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Summary

Background Although morbidity and mortality rates from asthma are highest in patients
> 65 years of age, the effect of older age on airway inflammation in asthma is not well
established.

Objective To investigate age-related differences in the promotion of allergic inflammation
after influenza A viral respiratory infection on antigen-specific IgE production, antigen-
induced airway inflammation and airway hyperresponsiveness in mice.

Methods To accomplish this objective, the following model system was used. Young
(6 week) and aged (18 months) BALB/c mice were first infected with a non-lethal dose of
influenza virus A (H/HKx31). Mice were then ovalbumin (OVA)-sensitized during the
acute infection (3-days post inoculation) and then chronically underwent challenge to the
airways with OVA. Forty-eight hours after the final OVA challenge, airway hyperrespon-
siveness (AHR), bronchoalveolar fluid (BALF) cellular and cytokine profile, antigen-spe-
cific IgE and IgG1, and lung tissue inflammation were measured.

Results Age-specific differences were noted on the effect of a viral infection, allergic sen-
sitization, airway inflammation and airway hyperresponsiveness. Serum OVA-specific IgE
was significantly increased in only the aged mice infected with influenza virus. Despite
greater morbidity (e.g. weight loss and sickness scores) during the acute infection in the
18-month old mice that were OVA-sensitized, there was little effect on the AHR and BALF
cellular differential. In contrast, BALF neutrophils and AHR increased, but eosinophils
decreased in 6-week mice that were OVA-sensitized during an acute influenza infection.
Conclusion With increased age in a mouse model, viral infection prior to antigen sensiti-
zation affects the airway and systemic allergic response differently. These differences may
reflect distinct phenotypic features of allergic inflammation in older patients with asthma.
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Introduction

age of life, older patients. Older patients are at
increased risk of respiratory infections, which may

The effect of age on antigen sensitization, antigen-
induced airway inflammation, and subsequent develop-
ment of asthma are not well established. Asthma in
older adults is an important and unmet area of research
as disease morbidity and mortality rates are the highest
in patients over 65 years of age [1]. Although there has
been considerable study on the influence of early devel-
opmental processes of allergic airway inflammation,
including respiratory infections, on the onset of child-
hood asthma, little is known about the other extreme

serve to induce late onset asthma in patients over the
age of 60 years [2].

Respiratory viral infections in infancy have been
associated with an increased risk for the development
of asthma, particularly in the presence of allergen sen-
sitization [3-7, 8-10]. Observational studies have also
reported that nearly 50% of subjects with asthma onset
after the age of 60 years have had a prior respiratory
infection [2]. Despite our understanding of the role of
viral infections on childhood onset asthma, the effect of
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viral infection on allergen sensitization and eventual was collected at the time of sacrifice by cardiac punc-
development of features of asthma have not been well ture and transfer of blood to EDTA-coated tubes.
characterized.

The following study was designed to address whether

. . . I i i ith i A vi
age affects the response to an acute respiratory infection nfection of mice with influenza A virus

with influenza A virus with subsequent antigen sensiti- The HKx31 (H3N2) flu virus was grown in 10-day-
zation, allergic airway inflammation and airway respon- embryonated chicken eggs (SPAFAS; Charles River
siveness in a mouse model. The underlying goals of Laboratories, Wilmington, MA, USA). Egg’s allantoic
these animal models are to gain further insight into char- fluid was snap-frozen in ethanol-dry bath and stored
acteristics and mechanisms of asthma in older patients. at —80°C. Mice were infected using an Inhalation

Exposure System A42X (Glass-Col, Terre Haute, IN,
USA). Influenza stock virus titre was prepared at
10%8 pfu/25 pL; 240 pL of this stock virus was added
to 12 mL of PBS to prepare the viral solution. The
virus solution was placed inside of a sterile glass neb-
Young (6 weeks) female BALB/c mice were purchased ulizer connected to the infection chamber. Total expo-
from Jackson Laboratory (Bar Harbor, ME, USA). Aged sure time with aerosolized virus was 30 min. Under
(18 months) female BALB/c mice were obtained from these conditions, 100% of animals were infected and
the National Institutes of Aging (NIA, Bethesda, MD, showed reproducible lung titres in several experiments
USA). The ages of mice represent approximately 15-18 at every time point analysed as described previously
and 60 human years, respectively, based upon the [12, 13]. Animals were weighed and monitored for
24 month lifespan of BALB/c mice [11] and the life signs of illness (using a published sickness score [14])
expectancy of 80.4 years of human females (source until sacrifice. Young and aged mice were infected
National Center for Health Statistics, www.cdc.gov/ with the x31 Influenza virus on day -3 of the protocol
nchs). The ages were chosen to represent early and late (Fig. 1).

Materials and methods

Animals

adulthood. Mice were maintained in the animal facility To verify that mice were infected with influenza,
at Mount Sinai School of Medicine following standard influenza A-specific IgG1 was measured in serum that
guidelines for laboratory animal care and with institu- was collected at sacrifice. A 96-well plate was coated

tional permission for animal handling. Mice were overnight at 4°C with 100 pL of Influenza A virus
housed in the same facility to normalize gut flora. (Pre- H3N2 (Abcam, Cambridge, MA, USA) cell lysate in PBS.
liminary data on lung histology, lung cytokine expres- Coating concentration was 0.05 pg/mL. Coated wells
sion and airway function revealed no statistical were blocked with PBS+3%BSA for 2 h at RT. Diluted
differences between antigen-sensitized and challenged serum was added to the wells and incubated again for
mice purchased from Jackson Laboratories who were 2 h at RT. Virus was detected using HRP-conjugated
allowed to age in our facilities, and similarly antigen- goat anti-mouse IgG (incubated 1 h at RT, 1 : 4000
treated and aged mice obtained from the N.I.A.) Periph- dilution), followed by TMB substrate and read at wave-
eral blood for complete blood cell count and differential length 450 nm.
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Fig. 1. Experimental protocol. Mice (6 weeks, 18 months) were infected with influenza A 3 days prior to antigen sensitization. Mice were sensi-
tized intraperitoneally (i.p) with 100 pg OVA absorbed with 2 mg alum in 0.4 mL PBS on days 0 and 7. Ten days after the last sensitization dos-
ing, mice were anesthetized i.p. with ketamine and xylazine and challenged intratracheally (i.t.) for a total of four times with 100 pg OVA on
days 17, 24, 31 and 32. Control mice consisted of: age-matched antigen-sensitized and challenged-alone, virally infected-alone (day -3), and
naive mice. Forty-eight hours after the final OVA challenge, the mice were sacrificed.
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Antigen sensitization and bronchial challenge protocols

Three days following the influenza A infection, mice
were antigen-sensitized intraperitoneally (i.p.) with
100 pg OVA (Grade VI, Sigma, St. Louis, MO, USA)
absorbed with 2 mg alum (Pierce Biotechnology, Inc.)
in 0.4 mL PBS on days 0 and 7 (Fig. 1). Mice were sen-
sitized intrapertioneally, to determine differences in
sensitization independent of an altered airway response
which may occur after infection. Ten days after the last
sensitization, mice were anesthetized i.p. with ketamine
and xylazine and challenged intratracheally (i.t.) for a
total of four times on days 17, 24, 31, 32 with 100 pg
OVA in 0.05 mL PBS. Intratracheal (i.t.) antigen chal-
lenge was performed as previously described [15]. Mice
sensitized and challenged with OVA during acute
infected are labelled as ‘Acute infection/OVA-mice’ in
the text (n = 5-7/age group). Control mice were age-
matched, non-infected, OVA-sensitized and challenged
mice (‘OVA-mice’, n = 5-7/age group), naive mice and
infected-alone mice (‘Infected-alone mice’, n = 5-7/age
group).

Determination of serum ovalbumin-specific
immunoglobulins

Sera were obtained from each group of mice 48 h after
final OVA challenge and stored at —80°C. OVA-specific
IgE and OVA-specific I[gG1 were assayed using ELISA
kits according to manufacturer’s instructions (Chon-
drex, Inc., Redmond, WA, USA). To measure IgE, plates
were coated with rat anti-mouse IgE antibody and
incubated overnight at 4°C. After washing and block-
ing, 100 pL of sample or standard was added and once
again incubated overnight at 4°C. On day 3, plates
were washed and biotinylated ovalbumin was added
for 90 min, RT. OVA-specific IgE was detected follow-
ing incubation with strepavidin peroxidase and TMB
substrate. To measure IgG1, plates were coated with
10 ug/mL OVA and incubated overnight at 4°C. After
washing and blocking, 100 pL of sample or standard
was added and again incubated overnight at 4°C. On
day 3, plates were washed and peroxidase-conjugated
goat anti-mouse IgG1 antibody was added for 2 h, RT.
OVA-specific IgG1 was detected following incubation
with TMB substrate. Plates were read at wavelength of
450 nm.

Measurement of allergic airway inflammation

BALF preparation and cell differential counts. To deter-
mine differences on the effect of age on allergic airway
inflammation, BALF was collected 48 h after the final
antigen challenge. To collect BALF, the chest was
opened and the lungs lavaged with 1.0 mL cold PBS,

which was then placed into chilled tubes. The cell pellet
was re-suspended in PBS, and total cell numbers were
determined using a hemocytometer. Cytospin prepara-
tions were made with a cytocentrifuge and then stained
with Diff-Quick (Dade Diagnostics of PR, Aguada, PR).
Cell differential counts were obtained by counting at
least 500 cells per slide by light microscopy. The super-
natant was transferred and stored at —80°C for cytokine
measurement.

BALF cytokines and chemokines. BALF supernatant was
assayed for a panel of cytokines and chemokines
(selected to access Th1/Th2 expression and chemokines
associated with recruitment of neutrophils and eosin-
ophils) using a multiplex-assay (Milliplex Mouse Cyto-
kine/Chemokine Magnetic Bead, Billerica, MA, USA)
according to manufacturer’s instructions and performed
in the Mount Sinai CTAD facility. Briefly, samples,
standards and controls were added to the appropriate
wells. The premixed magnetic beads were then added
to each well and incubated on a plate shaker for 16 to
18 h at 4°C. After washing, Detection antibody was
added to each well and incubated on a plate shaker
for 1 h at RT followed by strepavidin—phycoerythrin
for 30 min. The plate was run on the Luminex 200
system (Luminex Corp., Austin, TX, USA),and data
were analysed using MILLIPLEX Analyst Software
(EMD Millipore Corp., Billerica, MA). Additional cyto-
kines and chemokines (IL-5, eotaxin-1 and 2) were
assayed by ELISA.

Lung histology. Lung tissue was dissected from the tra-
chea 48 h after final OVA challenge. The left lobe was
fixed in neutral buffered formaldehyde, and 5-micro-
metre paraffin sections were stained with haematoxylin
and eosin (HE&E). Perivascular (PV) and peribronchial
(PB) inflammation was graded using a modification of
a published scoring method by a blinded pathologist:
[(0) no inflammatory cells noted around vessel or
bronchi; (1) occasional inflammatory cells around the
vessel or bronchi; (2) a thin layer (1-5 inflammatory
cells) surrounding the vessel or bronchi; (3) a thick
layer (> 5 inflammatory cells surrounding the vessel or
bronchi), (4) thick layer and confluent areas of
inflammation] [16]. Sections were stained with periodic
acid-Schiff (PAS) for evaluation of goblet cells. PAS
staining was graded using an arbitrary scale of 0 to 4
(modified from a published protocol) [16] according to
percentage of cells stained in the majority of airways
present: [(0) no staining; (1) 25-50% stained; (2) >50%
stained; (3) >500 stained; (4) 100% stained]. Sections
were stained for picrosirius red and examined with the
circular polarized microscopy for collagen content.
Immunohistochemistry  for alpha-smooth  muscle
actin (Ab5694, Abcam, Cambridge, MA, USA) was
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performed at 1 : 2000 dilution and counterstained with
haematoxylin.

Measurement of airway responsiveness (AHR)

Forty-eight hours following the final OVA challenge,
airway responsiveness to acetylcholine (ACh) was mea-
sured [17]. Mice were anesthetized i.p. with pentobar-
bital (80 mg/kg) and ventilated with a tracheal cannula
(18 gauge) at the rate of 120 breaths per minute and a
constant tidal volume of air (0.2 mL) with an RSP1002
pressure-controlled respirator system (Kent Scientific,
Torrington, CT, USA). Muscle paralysis was induced by
intravenous injection of decamethonium bromide
(25 mg/kg). Airway pressure was measured with a
pressure transducer through a port in the trachea. A
stable baseline was recorded for at least 2 min, and
ACh (50 ug/kg) was injected into the IVC and the
recording continued for 4 min. The airway pressure
changes were viewed and recorded for 4 min with
VENTP software respiratory data acquisition system
(Kent Scientific). (The change in the airway pressure
from the baseline measure in an individual mouse
allowed for comparison of mice with potential differ-
ences in lung size.) The time-integrated changes in
peak airway pressure referred to as the airway
pressure—time index (APTI) (cmH,0/second) were calcu-
lated and served as the measurement of airway respon-
siveness.
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Statistical analysis

Data are expressed as mean + SEMs. Statistical analy-
ses were performed using two-way anova followed by a
Bonferroni post-test or Student’s unpaired two-tailed #-
test for comparison between two groups. A P-value
< 0.05 was considered statistically significant. All sta-
tistical analyses were performed using GraphPad Prism®
Software (La Jolla, CA, USA).

Results

The effect of age on the response to influenza A virus
infection

To evaluate the effects of age on the physiologic
responses to influenza A infection, the mice were moni-
tored for weight loss and sickness scores. Following
infection, both the young and aged mice had weight
loss starting 3 days after the viral infection which
peaked by day 4 for young and day 8 for aged mice
(Fig. 2a, b). By day 8, the young infected mice had
regained the weight loss and returned to a pre-infection
level. In contrast, the aged infected mice had a signifi-
cant weight loss from baseline, which did not return to
baseline before sacrifice on day 34 (data not shown).
Additionally, the aged mice either infected with influ-
enza-only or infected and OVA-sensitized/challenged
had greater sickness scores compared with the young
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Fig. 2. Mouse morbidity. Following infection with a sub-lethal dose of Influenza A, mice were evaluated for weight loss [(a) young and (b) aged]
and sickness score (c,d). Data expressed as mean + SEM. *[+[#P < 0.05, **[++[##P < 0.01, ***[+++[###P < 0.001. *OVA/OVA-infected acute
compared with naive, +infected-only compared with naive, #0VA/OVA compared with naive.
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mice (Fig. 2¢, d). Both young and aged OVA-mice, or
naive mice, did not display signs of illness. To verify
exposure to the influenza A virus, sera were collected
at the time of sacrifice to determine specific IgG1 to the
influenza A strain (H3N2). All mice that were infected
with the influenza A virus demonstrated a detectable
IgG1 to a viral lysate.

The effect of age on antigen sensitization during acute
influenza A

All OVA-sensitized and challenged mice (OVA-mice)
developed a significant increase in (P < 0.001) serum
IgE to OVA (Fig. 3a). Consistent with our previous data,
aged mice undergoing sensitization exhibited a signifi-
cantly higher serum OVA-IGE level compared with
young OVA-mice (P = 0.0015). To investigate whether
the influenza infection had an effect on sensitization,
OVA-specific IgE was measured in acute infection/
OVA-mice and compared between young and aged
OVA-mice. OVA-specific IgE was significantly increased
(P = 0.0034) only in aged mice that were sensitized
during an acute infection (Fig. 3a). As an additional
measure of sensitization, OVA-specific serum 1gG; was
determined. All antigen-sensitized and challenged mice
(OVA-mice) developed increased serum IgGl to OVA
compared with age-matched naive mice (Fig. 3b). How-
ever, OVA-specific IgG1 was significantly higher in the
young OVA-mice compared with the aged OVA-mice
(P < 0.001). Unlike IgE, there was no significant differ-
ence in IgG1 to OVA if either young or aged mice were
sensitized during the acute infection (Fig. 3b).

The effect of age on the peripheral leucocyte responses
after influenza infection and antigen sensitization

To determine whether there were differences in the sys-
temic response to antigen sensitization (in addition to
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immunoglobulin response) and whether this were
affected by the viral infection, the peripheral levels of
neutrophils, eosinophils and lymphocytes were mea-
sured. There was no significant difference between the
percentages of peripheral eosinophils among all groups
of the young and aged mice (i.e. OVA-, acute infection/
OVA-, infected-alone, or naive mice), although there was
a trend towards increased eosinophils in young OVA-
mice compared with young naive mice. In contrast, there
was a significant increase in the percentage of peripheral
neutrophils in aged OVA-mice (51.7 4+ 5.9%, P = 0.006)
and infected-alone aged mice (51 4+ 5.7%, P = 0.01)
compared with aged naive mice (29.8 + 3.3%). In addi-
tion, there was significantly increased peripheral neutro-
phil percentage in aged OVA-mice compared with young
OVA-mice (27.4 + 3.1%, P = 0.008).

The effect of age on the allergic airway inflammation
after an acute infection with influenza A

BALF cellular count and differential. To explore age-
related differences in the response to antigen challenge,
BALF was collected at the time of AHR measurement
(48 h after the final antigen challenge). Both young and
aged mice who were antigen-sensitized and challenged
(OVA-mice) developed significantly increased BALF
total cell counts when compared to age-matched naive
controls (Fig. 4a). Aged OVA-mice had a significantly
greater total BALF cellular response compared with
young OVA-mice (P = 0.0098). There was no significant
difference in total BALF cell counts in mice that were
naive vs. infected-alone mice, in either age group. Aged
OVA-mice had a significantly greater number of BALF
PMNs (P = 0.0015) and eosinophils (P = 0.0047) than
younger OVA-mice (Fig. 4b, c). Sensitization with OVA
during an acute infection in 6-week-old mice signifi-
cantly increased the numbers of BALF neutrophils
(P = 0.033) and significantly decreased the eosinophils
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Fig. 3. Effect of viral infection on specific antigen-induced immunoglobulin production. Sera were collected 48 h after the final OVA challenge
and antigen-specific (a) IgE (b) IgG, was determined by ELISA (Serum dilutions: IgG1-1 : 250 000, IgE-1 : 10). Data expressed in mean + SEM
from combined data from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1188-1199



Influenza and asthma in young vs. aged mice 1193

3 Young
(C) Total cells (b) Neutrophils (c) Eosinophils
4000 400 25007
. —_ %%
& [ . S — —_ S [,
) sy s ) % 2000
% Ja] = =
T 3000 % 300 . o -
= [EN S— @
] F: . 2 7
g g ] £ 1500
E 3 2
£ 2004 ——F £ 200 £
3 3 3 1000 4
e 2 g
5 i 3 ] 2
§ 1000 2 100 9 500
£ < < i
0 0 - il | 0 =
& ) \s Q & N \s Q © ) v Q
\go‘“ o v504 é\o“ ‘\o‘"‘ o 7\04 é&(‘ & 5 $o4 &°
@ N & & N & @ ) &
& S & & S o8 \z © ¢
& B & S A &
C \g \g
N \ 0
W g o
+° ° W
o o o
( 1500 Macrophages (e) Lymphocytes
P = 250
o —
% H e ———
P X 200 H
S 1000+ 5
£ 8
3 E 150
- c
8 3
@ 500 o 100
3 g
5 E]
2 § 50
< 2 ﬁ
0
< N N\ & R N v N
* e,bo qv\o se"\\ \‘é'\ o \’XoQ "'QOQ
& © N ® s &
A 3 & o
3 A N
\g ©
g v
) S
N \3
o S

Fig. 4. Effect of antigen sensitization during an acute Influenza A infection on antigen-induced BALF inflammation. Forty-eight hours after the final
OVA challenge, BALF was collected for total cell count and differential. Data expressed as mean + SEM from combined data from two independent
experiments for total (a) cell count, (b) neutrophil, (c) eosinophil, (d) macrophage and (e) lymphocyte counts. *P < 0.05, **P < 0.01, ***P < 0.001.

(Fig. 4c, P = 0.0021). Although the total numbers of
cells in the BALF tended to be greater in the young
naive (847 x 10°) and the young acute infection/OVA-
mice (1088 x 10%), the difference was not significant.
Overall, these results suggest that at a time point past
the acute viral infection [18, 19] differences in airway
inflammation persist. In contrast, the absolute numbers
of neutrophils and eosinophils were not significantly
changed in the lungs of the aged mice whether or not
they were infected with a virus prior to antigen sensiti-
zation. Although the absolute numbers of eosinophils
in the aged old acute infection/OVA-mice were less
than the aged OVA-mice, the differences were not sta-
tistically significant (Fig. 4c). There were no significant
changes in the numbers of macrophages or lymphocytes
between the young acute infection/OVA-mice and the
young OVA-mice and between the aged acute-infected
OVA-mice and the aged OVA-mice. (Fig. 4d, e).

Antigen-induced cytokine and chemokine production. To
evaluate potential mechanisms why young mice had an
altered airway response if sensitized during an acute
infection, cytokine and chemokine expression in the

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1188-1199

BALF was measured (Fig. 5). In young OVA-mice, IL-5
was not significantly different between infected and
non-infected, however, eotaxin-1 was significantly
decreased, suggesting a possible explanation for the
decrease in airway eosinophils. Although KC (IL-8) was
increased in young acute-infected OVA-mice compared
to OVA-mice, which could explain, in part, the increase
in BALF neutrophils, it did not reach significance. IL-13
increased in young mice sensitized during an acute
infection (0.15), but this did not reach significance. In
aged OVA-mice compared with younger OVA-mice,
there was a trend towards a greater cytokine expression
in the former, in particular IL-5 (0.16), IL-6 (0.11), KC
(0.14), RANTES (0.16), TNF-o. (0.08) and eotaxin-2
(P = 0.0256). The only significant change in the expres-
sion of BALF cytokines between aged acute-infected/
OVA-mice and non-infected OVA-mice was a decrease
in eotaxin-2 in the latter, however, there was a trend
towards increased IL-4 and TNF-a.

Histology. Lung sections were collected 48 h after the
final OVA challenge and then fixed and stained with
HEE. (Representative sections are shown in Fig. 6a). There
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Fig. 5. Effect of influenza A infection on antigen-induced cytokine production. BALF supernatant was assayed for a panel of cytokines and
chemokines [(a) IL-4 (b) IL-5 (c) IL-6 (d) KC (e) IL-13 (f) TNF-o] and chemokines [(g) RANTES (h) Eotaxin 1 (i) Eotaxin 2] using a multiplex-assay.
Data expressed in mean + SEM from combined data from two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

were significant increases in the inflammatory perivascu- compared with young OVA-mice, but did not reach
lar (PV) and peribronchial (PB) cells in the young and statistical significance (P = 0.15). Additionally, no differ-
aged OVA-mice compared to their age-matched naive ences in PB inflammation and PV inflammation were
controls (P < 0.001, Fig. 6b, c). PB inflammation was noted in the young and aged acute infection/OVA-mice
increased in the 6-week acute infection/OVA-mice compared with age-matched OVA-mice. Similar to the
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Fig. 6. Impact of aging, antigen sensitization and challenge and viral infection on lung histopathology (a) Lung histopathology was evaluated by
HEE (to access the degree of total lung inflammation), periodic acid-Schiff (PAS) (to measure mucus metaplasia; magenta), Picrosirius red visual-
ized under polarizing light (to measure collagen deposition) and immunohistochemistry for o-smooth muscle actin (a-SMA) (for contractile ele-
ments in the airway wall; brown). All images were taken at x 200 magnification. (b) Perivascular inflammation (PV), (c) peribronchial
inflammation (PB) and (d) mucus metaplasia (MM) of lung tissues were graded as described in the ‘Methods’ section. ***P < 0.001.
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BALF, there was no difference in PV or PB inflammation
between young and aged naive and infected-alone mice.
Picrosirius red stain and immunohistochemistry for
alpha-smooth muscle actin were performed for identifi-
cation of collagen and smooth muscle, respectively, in
peribronchiolar tissue as part of the assessment for air-
way remodelling. Both collagen staining and smooth
muscle labelling were visibly increased in OVA-mice of
either age compared with age-matched naive mice
(Fig. 6a). There were no visible differences in collagen
deposition and smooth muscle between the aged and
younger OVA-mice. There were no visible differences in
collagen deposition and smooth muscle hypertrophy in
either age group of acute infection/OVA-mice compared
with age-matched OVA-mice. Lung tissue was also
stained with PAS to measure goblet cell hyperplasia
(Fig. 6a), which may have contributed to thickening of
the bronchiolar epithelium. There was significantly
increased PAS staining in bronchioles in both young and
aged OVA-mice compared with age-matched naive mice
(P < 0.001 for both ages, Fig. 6d), in which there was
none to minimal PAS epithelial cell staining. PAS stain-
ing of lung tissue from young and aged mice was not sig-
nificantly different in acute infection/OVA-mice
compared to age-matched OVA-mice in either age of
mice (Fig. 6d). In addition, there was no evidence of epi-
thelial degeneration of necrosis in the bronchiolar epi-
thelium of the sections examined in any of the infected
or non-infected mice.

The effect of age on antigen-induced airway
hyperresponsiveness in mice sensitized during an acute
influenza A infection

To measure AHR, we determined APTI following ACh
injection 48 h after the final OVA challenge. Both young
and aged OVA-mice developed increased APTI after
antigen sensitization and challenge when compared to
age-matched naive control mice (P = 0.03 and P = 0.05,
respectively) (Fig. 7). APTI significantly increased in the
young mice infected with influenza A virus 3 days prior
to antigen sensitization (acute infection/OVA-mice com-
pared with young OVA-mice, P < 0.001). Although APTI
increased in the aged mice infected with influenza A
virus prior to sensitization (acute infection/OVA-mice)
compared with aged antigen-sensitized and challenged-
alone (OVA-mice), this value did not reach statistical
significance (P = 0.27). There were no significant differ-
ences between APTI values of young and aged naive
mice and infected-alone mice.

Discussion

To address age-related differences of a respiratory
infection on antigen sensitization and its effect on
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Fig. 7. Effect of antigen sensitization during an acute influenza A
infection on antigen-induced airway hyperresponsiveness. Forty-eight
hours after the final OVA challenge, AHR was determined by APTI
after acetylcholine injection. Data were expressed as mean + SEM
from combined data from 3 to 4 independent experiments (n = 5-7/
group). *P < 0.05, **P < 0.01, ***P < 0.001.

subsequent allergen-induced AHR and inflammation,
we have developed a mouse model to gain insight into
asthma in older patients. We found significant age-
associated differences in the response to infection, IgE
production and antigen-induced airway inflammation
and AHR. Although antigen-specific IgE production was
not altered by a prior viral infection in younger mice
sensitized to antigen, BALF neutrophils and AHR
increased, and BALF eosinophils decreased when com-
pared to age-matched non-infected, sensitized and chal-
lenged mice. In contrast, IgE antigen production was
significantly increased in aged mice sensitized during a
viral infection (compared to non-infected mice) which
was accompanied by a greater morbidity. Despite these
differences, there was little effect on the AHR and BALF
cellular differential. The results of these experiments
suggest that viral infection prior to antigen sensitiza-
tion affects the allergic airway and the systemic
response differently with age in a murine model. These
age-dependent differences are summarized in Table 1.

Table 1. Age-related response to Influenza A, Ag-sensitization, Ag-
induced AHR and inflammation

OVA- BALF BALF
Group Morbidity IgE eosinophils neutrophils AHR
Young OVA NC + ++ + +
Young AI/OVA + + + ++ +++
Aged OVA ++ ++ ++ + ++ +
Aged AI/JOVA  ++ + +++ +++ ++ +

Ag, antigen; AHR, airway hyperresponsiveness; OVA, ovalbumin;
BALF, bronchoalveolar fluid; Al, acute infection; NC, no change.
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Morbidity was enhanced with increased age after the
acute influenza infection. Although both young and
aged mice had weight loss after viral infection which
began at 4 days post-infection, the number of days of
weight loss was prolonged in the aged mice, and they
did not recover to their baseline weight. Reasons for
these trends may include decreased cytotoxic T lym-
phocyte activation, decreased CD8" T cell activity and
an increase in Treg cells in aged mice interfering with
the primary immune response to influenza [20, 21].
Weight loss was exacerbated in both the young and
aged mice when they were also OVA-sensitized. In
addition, aged mice had an increased sickness score at
day 4 post-viral infection which remained increased
during the protocol time period. Similar trends of
increased weight loss from influenza A infection in
aged mice have been published [14]. However,
enhanced morbidity and mortality from antigen sensiti-
zation specifically addressing age-associated differences
has not been previously reported. As an additional mea-
sure of systemic response to viral infection, peripheral
blood samples were collected at the time of sacrifice
and indicated age-specific differences. Viral infection of
aged mice significantly increased peripheral neutrophils
compared with young mice in which there was little
change.

The production of serum-specific IgE to OVA after
sensitization was increased in aged mice sensitized dur-
ing an acute infection. In contrast, there was no differ-
ence in OVA-IgE between the infected and non-infected
sensitized young mice. These alterations might be in
part due to increased IL-4 expression detected in aged,
but not young mice sensitized during an acute infec-
tion. Although these results require translation to
humans, in a murine model, they suggest that with
increased age IgE production to antigen occurs and is
altered (i.e. enhanced) by viral infection. This model
may represent a phenotype characteristic of late onset
asthma.

There were specific age-related cellular differences in
the airways of young and aged mice. Similar to our
prior results, aged OVA-mice were found to have a
greater total numbers of cells, eosinophils and neu-
trophils in the BALF than young OVA-mice [22-24].
Additionally, sensitization of young mice during an
acute viral infection resulted in a significant shift of the
cellular composition of the BALF (i.e. increased eosino-
phil and decreased neutrophil number) compared with
young non-infected, sensitized mice without a signifi-
cant difference in the fotal numbers of cells. This dis-
tinction was noted in the post-infectious period
(approximately day 10) [18, 19]. There was little effect
on the total numbers of cells, neutrophils and eosinoph-
ils in the BALF of aged mice antigen-sensitized during
an acute infection or sensitized without an infection.

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1188-1199

The results obtained in the young mice are consistent
with a report by Wohlleben, in which C57BL/6 mice
infected with influenza A prior to intraperioneal OVA
sensitization had decreased recruitment of eosinophils
to the BALF [25]. However, our results differed from
Al-Garawi in which Influenza A exposure 7 days prior
to intranasal sensitization with house-dust mite in 6- to
8-week-old BALB/c mice nearly doubled the BALF
eosinophil number [26]. These differences may be
possibly explained by alternative routes of antigen
sensitization (i.e. i.n. vs. i.p.), which other groups have
demonstrated to alter the airway inflammatory response
to antigen challenge [27, 28], or by variation in the
timing between viral infection and antigen sensitization
between experiments. Future work is necessary to
address the kinetics of airway inflammatory cell
changes at time points after infection and prior to
challenges.

Increased age altered the pattern of the antigen sensi-
tization and allergic inflammatory response in the post-
infection period. In young mice sensitized during acute
infection, there was a trend towards increased IL-6 and
KC (IL-8) compared with non-infected mice which may
have contributed to the increased neutrophil count in
the former group. Influenza A infection in mice has
been reported to active C5a, which increases neutrophil
recruitment to the BALF [29]. Although we detected an
increase in IL-13 in young mice sensitized during a viral
infection, it was not statistically significant from young
mice sensitized without infection. Chang demonstrated
that influenza A infection alone (without antigen sensi-
tization) in young mice increased AHR and IL-13 secre-
tion from natural helper cells 5 days post-infection [30];
however, our study differed in that we measured IL-13
at a later time point and found no difference. Consistent
with increased eosinophils in the BALF of aged OVA-
mice, IL-5 and eotaxin were increased in the aged vs.
young OVA-mice. Additionally, KC (IL-8), IL-6 and
GCSF, which induce neutrophil mobilization, were also
increased in the aged OVA-mice which could explain, in
part, the increased airway neutrophilia in the aged
group. Unlike young mice, there were no significant
changes noted in BALF cytokine or chemokine expres-
sion between aged mice either sensitized during an
infection or without prior infection.

APTI was measured after administration of acetylcho-
line to determine whether AHR was altered by age and
antigen sensitization during an acute viral infection. In
both the young and aged mice, OVA sensitization and
challenge significantly increased AHR when compared
with naive age-matched controls, although to a greater
degree in the 6-week-old mice. We have previously
noted discordance between increased airway inflamma-
tion and AHR in aged mice. We did not detect differ-
ences in airway collagen deposition (by Picrosirius red)
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or smooth muscle hypertrophy (by a-SMA immunohis-
tochemistry) between the young and aged OVA-mice
and have previously not seen differences in the con-
traction of smooth airway muscle between ages of mice
[23]. However, there may be other age-related differ-
ences in inflammation, including alteration of airway
Treg cells number and function with aging [23] and
decreased peripheral eosinophil degranulation in older
patients with asthma [31] which could modulate the
relationship between inflammation and AHR and aging.
APTI significantly increased in the young acute infec-
tion/OVA-mice compared with young OVA-mice.
Increased airway neutrophils (in particular secondary to
a viral infection), as we detected in younger acute-
infected/OVA-mice, may increase AHR for several rea-
sons. Respiratory viruses activate release of superoxide
production and secretion of enzymes by neutrophils,
inducing oxidative stress and epithelial damage produc-
ing AHR [32-34]. Additionally, respiratory viral infec-
tions can directly affect the airway, disrupting the
alveolar fluid clearance [35], releasing ATP [36] and
increasing the responsiveness to methacholine [37] as
well as altering the inhibitory M2 muscarinic receptors
on airway parasympathetic nerves [38]. Aging may alter
some of these relationships as illustrated by decreased
neutrophil superoxide production and signal transduc-
tion [39]. In addition, there are age-related changes
with the cholinergic response of muscarinic receptor
subtypes [40], which could produce decreased sensitiv-
ity to cholinergic stimulation by a viral trigger.

The results of our study suggest that viral infection
prior to antigen sensitization affects the allergic airway

and systemic response differently with age in a murine
model. While both young and aged mice have an
altered response to sensitization during an acute viral
infection, these responses differ. In the young mice, the
response is an increase in AHR associated with airway
neutrophilia and a decrease in eosinphils. In contrast,
antigen sensitization during a viral infection in aged
mice had a minimal effect on AHR and airway inflam-
mation, but a greater systemic response with increased
morbidity, increased production of OVA-specific IgE
and peripheral neutrophilia. These differences could be
driven by the modulations in immune response with
age and should be addressed in future work.. This study
represents an initial step to investigate age-associated
differences in response to antigen and its modulation
and effect on airway inflammation in a murine model.
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