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Abstract
Viral exacerbations of allergen-induced pulmonary inflammation in pre-clinical models reportedly reduce the efficacy
of glucocorticoids to limit pulmonary inflammation and airways hyper-responsiveness to inhaled spasmogens.
However, exacerbations of airway obstruction induced by allergen challenge have not yet been studied. hPIV-3
(human parainfluenza type 3 virus) inoculation of guinea-pigs increased inflammatory cell counts in BAL
(bronchoalveolar lavage) fluid and caused hyper-responsiveness to inhaled histamine. Both responses were
abolished by treatment with either dexamethasone (20 mg/kg of body weight, subcutaneous, once a day) or
fluticasone propionate (a 0.5 mg/ml solution aerosolized and inhaled over 15 min, twice a day). In
ovalbumin-sensitized guinea-pigs, allergen (ovalbumin) challenge caused two phases of airway obstruction
[measured as changes in sGaw (specific airways conductance) using whole body plethysmography]: an immediate
phase lasting between 4 and 6 h and a late phase at about 7 h. The late phase, airway hyper-responsiveness to
histamine and inflammatory cell counts in BAL were all significantly reduced by either glucocorticoid. Inoculation of
guinea-pigs sensitized to ovalbumin with hPIV-3 transformed the allergen-induced airway obstruction from two
transient phases into a single sustained response lasting up to 12 h. This exacerbated airway obstruction and
airway hyper-responsiveness to histamine were unaffected by treatment with either glucocorticoid whereas
inflammatory cell counts in BAL were only partially inhibited. Virus- or allergen-induced pulmonary inflammation,
individually, are glucocorticoid-sensitive, but in combination generate a phenotype where glucocorticoid efficacy is
impaired. This suggests that during respiratory virus infection, glucocorticoids might be less effective in limiting
pulmonary inflammation associated with asthma.
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INTRODUCTION

Respiratory virus infection is a very common cause of asthma
exacerbation [1–3] and has been associated with a reduction
in the efficacy of glucocorticoid therapy [4,5]. Glucocorticoids
are the most effective and widely used anti-inflammatory agents
in the treatment of asthma [6]. Clinically, glucocorticoids are re-
commended for use in all but the most mild forms of asthma
[7]. Previously it was recommended that acute exacerbations of
asthma be treated by doubling the dose of inhaled corticosteroid
[8]. However, a recent Cochrane Review [9] concluded that even
doubling the dose of inhaled corticosteroid had no statistically

Abbreviations: BAL, bronchoalveolar lavage; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; FEV1, forced expiratory volume in 1 s; GR, glucocorticoid receptor;
HDAC, histone deacetylase; hPIV-3, human parainfluenza type 3 virus; NF-κB, nuclear factor κB; pfu, plaque-forming units; PI3K, phosphoinositide 3-kinase; PIV-1, parainfluenza type-1;
RSV, respiratory syncytial virus; RT, reverse transcription; sGaw, specific airways conductance.

Correspondence: Dr William R. Ford (email fordwr@cardiff.ac.uk).

significant impact on reducing the requirement for rescue oral
corticosteroids. Therefore it is important to study the mechan-
isms and identify treatments that may have the ability to reverse
resistance to corticosteroids. Owing to the ethical and logistical
difficulties of studying viral exacerbation of human asthma, there
is a need to develop animal models that share mechanisms and
features with those of asthmatic patients. Murine models have
been widely used to study the effects of different respiratory vir-
uses on pulmonary inflammation in sensitized animals [10–15].
However, there are fewer guinea-pig studies of viral exacerbation
of allergen-induced pulmonary inflammation [16–20]. The effic-
acy of glucocorticoids to inhibit the influx of inflammatory cells
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into the airway was reportedly impaired in one of these studies
[16] but early and late airways obstruction after allergen challenge
has not yet been examined in either mice or guinea-pigs.

We chose to use guinea-pigs where pulmonary inflammation
was induced by sensitization and challenge with ovalbumin and
airways obstruction monitored as changes in sGaw (specific air-
ways conductance) using dual chamber, whole body plethysmo-
graphy that allows the non-invasive, repeated measurement of
airways obstruction in conscious guinea-pigs [21–25]. Although
whole body plethysmography does not provide a detailed meas-
urement of airway function, it does allow repeated assessments of
airway conductance to be made in conscious animals. This is
of particular importance when late-phase airways obstruction
after allergen challenge is being studied owing to inter-individual
variability in the timing of the late phase and the fact that a
neuronal component would probably be inhibited by the use of a
general anaesthetic.

hPIV-3 (human parainfluenza type-3 virus) causes pulmonary
inflammation and airways hyper-responsiveness in guinea-pigs
as we [26,27] and others [20,28,29] have previously reported.
One study in particular reported that pulmonary inflammation
induced by bovine parainfluenza type-3 virus was sensitive to be-
clamethasone treatment but the airway hyper-responsiveness was
insensitive [30]. One of the aims of our study was to examine
whether viral exacerbation of allergy-induced pulmonary inflam-
mation generated a glucocorticoid-resistant phenotype. For this
reason, together with our previous experience [26,27], we elected
to use hPIV-3 in the present study.

The aim of the present study was to investigate viral exacerba-
tion of allergy-induced pulmonary inflammation, and its sensitiv-
ity to glucocorticoid treatment in guinea-pigs. Our hypothesis is
that an interaction between allergy- and virus-induced pulmon-
ary inflammation might lead to the generation of resistance to
glucocorticoid treatment.

MATERIALS AND METHODS

Animals
All experimental protocols used male Dunkin–Hartley guinea-
pigs (200–250 g; Harlan). Animals were allowed free access to
food and water and were housed at room temperature (22 +− 2 ◦C)
with the lighting maintained on a 12 h cycle. This work comp-
lied with the guidelines for the care and use of laboratory animals
according to the Animals (Scientific Procedures) Act 1986.

Non-invasive measurement of airway function
Changes in sGaw in conscious, spontaneously breathing guinea-
pigs were measured using a dual-chamber whole body plethysmo-
graph (PY-5551; Buxco) connected to an LS-20 airway mechanics
analyser.

Inoculation with hPIV-3
hPIV-3, obtained from the National Collection of Pathogenic
Viruses (Health Protection Agency), was grown in BSC-1 cells
(European Collection of Cell Cultures) to a titre of approxim-
ately 2.8×107 pfu (plaque-forming units). hPIV-3 was harves-
ted and diluted in tissue culture medium [DMEM (Dulbecco’s

modified Eagle’s medium) supplemented with 1 % (v/v) 2 mM L-
glutamine, 1 % (v/v) non-essential amino acids and 10 % (v/v)
FBS (fetal bovine serum)] to an approximate titre of 6×106

pfu/ml. Guinea-pigs received a bilateral nasal installation (125 μl
into each nostril) of hPIV-3 or tissue culture medium obtained
from cells grown in the absence of hPIV-3.

RT (reverse transcription)–PCR identification of
hPIV-3 in BAL (bronchoalveolar lavage) fluid and
lung tissue
RNA was extracted from lung tissue and BAL fluid using
PureLink® Viral RNA/DNA kits (Invitrogen) according to man-
ufacturer’s instructions. Specific detection and quantification of
hPIV-3 was carried out using a Genesig advanced kit for the
RT–PCR detection of hPIV-3 (Primerdesign). Amplification and
detection of hPIV-3 cDNA was carried out using a Lightcycler
(Roche).

Histamine exposure (assessment of
hyper-responsiveness)
A baseline reading of sGaw was taken before guinea-pigs were
exposed to a histamine aerosol (1 mM, nose only, 20 s) as pre-
viously described [19]. Histamine in saline was nebulized using
a Wright nebulizer. Immediately after the histamine exposure
guinea-pigs were installed into the whole body plethysmograph
and sGaw was measured at 0, 5 and 15 min. We have previously
determined that exposure to 1 mM histamine does not cause a sig-
nificant bronchoconstriction in guinea-pigs. Therefore any signi-
ficant histamine-induced decrease in sGaw value after a treatment
protocol indicates the presence of airway hyper-responsiveness
to histamine.

Sensitization to ovalbumin
Guinea-pigs were sensitized with two 0.5 ml bilateral intraperi-
toneal injections of ovalbumin (100 μg) and aluminium hydrox-
ide (100 mg) in PBS administered on days 1 and 5 (Figure 1).

Ovalbumin exposure
Baseline sGaw values were obtained for all guinea-pigs prior to
ovalbumin exposure. Sensitized guinea-pigs were placed in a
perspex box (40 cm diameter, 15 cm height) and exposed to a
nebulized (Wright nebulizer) solution of ovalbumin (10 μg in
saline) supplied at a pressure of 20 psi (1 psi = 6.9 kPa) at a flow
rate of 0.3 ml/min for 1 h. At the end of the exposure, guinea-
pigs were installed in the whole-body plethysmograph and sGaw

values were recorded at intervals up to 12 h and again at 24 h
after exposure.

BAL and estimation of inflammatory cell counts
The method used has been described in detail previously [23].
Briefly, at the end of a protocol, guinea-pigs were killed by
overdose with sodium pentobarbital (Euthatal; intraperitoneal,
400 mg/kg of body weight). The trachea was cannulated and the
left lung was clamped. The right lung was lavaged twice with sa-
line (1 ml/100 g of body weight). Total cells in the pooled sample
were counted in a Neubauer haemocytometer under light mi-
croscopy. Differential cell counts were made after centrifugation
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Figure 1 Graphical representation of the experimental protocols
The protocol used to induce viral pulmonary inflammation in response to
hPIV-3 is illustrated in (A) and that used to sensitize guinea-pigs to oval-
bumin to assess the impact of hPIV-3 inoculation on allergic pulmonary
inflammation in response to challenge with inhaled ovalbumin (B). HA,
exposure to inhaled histamine; hPIV-3, inoculation with hPIV-3; media,
cell culture medium taken from BSC-1 cells uninfected with hPIV-3; OA,
ovalbumin.

(Cytospin, ThermoShandon) of 100 μl of BAL fluid, transferred
onto microscope slides and stained with 0.15 % Leishman’s solu-
tion in methanol.

Experimental protocols
Pulmonary inflammation because of hPIV-3 alone
The experimental protocols are graphically displayed in Fig-
ure 1. Guinea-pigs were treated on each of the 7 days with dexa-
methasone (1 ml/kg of body weight from a 20 mg/ml solution,
subcutaneous, once a day), fluticasone propionate (0.5 mg/ml
solution inhaled over 15 min, twice a day) or their respective
vehicles (saline or saline/DMSO/ethanol, in proportions of 4:3:3
respectively). Airway responses to aerosolized histamine were
obtained in all guinea-pigs on day 1 and again on day 7 of the
protocol, as previously described. On days 2 and 3 of the pro-
tocol, guinea-pigs were inoculated with either hPIV-3 (∼3×106

pfu) or its vehicle (cell culture medium taken from uninfected
BSC-1 cells). Following the last histamine exposure, on day 7 of
the protocol, the guinea-pigs were killed by an overdose with so-
dium pentobarbital and BAL performed for total and differential
cell counts.

Ovalbumin-induced pulmonary inflammation
The bronchoconstrictor response to inhaled histamine was ob-
tained on the first day of the protocol (day 0, Figure 1B). Sub-
sequently guinea-pigs were sensitized to ovalbumin on days 1 and
5 of the protocol. Guinea-pigs were inoculated with medium ob-
tained from BSC-1 cell culture naı̈ve to hPIV-3 on days 10 and 11
of the protocol. Animals were then treated with dexamethasone
(20 mg/kg of body weight, subcutaneous, once a day), fluticasone
propionate (0.5 mg/ml, inhalation, twice a day) or their vehicle
(saline or saline/DMSO/ethanol, 4:3:3 respectively) for the next
7 days. Animals were challenged with aerosolized ovalbumin on
day 14. sGaw was measured over the next 12 h and at 24 h. On day

15, the bronchoconstrictor response to a nose-only exposure of
1 mM histamine was measured. On the same day, after histamine
exposure, the animals were killed by an overdose with sodium
pentobarbital and BAL performed for total and differential cell
counts.

Exacerbation of ovalbumin pulmonary inflammation with
hPIV-3
The same protocol as described previously for ovalbumin-
induced pulmonary inflammation was followed, except that
guinea-pigs were inoculated with medium containing hPIV-3 on
days 10 and 11 instead of cell medium alone.

Chemicals and solutions
Aluminum hydroxide, ovalbumin, dexamethasone (water-soluble
cyclodextrin complex), fluticasone propionate, histamine diphos-
phate, DMSO and ethanol were obtained from Sigma–Aldrich.
Saline was purchased from Baxter Healthcare. FBS was obtained
from Perbio Science UK, and DMEM, L-glutamate and trypsin
were from Invitrogen. Euthatal was obtained from Merial Animal
Health. Dexamethasone was dissolved in saline and fluticasone
propionate in a mixture of saline/DMSO/ethanol in proportions
of 4:4:3 respectively.

Data analysis and statistics
All data are presented as means +− S.E.M. of n guinea-pigs.
Changes in sGaw values are expressed as percentage change from
baseline measurements (taken immediately before challenge with
either histamine or ovalbumin). Cumulative airways obstruction
was assessed by calculating the area under the percentage change
in sGaw time course (Prism V5.0a for Mac OS; GraphPad Soft-
ware). Histamine-induced bronchoconstrictions are reported as
the mean peak response, measured as percentage change from
baseline sGaw, measured over a 15 min interval. Inflammatory
cells counted in BAL fluid taken from naı̈ve guinea-pigs (treated
with medium taken from BSC-1 cell culture and the vehicle for
one or other corticosteroid) have also been reported.

Paired or unpaired Student’s t tests were used (Prism V5.0a for
Mac OS, GraphPad Software) to identify statistically significant
(P < 0.05) differences between two means. Where more than two
means were compared, ANOVA supported by Bonferroni’s post-
hoc test for multiple comparisons was used to identify statistically
significant (P < 0.05) differences among the means.

RESULTS

Airways hyper-responsiveness and inflammation
induced by hPIV-3
Inoculation with hPIV-3 of non-sensitized guinea-pigs treated
with dexamethasone vehicle (n = 7) or fluticasone vehicle (n = 6)
caused airway hyper-responsiveness to inhaled histamine (Fig-
ures 2A and 3A) and an increase in inflammatory cell num-
ber in the BAL fluid (Figures 2B and 3B). Treatment with
either dexamethasone (n = 7; Figure 2A) or fluticasone propi-
onate (n = 6, Figure 3A) abolished the exaggerated response
to histamine. Compared with naı̈ve guinea-pigs inoculated with
medium alone and treated with the vehicle for dexamethasone
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Figure 2 Sensitivity of hPIV-3-induced pulmonary inflammation to treatment with dexamethasone
(A) Peak bronchoconstrictions induced by inhaled histamine in guinea-pigs before (pre PIV-3, closed bars) and after (post
PIV-3, open bars) inoculation with hPIV-3. Data are shown for guinea-pigs treated with dexamethasone vehicle (Vehicle,
n = 7) or dexamethasone (Dex, n = 7). ∗P < 0.05 compared with the histamine response elicited prior to inoculation with
hPIV-3 (paired Student’s t test). (B) Inflammatory cell counts in guinea-pig BAL fluid (taken on day 7 of the protocol
after histamine exposure). Data are shown for naı̈ve guinea-pigs (inoculated with culture medium and dexamethasone
vehicle but not hPIV-3, hatched bar, n = 6) and those inoculated with hPIV-3 and dosed with either dexamethasone vehicle
(open bars) or dexamethasone (closed bars). ∗P < 0.05 compared with the dexamethasone vehicle (ANOVA supported by
Bonferroni’s post-hoc test).

Figure 3 Sensitivity of hPIV-3-induced pulmonary inflammation to treatment with fluticasone propionate
(A) Peak bronchoconstrictions induced by inhaled histamine (1 mM, 20 s nose-only exposure) in guinea-pigs before
(pre-PIV-3, closed bars) and after (post PIV-3, open bars) inoculation with hPIV-3. Data are shown for guinea-pigs treated
with fluticasone vehicle (Vehicle, n = 6) or fluticasone propionate (Fluticasone, n = 6). ∗P < 0.05 compared with the histam-
ine response elicited prior to inoculation with hPIV-3 (paired Student’s t test). (B) Inflammatory cell counts in guinea-pig
BAL fluid (taken on day 7 of the protocol after histamine exposure). Data are shown for naı̈ve guinea-pigs (inoculated
with culture medium and fluticasone vehicle but not hPIV-3, hatched bar, n = 6) and those inoculated with hPIV-3 and
dosed with either fluticasone vehicle (open bars) or fluticasone (closed bars). ∗P < 0.05 compared with fluticasone vehicle
(ANOVA supported by Bonferroni’s post-hoc test).

(n = 6) or fluticasone propionate (n = 7), PIV-3 inoculation sig-
nificantly increased lymphocyte and neutrophil numbers in the
BAL (Figures 2B and 3B). Dexamethasone treatment signific-
antly decreased the numbers of all inflammatory cell types in
the BAL fluid compared with vehicle control guinea-pigs (Fig-
ure 2B), whereas only the number of lymphocytes was signific-
antly reduced by fluticasone treatment (Figure 3B).

Effects of dexamethasone on airways responses
and inflammation induced by ovalbumin challenge
Early and late airways obstruction
There was a characteristic two-phase response to allergen (oval-
bumin) challenge in guinea-pigs sensitized to ovalbumin and
treated with dexamethasone vehicle (n = 6; Figure 4A–4C). An
‘early-phase’ of airways obstruction was initiated immediately

after allergen challenge resolving between 4 and 6 h and followed
by a distinct ‘late-phase’ of airways obstruction at approximately
7 h after allergen challenge. Treatment with dexamethasone abol-
ished the ‘late-phase’ of airways obstruction (n = 6; Figures 4A–
4C). Peak airways obstruction, measured during the ‘early-phase’
(0–4 h) was not significantly affected by dexamethasone treat-
ment, whereas it was significantly reduced during the period
corresponding to the ‘late-phase’ (4–24 h; Figure 4B). Cumu-
lative airways obstruction (area under the percentage change in
sGaw time course) calculated for the entire 24 h period after aller-
gen challenge, was significantly reduced in sensitized guinea-pigs
treated with dexamethasone (Figure 4C). When calculated for the
periods corresponding to the ‘early-phase’ and ‘late-phase’, dexa-
methasone significantly reduced cumulative airways obstruction
over both phases (Figure 4C).
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Figure 4 hPIV-3-induced alterations in the time course of pulmonary obstruction after ovalbumin challenge and its
sensitivity to dexamethasone
Data are shown for guinea-pigs treated with dexamethasone (Dex, closed circles) or its vehicle (Vehicle, open circles)
and inoculated with cell culture medium (A, n = 6 each for dexamethasone and its vehicle) or hPIV-3 (D, n = 8 for both
dexamethasone and its vehicle). Peak and cumulative bronchoconstriction measured during periods corresponding to the
early (0–6 h) and late phase (6–12 h) are reported for guinea-pigs treated with dexamethasone (Dex, closed bars) or its
vehicle (Vehicle, open bars) and inoculated with cell culture medium (B and C respectively) or hPIV-3 (E and F respectively).
∗P < 0.05 compared with dexamethasone vehicle (unpaired Student’s t test).

Airways hyper-responsiveness
Prior to allergen challenge, sensitized guinea-pigs exhibited no
significant bronchoconstriction in response to histamine expos-
ure (Figure 5A). Exposure to histamine 24 h after allergen chal-
lenge caused a significant bronchoconstriction in response to the
same concentration of histamine in animals treated with dexa-
methasone vehicle. Treatment with dexamethasone abolished this

hyper-responsiveness to histamine observed after allergen chal-
lenge (Figure 5A).

Inflammatory cell influx
The total number of inflammatory cells counted in BAL fluid
taken 24 h after allergen challenge of vehicle-treated anim-
als was significantly increased compared with naı̈ve animals
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Figure 5 hPIV-3-induced alterations in peak and cumulative airways obstruction after ovalbumin challenge and its sens-
itivity to dexamethasone
Peak bronchoconstrictions induced by inhaled histamine before sensitization with ovalbumin (Pre OA, closed bars) and
after ovalbumin challenge (Post OA, open bars). Data are shown for guinea-pigs treated with dexamethasone (Dex) or its
vehicle and inoculated with cell culture medium (A, n = 6 for both groups) or hPIV-3 (B, n = 8 for both groups).∗P < 0.05
compared with the histamine response elicited prior to sensitization with ovalbumin (paired Student’s t test).

(inoculated with medium, and treated with dexamethasone
vehicle but not exposed to inhaled ovalbumin, n = 6). This was
significantly reduced by treatment with dexamethasone compared
with the vehicle control (Figure 6A). Compared with the vehicle
control, dexamethasone treatment reduced the numbers of all
inflammatory cell types counted in the BAL fluid, except neut-
rophils. The reduction in inflammatory cells counted in the BAL
fluid was such that there were no significant differences between
dexamethasone-treated and naı̈ve guinea-pigs.

Effects of dexamethasone on airways responses
and inflammation induced by ovalbumin challenge
after inoculation with hPIV-3
Early and late airways obstruction
Inoculation of sensitized guinea-pigs with hPIV-3 changed the
profile of airways obstruction following allergen challenge in an-
imals treated with dexamethasone vehicle (n = 8; Figures 4A and
4D). In the absence of hPIV-3, two distinct phases of airways ob-
struction were observed (Figures 4A–4C), whereas inoculation
with hPIV-3 altered the pattern of response following allergen
challenge into a single sustained period of airways obstruction
(Figures 4D–4F). Unlike in animals that were inoculated with
medium alone, dexamethasone treatment (n = 8) had no signific-
ant effect on peak or cumulative airways obstruction during the
24 h period following allergen challenge.

Airways hyper-responsiveness
Significant hyper-responsiveness to inhaled histamine was iden-
tified in sensitized guinea-pigs inoculated with hPIV-3 and chal-
lenged with ovalbumin (Figure 5B). However, unlike sensitized
guinea-pigs challenged with ovalbumin and receiving only me-
dium, this hypersensitivity was unaffected by treatment with
dexamethasone.

Inflammatory cell influx
Despite a lack of efficacy in reducing airways obstruction and
hypersensitivity to histamine, dexamethasone still reduced the
numbers of inflammatory cells counted in the BAL fluid obtained
24 h after allergen challenge of guinea-pigs inoculated with hPIV-
3 (Figure 6B). Unlike in guinea-pigs treated with dexamethasone

Figure 6 hPIV-3-induced alterations in inflammatory cell influx
after ovalbumin challenge and its sensitivity to dexamethasone
Numbers of inflammatory cells in BAL fluid (taken on day 15 of the
protocol after histamine exposure) from guinea-pigs treated with dexa-
methasone (Dex, closed bars) or its vehicle (vehicle, open bars) in
guinea-pigs inoculated with cell culture medium (A, n = 6 for both
groups) or hPIV-3 (B, n = 8 for both groups). Also shown are the num-
bers of inflammatory cells in BAL fluid taken from naı̈ve guinea-pigs
(sensitized with ovalbumin, inoculated with culture medium and dexa-
methasone vehicle but not hPIV-3, hatched bars, n = 6). ∗P < 0.05 com-
pared with naı̈ve; #P < 0.05 compared with dexamethasone (ANOVA
supported by Bonferroni’s post-hoc test).

in the absence of hPIV-3 (Figure 6A), the total number of in-
flammatory cells as well as the numbers of macrophages and
eosinophils in the BAL fluid after ovalbumin challenge remained
significantly higher than in naı̈ve animals (Figure 6B).
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Figure 7 hPIV-3-induced alterations in the time course of pulmonary obstruction after allergen challenge and its sens-
itivity to fluticasone propionate
Data are shown for guinea-pigs treated with fluticasone propionate (FP, closed circles) or its vehicle (Vehicle, open circles)
and inoculated with cell culture medium (A, n = 6 for both fluticasone propionate and its vehicle) or hPIV-3 (D, n = 6 for both
fluticasone propionate and its vehicle). Peak and cumulative bronchoconstriction measured during periods corresponding
to the early (0–6 h) and late (6–12 h) phase are guinea-pigs treated with fluticasone propionate (FP, closed bars) or
its vehicle (Vehicle, open bars) and inoculated with cell culture medium (B and C respectively) or hPIV-3 (E and F
respectively).∗P < 0.05 compared with fluticasone propionate vehicle (unpaired Student’s t test).

Effects of inhaled fluticasone propionate on airways
responses to ovalbumin challenge
Early and late airways obstruction
Ovalbumin challenge of sensitized guinea-pigs treated with
fluticasone propionate vehicle again produced discrete early and
late phases of airways obstruction (n = 6; Figures 6A–6C). Like

dexamethasone, treatment of sensitized guinea-pigs with inhaled
fluticasone propionate abolished the ‘late-phase’ airways obstruc-
tion (n = 6; Figures 7A–7C). Peak airways obstruction measured
during the ‘early-phase’ was not significantly affected by treat-
ment with fluticasone propionate but that measured during the
‘late-phase’ was significantly reduced compared with the vehicle
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Figure 8 hPIV-3-induced alterations in peak and cumulative airways obstruction after ovalbumin challenge and its sens-
itivity to fluticasone propionate
Peak bronchoconstrictions induced by inhaled histamine before sensitization with ovalbumin (closed bars) and after
ovalbumin challenge (open bars). Data are shown for guinea-pigs treated with fluticasone propionate (FP) or its vehicle and
inoculated with cell culture medium (A, n = 6 for both groups) or hPIV-3 (B, n = 6 for both groups). ∗P < 0.05 compared
with histamine response elicited prior to sensitization with ovalbumin (paired Student’s t test).

control (Figure 7B). Unlike dexamethasone treatment, however,
fluticasone propionate did not significantly affect the cumulat-
ive airways obstruction (area under the percentage change in
sGaw time course) calculated for the entire 24 h period after al-
lergen challenge or that calculated for the period corresponding
to the ‘early-phase’ of airways obstruction. The cumulative air-
ways obstruction calculated for the period corresponding to the
‘late-phase’ of airways obstruction was significantly reduced by
treatment with fluticasone propionate (Figure 7C).

Airways hypersensitivity
Hypersensitivity to histamine was again observed in sensitized
guinea-pigs treated with fluticasone propionate vehicle following
allergen challenge (Figure 8A). This hypersensitivity to histamine
was abolished by treatment with fluticasone propionate.

Inflammatory cell influx
The total number of inflammatory cells in the BAL was signific-
antly increased after ovalbumin challenge of vehicle-treated an-
imals compared with naı̈ve guinea-pigs (inoculated with medium
and fluticasone vehicle, but not exposed to inhaled ovalbumin,
n = 7). This was significantly reduced by treatment with flutic-
asone propionate (Figure 9A). Unlike with dexamethasone, only
the number of eosinophils was significantly reduced by flutic-
asone propionate treatment although the levels remained signi-
ficantly higher than those of naı̈ve guinea-pigs.

Effects of inhaled fluticasone propionate on airways
responses to ovalbumin challenge after inoculation
with hPIV-3
Early and late airways obstruction
The sustained airways obstruction induced by allergen challenge
in sensitized guinea-pigs inoculated with hPIV-3 was insensitive
to treatment with fluticasone propionate (n = 6; Figure 7D) com-
pared with guinea-pigs treated with fluticasone vehicle (n = 6).
Peak airways obstruction during the 24 h period after allergen
challenge in sensitized guinea-pigs inoculated with hPIV-3 was
unaffected by treatment with fluticasone propionate (Figure 7E).
Similarly, cumulative airways obstruction calculated over the 24 h
period after allergen exposure was not significantly affected by
fluticasone propionate (Figure 7F).

Figure 9 hPIV-3-induced alterations in inflammatory cell influx
after ovalbumin challenge and its sensitivity to fluticasone
propionate
Numbers of inflammatory cells in BAL fluid (taken on day 15 of the
protocol after histamine exposure) from guinea-pigs treated with flutic-
asone propionate (FP, closed bars) or its vehicle (Vehicle, open bars) and
inoculated with cell culture medium (A, n = 6 for both groups) or hPIV-3
(B, n = 6 for both groups). Also shown are the numbers of inflammatory
cells in BAL fluid taken from naı̈ve guinea-pigs (inoculated with culture
medium and fluticasone vehicle but not hPIV-3, hatched bar, n = 6).
∗P < 0.05 compared with naı̈ve; #P < 0.05 compared with fluticasone
propionate (ANOVA supported by Bonferroni’s post-hoc test).

Airways hypersensitivity
Hyper-responsiveness to inhaled histamine in ovalbumin-sens-
itized and -challenged guinea-pigs inoculated with hPIV-3 and
treated with fluticasone vehicle was insensitive to treatment with
fluticasone propionate (Figure 8B).
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Inflammatory cell influx
The total number of inflammatory cells counted in the BAL fluid
was significantly increased by ovalbumin challenge and inocu-
lation with hPIV-3 in vehicle-treated animals. This was signific-
antly reduced by treatment with fluticasone propionate in sensit-
ized guinea-pigs inoculated with hPIV-3 compared with guinea-
pigs treated with fluticasone vehicle (Figure 9B). Macrophage,
eosinophil, lymphocyte and neutrophil numbers in the BAL fluid
were all significantly reduced in hPIV-3-inoculated sensitized
guinea-pigs treated with fluticasone propionate compared with
vehicle controls. The total number of inflammatory cells and
macrophages remained significantly elevated after fluticasone
propionate treatment compared with naı̈ve guinea-pigs (inocu-
lated with medium and fluticasone vehicle, but not exposed to
inhaled ovalbumin, n = 7). The numbers of eosinophils, lympho-
cytes and neutrophils in BAL fluid from guinea-pigs treated with
fluticasone propionate were reduced to a level not significantly
different to that of naı̈ve guinea-pigs.

DISCUSSION

Although the effects of viral inoculation against a background
of allergic pulmonary inflammation have been previously repor-
ted, this is the first study that we are aware of where the time
course of bronchoconstriction in response to allergen challenge
and its sensitivity to glucocorticoids has been studied. Pulmon-
ary inflammation and airway hyper-responsiveness to histam-
ine following inoculation with hPIV-3 in non-sensitized guinea-
pigs was abolished by treatment with either dexamethasone or
fluticasone propronate. Similarly, allergen-induced inflammat-
ory cell influx, hyper-responsiveness to histamine and late-phase
allergen-induced airways obstruction was inhibited by treatment
with either dexamethasone or fluticasone propionate. The pres-
ence of respiratory virus (hPIV-3) during allergen (ovalbumin)
challenge of sensitized guinea-pigs profoundly altered the time-
course of the airways obstruction after aerosolized allergen chal-
lenge such that the classical two-phase response was trans-
formed into a single sustained bronchoconstriction lasting for
up to 12 h. Inflammatory cell counts in the BAL fluid were par-
tially reduced by both dexamethasone and fluticasone propionate,
neither corticosteroid had a significant effect on airway hyper-
responsiveness to histamine or the sustained bronchoconstriction
induced by allergen challenge in animals inoculated with hPIV-3.

We are not aware of any previous reports where the profile of
airway obstruction following antigen challenge in the presence of
respiratory virus has been studied. Indeed, the profile of airway
obstruction following allergen challenge is not a commonly used
endpoint in either pre-clinical or clinical studies of pulmonary
inflammation. In one clinical study where the effect of respirat-
ory tract infection on repeated FEV1 (forced expiratory volume
in 1 s) measurements in asthmatic patients has been studied [31],
the authors reported a sustained fall in FEV1 over several days in
asthmatic children infected with a respiratory virus or bacterium.
It would be inappropriate to interpret data from that study as
directly supporting the clinical relevance of our own findings of

viral-induced alteration in airway obstruction following allergen
challenge in guinea-pigs, not least because there was no evid-
ence of allergen provocation in the clinical study [31]. However,
it is notable that respiratory infection in a cohort of asthmatic
patients was associated with prolonged falls in FEV1 as well as
resistance to various anti-inflammatory agents although gluco-
corticoids were not tested in that study.

We have identified two pre-clinical studies where the efficacy
of corticosteroids in reducing pulmonary inflammation induced
by a combination of respiratory virus and allergen was studied
[16,32]. In both these studies, one using mice [32] and the other
guinea-pigs [16], the anti-inflammatory efficacy of glucocortic-
oids was impaired. Taken together with our current findings, these
studies using different species and different respiratory viruses
suggest that resistance to glucocorticoid treatment could be a
common feature of allergen-induced pulmonary inflammation in
the presence of a respiratory virus.

As the presence of hPIV-3 did not substantively affect the pro-
file of inflammatory cell populations counted in BAL collected
24 h after challenge with allergen, the mechanism of sustained
airway obstruction is likely to involve either humoral or neuronal
mediators. As we did not measure the levels of humoral (technic-
ally difficult in guinea-pigs due to the lack of species-specific re-
agents) or neuronal mediators, we have no direct evidence to sup-
port this hypothesis. Previous studies have reported an increase
[16], no change [19], or a decrease [17] in guinea-pig pulmonary
inflammatory cells induced by respiratory virus. Although these
studies have all used different protocols and viruses, making
comparisons difficult, it is notable that hPIV-3 was the virus used
where the presence of respiratory virus had no significant effect
on allergy-induced inflammatory cells counted in the BAL [19].
However, the findings of that study are not in total agreement with
our own as it was also reported that PIV-3 attenuated allergen-
induced hyper-responsiveness to MCh (methacholine), whereas
hyper-responsiveness to histamine in our study was unaffected
by hPIV-3 inoculation.

One theoretical possibility for the corticosteroid resistance
we observed with the combination of viral- and allergen-induced
pulmonary inflammation, is that as hPIV-3 was administered be-
fore ovalbumin challenge this might have led to pharmacokinetic
changes that limited access to GRs (glucocorticoid receptors).
Indeed, it is known that respiratory viruses increase mucus se-
cretion in guinea-pigs [33], and in theory, this might reduce the
bioavailability of inhaled fluticasone propionate. However, such
a mechanism would not explain the reduction in efficacy ob-
served for dexamethasone as it was administered systemically. In
addition, fluticasone propionate significantly reduced the num-
ber of inflammatory cells counted in the BAL fluid of sensitized
guinea-pigs exposed to both virus and allergen, providing evid-
ence of a residual anti-inflammatory effect and access to GRs.
In addition, we have used very high doses of dexamethasone and
fluticasone propionate in our study, which we know from previous
dose-ranging studies are in excess of those required to abolish
allergen-induced pulmonary inflammation (results not shown).
Therefore it is unlikely that the reduced anti-inflammatory ef-
ficacy of glucocorticoids is due to an insufficient dose used or
reductions in bioavailability
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There are a limited number of studies published where the
nature of pulmonary inflammation in guinea-pigs after inocula-
tion with PIV-3 has been reported [26,27,29]. The results from our
previous study using human PIV-3 were similar to those reported
in the current study and were likewise sensitive to treatment with
dexamethasone [27]. Folkerts et al. [29] used bovine PIV-3 again
with similar results although the effects of corticosteroid treat-
ment were not assessed. Interestingly, the same group examined
the interaction between bovine PIV-3 and ovalbumin-induced al-
lergic pulmonary inflammation [20] where a role for tachykinins
was identified. Unfortunately, comparison is difficult as their hy-
pothesis was limited to the investigation of hyper-responsiveness
in isolated trachea rather than examining inflammatory cell in-
flux and in vivo profile of airway obstruction induced by inhaled
allergen.

Viruses other than PIV-3 have been used to generate pulmon-
ary inflammation in guinea-pigs. PIV-1 (parainfluenza type-1) has
been studied and shown to induce airway hyper-responsiveness
and inflammatory cell influx, predominantly neutrophils and eos-
inophils, into the BAL fluid of guinea-pigs [34]. However, the
effect of combining PIV-1 and allergen challenge has not been
studied in guinea-pigs. Likewise, inoculation of guinea-pigs with
RSV (respiratory syncytial virus) is also reported to induce airway
hyper-responsiveness [35]. In this case, an interaction between
virus- and allergen-induced pulmonary inflammation has been
studied [17]. Unfortunately, neither the time-course of the airway
obstruction following allergen challenge nor the sensitivity of the
pulmonary inflammation to corticosteroid was assessed.

Reports of how effective glucocorticoids are at limiting
allergy-induced pulmonary inflammation in the presence of a res-
piratory virus are scarce. The only such publication we have been
able to identify used human RSV in mice sensitized to ovalbu-
min [32]. The authors reported that airway hyper-responsiveness
and inflammation were resistant to treatment with systemic dexa-
methasone treatment, in agreement with our findings in guinea-
pigs. Unfortunately the profile of airway obstruction following
allergen challenge was not studied.

Several mechanisms have been proposed for glucocorticoid
insensitivity seen in asthma exacerbations. For example, there
may be changes in the binding affinity to the GR. An increased
expression of the GR-β receptor has been shown in macrophages
[36] and neutrophils [37] of glucocorticoid insensitive subjects.
Glucocorticoids do not normally bind to GR-β, but can inter-
act with GR-α, with which they do bind, thereby reducing the
binding of glucocorticoids [38]. Another possible mechanism
is a failure of glucocorticoids to inhibit the activation of pro-
inflammatory transcription factors such as NF-κB (nuclear factor
κB) and AP-1 (activator protein-1), which regulate the expression
of inflammatory cytokines, enzymes and receptors [39]. Gluco-
corticoids normally reverse this by recruiting HDAC (histone
deacetylase)-2 that reverses the histone acetylation induced by
NF-κB and switches off the activated inflammatory genes. Many
asthmatics have reduced HDAC-2 function [40]. This decreased
HDAC-2 activity may arise indirectly via the PI3K (phosphoin-
ositide 3-kinase/Akt) pathway, which is increased by oxidative
stress. Thus a possible target for reversal of glucocorticoid in-
sensitivity is inhibition of PI3Ks. Indeed, we have shown that the

steroid insensitivity induced by PIV-3 inoculation of ovalbumin
challenged guinea-pigs as used here can be reversed by narrow
spectrum kinase inhibitors [41,42]. Others have also shown that
the PI3K inhibitor LY-294002 attenuates allergic inflammation
and reverses corticosteroid insensitivity in mice [43,44].

In summary, inflammatory cell influx in the BAL, airway
hyper-responsiveness to histamine induced by either hPIV-3 in-
oculation alone or challenge with ovalbumin in sensitized guinea-
pigs were abolished by treatment with systemic dexamethasone or
inhaled fluticasone propionate. Additionally, late-phase airways
obstruction associated with ovalbumin challenge in sensitized an-
imals was abolished by glucocorticoid treatment. Inoculation of
sensitized guinea-pigs with hPIV-3 radically altered the pattern of
airways obstruction in response to inhaled allergen from a ‘clas-
sical’ two-phase response to a sustained long-lasting airways ob-
struction. Neither airways obstruction nor hyper-responsiveness
to histamine were reduced by glucocorticoid treatment. Although
inflammatory cell influx into the BAL was reduced by treat-
ment with glucocorticoids, this was only partially effective com-
pared with the reductions obtained in the absence of hPIV-3.
Therefore our guinea-pig model might provide some valuable
insights into the mechanism of interaction between viral- and
allergen-induced pulmonary inflammation.

CLINICAL PERSPECTIVES

� We have studied a guinea-pig model of hPIV-3 exacerbation of
an ovalbumin allergy-induced pulmonary inflammation. Us-
ing this model we have demonstrated that allergy-induced
episodic airways obstruction is transformed to a single long-
lasting bronchoconstriction that is insensitive to treatment
with either dexamethasone or fluticasone propionate.

� The data from our study suggest that the interaction between
viral- and allergy-induced pulmonary inflammation may alter
bronchial smooth muscle responses in asthmatics such that
allergy-induced pulmonary obstructions are of longer duration
and are more resistant to glucocorticoid treatment.

� It is accepted that interactions between viral- and allergy-
induced pulmonary inflammations are clinically important.
Our data suggest that the guinea-pig model would provide a
good system for investigating the mechanisms of interaction
as well as useful for testing the efficacy of potential treatments.
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