COX-1 Tr
and WT mice responded similarly to methacholine aerosol, with comparable PC values found
for all respiratory parameters assessed (Fig. 4C). These data demonstrate that allergic COX-1
Trand WT mice did not differ in terms of respiratory mechanics and airway responsiveness
following challenge with a cholinergic agonist.

COX-2 is known to be up-regulated in allergic airway inflammation and to generate beneficial
(anti-inflammatory and bronchodilatory) and deleterious (proinflammatory and
bronchoconstrictive) PGs that are involved in the regulation of inflammation and airway tone
(2,13). Thus, we speculated that the lack of differences between allergic WT and COX-1 Tr
mice might have been due to COX-2 up-regulation and altered PG production masking the
beneficial effect of the COX-1 transgene that was observed in naive mice. To test this
possibility, COX-2 protein expression in whole lung homogenates from nonallergic and
allergic mice was determined by immunoblotting and PG levels were measured in BAL fluid
of allergic mice. Increased COX-2 protein was observed in lung homogenates from allergic
mice compared with nonallergic mice, with no difference between COX-1 Tr and WT animals
(Fig. 4D). Interestingly, the comparative profile of BAL fluid PGs in allergic COX-1 Trvs WT
mice differed from that observed in naive mice. Whereas absolute levels of all PGs were
elevated in allergic compared with naive mice, PGF,5, PGD,, and PGE; were significantly
elevated in allergic COX-1 Tr mice compared with allergic WT mice (Fig. 4E), whereas only
PGE2 levels differed between the genotypes in naive mice (Fig. 3A). Immunoblot analysis in
whole lung homogenates of the synthases responsible for PGD, and PGE; production (PGD
synthase and microsomal PGE synthase-1, respectively) did not reveal differences between
allergic COX-1 Trand WT mice (Fig. 4F), suggesting that differential lung expression of these
proteins was not responsible for the observed differences in PG profiles. Furthermore, despite
the differences in absolute levels of BAL fluid PGs, the ratios of anti- to proinflammatory PGs
were similar between genotypes; the PGE,: PGD, ratio was 3.8:1 and 5.8:1 in allergic WT and
COX-1Trmice, respectively; whereas the PGE:PGF g ratiowas 7.1:1and 7.4:1. Thus, COX-2
up-regulation in both WT and COX-1 Tr mice, and the associated change in BAL fluid PG
profiles, may have masked any potential benefit of the COX-1 transgene on airway
inflammatory and functional parameters.

To study the influence of the COX-1 transgene on allergic airway responses in the absence of
COX-2 up-regulation, we generated mice that were genetically deficient in COX-2 and that
either possessed the human COX-1 transgene (COX-2 null/COX-1 Tr) or did not (COX-2 null/
COX-1 WT). In these mice, allergic airway inflammation was not altered by the presence of
the COX-1 transgene (Fig. 5A) but airway responsiveness, measured as R, was significantly
reduced (Fig. 5B). Calculated PC values, shown in Fig. 5C, were greater in allergic COX-2
null/COX-1 Tr mice than in allergic COX-2 null/COX-1 WT mice for all parameters measured,
indicative of decreased sensitivity to methacholine. In particular, PCyqq values for R and G
were significantly different (p < 0.05), whereas PC values for the other parameters also revealed
a decreased sensitivity to methacholine in allergic COX-2 null/COX-1 Tr mice compared with
allergic COX-2 null/COX-1 WT mice (p values ranged from 0.09 to 0.17). Analysis of BAL
fluid PGs demonstrated that allergic COX-2 null/COX-1 WT and COX-2 null/COX-1 Tr mice
had airway levels of PGF,,, PGD,, and PGE, similar to those observed in allergic WT and
COX-1 Tr mice, respectively (Fig. 5D; compare with Fig. 4E), indicating that COX-2 was not
required for generation of these PGs in this setting and therefore did not likely underlie the
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lack of differences between allergic WT and COX-1 Tr mice. Therefore, we determined
whether shunting of arachidonic acid from the COX metabolic pathway to the 5-lipoxygenase
metabolic pathway may have occurred in allergic mice and contributed to the observed
phenotypes. Although airway leukotriene levels did not differ between allergic WT and COX-1
Trmice, allergic COX-2 null/COX-1 WT mice had increased LTB4and cysLT levels compared
with these groups (Fig. 5, E and F), indicative of shunting of arachidonic acid toward the 5-
lipoxygenase pathway in the absence of COX-2. In contrast, BAL fluid leukotriene levels were
lower in COX-2 null/COX-1 Tr mice (Fig. 5, E and F), suggestive of a reversal of the shunting
of arachidonic acid back toward the COX pathway of metabolism in the presence of the COX-1
transgene.

Collectively, these data indicate that the lack of any beneficial effect of the COX-1 transgene
on allergic airway responses in COX-1 Tr mice was not the result of COX-2 up-regulation and
differential airway PG profiles or of differential airway leukotriene profiles in allergic WT and
COX-1 Tr mice. Conversely, the beneficial reduction in airway responsiveness observed in
allergic COX-2 null/COX-1 Tr mice compared with COX-2 null/COX-1 WT mice may have
been due, in part, to the lower airway leukotriene levels observed in the former.

Discussion

The importance of COX-1 and COX-2 in the resolution of airway inflammatory and functional
responses to allergic stimuli has been demonstrated in murine models through the use of gene
knockout strategies and by the administration of selective or nonselective pharmacological
COX inhibitors (2,13). To further study the contribution of COX-derived prostanoids to lung
function and allergic airway inflammatory responses, we generated Tr mice in which human
COX-1 was specifically targeted to airway epithelial cells using the murine CC10 promoter.
In comparison to WT littermates, naive COX-1 Tr mice were shown to be normal in all aspects
of baseline lung function and BAL fluid cellular characteristics, and histological examination
did not reveal any evidence of morphological changes resulting from the presence of the
transgene. Thus, constitutively increased airway COX-1 expression did not result in detectable
alterations of lung function, cellularity, or structure under basal conditions. Interestingly,
COX-1-deficient mice also do not demonstrate any alterations in baseline lung functional,
cellular, or structural characteristics (2), suggesting that COX-1-derived prostanoids are not
crucial regulators of lung function under normal circumstances. However, naive COX-1 Tr
mice had significantly elevated BAL fluid PGE;, content and demonstrated decreased airway
responses to aerosol administration of the bronchoconstrictor methacholine, indicative of a
beneficial effect of the transgene and its prostanoid products on airway responsiveness to
cholinergic stimulation.

In healthy humans, inhalation of PGE, results in bronchodilation (6), whereas the analysis of
Penh responses in conscious mice suggests that it exerts a bronchoconstrictive effect when
administered alone in high doses and a bronchodilatory effect on airways challenged with a
cholinergic agonist (20,21). Interestingly, however, invasive analysis of respiratory mechanics
does not support a constrictive effect of aerosolized PGE, in naive mice (21), but reveals that
PGE, decreases methacholine-induced airway constriction (20). Similarly, we did not observe
an alteration of basal airway tone in unchallenged naive COX-1 Tr mice compared to WT mice
despite the increased airway PGE, content, but found that methacholine-induced alterations
of pulmonary mechanics were attenuated in COX-1 Tr mice. Our data support the concept that
PGE; is not a critical regulator of respiratory mechanics under basal conditions and are
consistent with the results of a recent study (22), which used genetic approaches to alter
pulmonary PGE; levels in mice via deletion or lung-specific overexpression of microsomal
PGE synthase-1 and showed that neither of these manipulations altered baseline lung
resistance.
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Having demonstrated that COX-1 Tr mice had increased airway levels of PGE; and a blunted
response to inhalational challenge with a cholinergic bronchoconstrictor, we next examined
the responses of these mice to allergic airway inflammation induced by sensitization and
challenge with OVA. Significant increases of total BAL fluid cells, eosinophils, and levels of
a variety of ILs implicated in allergic lung inflammation were observed in allergic WT and
COX-1 Tr mice, and histological evidence of allergic inflammation was also noted. However,
none of these parameters differed between WT and COX-1 Tr mice. Furthermore, invasive
analysis of lung function revealed no differences between allergic WT and COX-1 Tr mice in
any of the respiratory parameters measured, including responsiveness to inhaled methacholine.
Thus, airway-specific overexpression of COX-1 and the resulting increase of airway PGE,
levels observed at baseline were not sufficient to alter the inflammatory and functional
responses to allergen sensitization and challenge in this model.

We surmised that the lack of any measurable differences in airway inflammation and
responsiveness was likely due in part to the comparable up-regulation of COX-2 that was
observed in the lungs of allergic WT and COX-1 Tr mice, which augmented PG production
and thereby masked any favorable effect of the COX-1 transgene. Interestingly, the BAL fluid
PG profile in allergic mice differed considerably from that observed in naive animals. Levels
of the proinflammatory and bronchoconstrictive PGF,, and PGD, in addition to the anti-
inflammatory and bronchodilatory PGE», were elevated in allergic COX-1 Tr mice compared
with allergic WT mice, whereas in naive mice only PGE; levels differed between the
genotypes. Although positive feedback regulation of COX-2 expression by PGs has been
demonstrated (23), we did not observe any differences in lung COX-2, PGD synthase, or
mMPGES-1 protein expression between WT and COX-1 Tr allergic mice. Furthermore, studies
performed with COX-2 null/COX-1 WT and COX-2 null/COX-1 Tr mice indicated that the
increased levels of PGE,, PGF,,, and PGD; in allergic COX-1 Tr mice were not COX-2
dependent, since these levels did not change in the absence of COX-2. These observations
suggest that mechanisms other than COX-2-mediated increases in pro and anti-inflammatory
PGs were responsible for the altered airway PG profile and lack of beneficial outcome in
allergic COX-1 Tr mice.

Given our observations, we propose the following scenario to explain the airway PG profiles
and inflammatory and functional outcomes observed in this study (Fig. 6). Under nonallergic
conditions, airway PGE, was selectively increased in COX-1 Tr mice owing to the fact that
PGE synthase is the predominant PG synthase in the naive airway (4) and/or is coupled most
efficiently to COX-1 to generate PGE, from COX-1-derived PGH,. The net effect of this was
a decrease in airway responsiveness to methacholine in COX-1 Tr mice compared with WT
mice. Inthe allergic airways of WT and COX-1 Tr mice, the availability of PGH, was increased
asaresult of COX-2 up-regulation; however, PGH, was maintained at a higher level in COX-1
Tr mice than in WT mice due to the sustained presence of the COX-1 transgene. Consequently,
influx of inflammatory cells and transcellular metabolism of airway cell-derived PGH»
contributed to increased generation of PGE,, PGF,, and PGD» (Fig. 6), the absolute levels of
which were greater in COX-1 Tr mice than in WT mice due to the greater availability of
PGH, in the former. Our data suggest that transcellular metabolism of PGH,, a phenomenon
believed to underlie altered PG levels in other experimental animal and human studies (24,
25), is the most likely explanation for the observed airway PG levels. In contrast to PG levels,
the absolute levels of airway leukotrienes did not differ between allergic WT and COX-1 Tr
mice; only when COX-2 was absent from the system did arachidonic acid become available
for shunting to lipoxygenase-mediated metabolism, and this was partially reversed in the
presence of the COX-1 transgene.

Since airway inflammation and responsiveness did not differ between WT and COX-1 Tr mice
despite the observed differences in absolute airway PG levels, we speculate that the relative
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ratio of pro- and anti-inflammatory PGs within the airway, which were found to be similar
between genotypes, was a more important determinant in the allergic response than were the
absolute levels of these mediators. As such, it is doubtful that a higher level of expression or
an alternate location for the COX-1 transgene within the airways would have influenced the
allergic outcomes in the present study, as these PG ratios would likely have still remained
similar between allergic mice of both genotypes. Additionally, it should be emphasized that
airway COX-1, regardless of the level or location of expression, would not be expected to
influence the sensitization to Ag administered by i.p. injection, as was the protocol used in this
study. As such, the documented worsening of allergic airway responses in COX-1 null mice
(2) can likely be ascribed to defects in the initial sensitization to Ag and in the subsequent
adaptive immune responses to repeated airway challenges, indicating a critical role for
nonairway COX-1 in the overall process. Indeed, COX-1 expression and activity is important
in areas such as local lymph nodes where Ag presentation occurs and the thymus during
immune system development (26). Thus, although we postulated that increasing COX-1
expression solely in the airways might have improved allergic responses, our data clearly
indicate that this was not the case. Furthermore, whereas COX products, in particular PGE,,
have been suggested to inhibit the development of allergen-induced airway inflammation and
hyperresponsiveness through inhibition of the development of a Th2-mediated adaptive
immune response (12,15), the fact that the selective and beneficial increase of PGE, in the
naive COX-1 Tr airway was not maintained under allergic conditions underscores the inability
of airway COX-1 overexpression to limit allergic airway inflammation.

Given the anti-inflammatory potential of PGE; in the lung (27), it is reasonable to predict that
airway inflammatory and functional outcomes in allergic airway disease may be reduced via
strategies designed to selectively maintain increased airway levels of this prostanoid
throughout the course of allergic inflammation. Alternatively, selective activation of certain
PGE; receptors that are thought to mediate the beneficial actions of this PG in the airways may
prove beneficial. In this regard, a recent report (28) describing the inhibition of allergic airway
inflammation and hyperresponsiveness in mice by a synthetic agonist specific for the PGE,
receptor EP4 suggests that this pathway may have therapeutic benefit. It is important to note
that PG signaling is mediated by an array of receptors that are expressed on numerous cell
types within the allergic airway and that the levels and expression patterns of these receptors
are likely dynamically regulated during the course of an inflammatory response such as the
one elicited in the model we used. Although it is beyond the scope of the present study to
examine such events, it is likely that changes in the levels or pattern of expression of specific
PG receptors on airway and/or inflammatory cells contributed to the inflammatory and
functional outcomes observed herein.

In summary, we have demonstrated that constitutive overexpression of COX-1 in the murine
airway increases PGE» content and decreases responsiveness to cholinergic stimulation.
Despite this beneficial effect on airway responsiveness in naive mice, the inflammatory and
functional responses of the lung to an allergic stimulus are not altered in the presence of the
COX-1 transgene, likely due in part to a balanced generation of pro- and anti-inflammatory
PGs under allergic conditions. We propose that other genetic and/or pharmacologic strategies
designed to alter airway levels of PGs (22,29,30) or to specifically target downstream signaling
events may result in a more robust alteration of basal lung function and provide benefit in this
and other models of lung disease in which diminished or altered COX activity are implicated.
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FIGURE 1. Generation and identification of COX-1 Tr mice

A, Schematic representation of the Tr construct containing the CC10 promoter, COX-1 cDNA,
and bGH intron/poly(A) sequences. The positions of PCR primers used to detect the transgene
are shown. B, PCR identification of germline COX-1 Tr founders (C1-C5) and nongermline
animals (N1-N6).
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FIGURE 2. Analysis of transgene expression

A, RT-PCR demonstrating human COX-1 expression in COX-1 Tr mouse lung and not in WT
mouse lung. B, RT-PCR demonstrating lung-specific expression of human COX-1 in COX-1
Tr mice. C, Immunoblot demonstrating increased total COX-1 protein expression (~70 kDa)
in COX-1 Tr vs WT mouse lung. The right-most lane contained recombinant human COX-1
as a standard. D, Immunohistochemical demonstration of increased COX-1 staining (red-
brown) in COX-1 Tr vs WT trachea and bronchi.
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FIGURE 3. Phenotypic characterization of naive COX-1 Tr mice
A, BAL fluid PGE, content was significantly elevated in COX-1 Tr mice, whereas levels of
other PGs were not significantly altered (*, p <0.05 vs WT; n = 11 WT and 15 COX-1 Tr).
B-F, Airway responsiveness to aerosolized methacholine was reduced in COX-1 Tr mice as
determined by parameters fit to the single compartment (B and C) and constant phase (D-F)
models of respiratory mechanics (*, p <0.05 vs WT; n = 14 WT and 13 COX-1 Tr). G,
Calculated PC values of methacholine aerosol for R, E, Rn, G, and H were greater in COX-1
Tr mice than in WT mice, indicative of decreased sensitivity to methacholine (*, p < 0.05 vs
WT; n=14 WT and 13 COX-1 Tr).
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FIGURE 4. Airway inflammatory and functional responses in allergic COX-1 Tr mice

A, BAL fluid levels of IL-1, IL-4, IL-5, IL-6, and IL-10 did not differ between allergic WT
and COX-1 Tr mice (n =8 WT and 9 COX-1 Tr). B, Representative sections of lung from
allergic WT and COX-1 Tr mice (periodic acid-Schiff stain) demonstrating areas of
perivascular and peribronchiolar inflammatory cell influx. C, Airway responsiveness
(measured as PC values) to inhaled methacholine did not differ between allergic WT and
COX-1 Tr mice (n =11 WT and 12 COX-1 Tr). D, Whole lung COX-2 protein levels were
elevated in allergic WT and COX-1 Tr mice compared with nonallergic mice. Representative
immunoblots from two mice per treatment group are shown for COX-2 (~72 kDa) and GAPDH
(~40 kDa) (*, p < 0.05 vs nonallergic mice of the same genotype; n = 4 per group). E, BAL
fluid PGF,,, PGD,, and PGE; levels were increased in allergic COX-1 Tr mice (*, p < 0.05
vs allergic WT; n =8 WT and 9 COX-1 Tr). F, Whole lung PGD synthase (~23 kDa) and
microsomal PGE synthase-1 (~16 kDa) protein levels did not differ in allergic WT and COX-1
Tr mice. Representative immunoblots from two mice per treatment group are shown.
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FIGURE 5. Airway inflammatory and functional responses in allergic COX-2 null/COX-1 Tr mice
A, BAL fluid inflammatory cell influx did not differ between allergic COX-2 null/COX-1 WT
and COX-2 null/COX-1 Tr mice (n = 16 per genotype). B, Total respiratory system resistance
in response to methacholine aerosol was reduced in allergic COX-2 null/COX-1 Tr mice (*,
p<0.05vs COX-2null/COX-1WT;n=16 per genotype). C, Airway responsiveness (measured
as PC values) to inhaled methacholine was reduced in allergic COX-2 null/COX-1 Tr mice, as
indicated by increased PC values for parameters fit to the single compartment (R and E) and
constant phase (Rn, G, and H) models of respiratory mechanics (*, p < 0.05 vs COX-2 null/
COX-1WT; n=16 per genotype). D, BAL fluid PGF,,, PGD, and PGE; levels were increased
in allergic COX-2 null/COX-1 Tr mice (*, p < 0.05 vs allergic COX-2 null/COX-1 WT; n=
16 per genotype). BAL fluid LTB4 (E) and cysLT (F) levels were increased in allergic COX-2
null/COX-1 WT mice (*, p < 0.05 vs all other groups; n = 13-16 per genotype).
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FIGURE 6. A proposed scheme to account for the airway eicosanoid profiles observed in
nonallergic and allergic WT and COX-1 Tr mice

In the nonallergic airway, PGE> levels are selectively increased in COX-1 Tr mice due to the
presence of the COX-1 transgene (hCOX-1) and preferential synthesis of PGH, to PGE, by
airway epithelial cells; this leads to a decrease in airway responsiveness. In the allergic airway,
increased PGH, production as a result of COX-2 induction leads to transcellular metabolism
and generation of PGD, and PGF,,, by inflammatory cells in addition to increased PGE,
production by airway epithelial cells; the net effect is a balanced production of pro- and anti-
inflammatory PGs. Absolute levels of airway PGs are higher in allergic COX-1 Tr mice than
in allergic WT mice due to the sustained presence of the COX-1 transgene and, therefore,
maintenance of greater PGH, production.
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Table Il

BAL fluid inflammatory parameters in allergic WT and COX-1 Tr mice
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Genotype Treatment Mice (n) Total Cells (><106/ml) Eosinophils (%6)
WT Nonallergic 4 0.14+0.01 0.0+0.0
COX-1Tr Nonallergic 5 0.13+0.02, 0.0+0.0,
WT Allergic 13 1.10+0.18 69.9+3.6
COX-1Tr Allergic 14 145017 757430

*

p < 0.05 vs nonallergic group of the same genotype.
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