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Abstract

Asthma exacerbation can be a life-threatening condition, and is most often triggered by

common respiratory viruses. Poor asthma control and worsening of respiratory function is

associated with increased airway inflammation, including eosinophilia. Prevention of asthma

exacerbation relies on treatment with corticosteroids, which preferentially inhibit allergic

inflammation like eosinophils. Human studies demonstrate that inactivated virus can trigger

eosinophil activation in vitro through antigen presentation and memory CD4+ lymphocytes.

We hypothesized that animals with immunologic memory to a respiratory virus would also

develop airway hyperresponsiveness in response to a UV-inactivated form of the virus if

they have pre-existing allergic airway inflammation. Guinea pigs were ovalbumin-sensitized,

infected with live parainfluenza virus (PIV), aerosol-challenged with ovalbumin, and then re-

inoculated 60 days later with live or UV-inactivated PIV. Some animals were either treated

with dexamethasone prior to the second viral exposure. Lymphocytes were isolated from

parabronchial lymph nodes to confirm immunologic memory to the virus. Airway reactivity

was measured and inflammation was assessed using bronchoalveolar lavage and lung his-

tology. The induction of viral immunologic memory was confirmed in infected animals. Aller-

gen sensitized and challenged animals developed airway hyperreactivity with eosinophilic

airway inflammation when re-exposed to UV-inactivated PIV, while non-sensitized animals

did not. Airway hyperreactivity in the sensitized animals was inhibited by pre-treatment with

dexamethasone. We suggest that the response of allergic inflammation to virus antigen is a

significant factor causing asthma exacerbation. We propose that this is one mechanism

explaining how corticosteroids prevent virus-induced asthma attack.
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Introduction

The most common trigger for asthma exacerbation in adults and children, are infection with

rhinovirus, though other common respiratory viruses, like parainfluenza virus, cause asthma

exacerbation [1–3]. The reason for this severe response to the common cold is unclear.

Exposure and re-exposure to respiratory viruses seasonally is a common occurrence, one that

allows for the natural development of an adaptive immune response to the virus [4, 5]. There are

various phenotypes of asthma, the most prevalent being allergic or atopic asthma [6]. One of the

proposed causes for viral induced exacerbations in patients with allergic asthma is the degree of

chronic allergic inflammation found in their airways prior to virus infection [7]. Being atopic

and having associated airway eosinophilia represents the strongest predictor of hospitalization

in relation to virus infection [8]. Eosinophils have been well described as vectors for airway dys-

function when activated [9]. The cornerstone of asthma therapy, corticosteroids, are especially

effective against allergic Th2 type inflammation and the associated eosinophils [10].

In the context of respiratory virus infection, in-vivo studies have demonstrated that eosino-

phils have a direct role in causing airway hyperresponsiveness, a mechanism that appears to

require lymphocyte responses to the virus [11] [12, 13]. In-vitro, eosinophils can be activated

by virus, but only after co-culture with lymphocytes[12]. Even UV-inactivated virus (i.e., non-

replicating viral particles) can induce eosinophil activation through CD4+ memory lympho-

cytes [12].

Throughout their lives, individuals encounter similar strains of respiratory virus multiple

times facilitating the development of virus specific immunologic memory. Given the in vitro
data, we hypothesized that the eosinophilic inflammation present in the airways prior to viral

infection could be an important factor in the development of airway hyperreactivity (AHR)

and not just the severity of viral infection. If immunologic memory to a virus were in place,

this allergic inflammation could be activated by exposure and presentation of non-infectious

viral particles circulating as inert antigens. To test this, we developed a guinea pig model that

has both viral immunologic memory and allergic airway inflammation. For the first time in-
vivo, we demonstrate that allergic inflammation can be triggered to induce airway dysfunction

through exposure to a non-replicating virus to which immunologic memory already exists.

AHR did not develop in non-allergic animals even though they had also developed immuno-

logic memory and were exposed to the non-replicating virus. We suggest that this model better

reflects real life responses in atopic and non-atopic humans with repeated local environmental

exposure to common respiratory viruses. It also highlights the importance of allergic immune

response to viruses rather than just the degree of virus infection as a cause of asthma attack.

Results

Experimental protocol

Guinea pigs involved in this study followed an experimental time line beginning 2 weeks after

animals arrived at the facility (Fig 1). The timeline of experiments is based on previous publi-

cations using these animals and these interventions. On Days 1 and 3 some animals were sensi-

tized to ovalbumin via i.p injections. Non-sensitized animals were given sham i.p. injections

on the same timeline. On Day 21 some animals in both groups were then inoculated intrana-

sally with PIV. Animals were allowed to recover until Day 45 when they were exposed to an

inhaled ovalbumin allergen challenge. From Day 65 to 69 some sensitized and non-sensitized

were treated with daily i.p. injections of dexamethasone or sham i.p. injections with NaCl

0.9%. All animal groups underwent exposure to intranasal PIV, UV-PIV, or sham inoculation

with NaCl 0.9%. On Day 75 all animals underwent assessment of airway hyperreactivity and
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were euthanized following the experiments. Age matched controls (sensitized or not) were

housed in the same facility for the duration of the study. They received NaCl 0.9% sham treat-

ments on the same timeline as the other animals.

Confirmation of immune memory to parainfluenza virus (PIV)

Lymphocytes from sensitized PIV infected animals cultured in vitro with a 1x104 TCID50/mL

dose of PIV stock solution showed significant proliferation, compared to cells from non-

infected age-matched control animals lacking immune memory (n = 3, p<0.001 and n = 3,

p<0.01 respectively) (Fig 2). In addition, the data suggest that this response was due to specific

memory to PIV, as lymphocytes from these animal groups did not show proliferation in

response to an unrelated respiratory virus, Rhinovirus-16.]

Re-infection with live parainfluenza virus induces airway hyperreactivity

and airway inflammation in both non-sensitized and sensitized animals

As it would be expected, both non-sensitized and sensitized GPs that were re-exposed to live

PIV on day 70 showed a significant increase in airway reactivity to histamine compared to

Fig 1. Experimental timeline flowchart. Guinea pigs were sensitized to ovalbumin or given sham

sensitizations via i.p. injections on Days 1 and 3. Sensitized and non-sensitized GPs were inoculated

intranasally with parainfluenza virus (PIV) on Day 21. After recovery from virus or sham infection, all GPs were

exposed to an aerosolized solution of ovalbumin on Day 45, with the exception of age-matched controls.

Some GPs received dexamethasone on Days 61 to 65. Animals were inoculated intranasally with live-PIV,

UV-PIV, or sham (NaCl 0.9%) on Day 70. On Day 75 all animals underwent airway hyperreactivity and

inflammation assessment.

https://doi.org/10.1371/journal.pone.0181425.g001
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respective age matched and sham-infected controls (Fig 3A). The degree of increased broncho-

constriction was higher in the sensitized GP compared to non-sensitized GP. Both non-sensi-

tized and sensitized GP re-exposed to live PIV showed statistically significantly increases in

total cell numbers in the BAL compared to their respective uninfected controls (Fig 3B). In

regard to individual cell types, macrophages and eosinophils were significantly different when

comparing in the sensitized animals compared to sham controls (Fig 3B).

Inoculation with UV-inactivated parainfluenza virus induces airway

hyperreactivity, but only in sensitized animals

Some non-sensitized animals with immune memory were inoculated at day 70 with UV-inac-

tivated PIV, instead of infectious PIV. These animals did not develop increased reactivity to

histamine compared to animals that were re-exposed to live PIV or the uninfected controls

(Fig 4A). In contrast, sensitized GPs with immune memory and re-exposure to UV-PIV exhib-

ited a significant increase in airway reactivity compared to sham controls. Both non-sensitized

and sensitized UV-PIV inoculated animals had significantly increased total cell numbers in

the BAL compared to their respective sham controls (Fig 4B). In regard to individual cell

Fig 2. Enriched lymphocyte cell cultures demonstrated virus specific proliferation when immune memory was present. Animals re-infected with

live PIV (black bar) and inoculated with UV-inactivated PIV (UV-PIV, vertical striped bar) exhibited BrdU incorporation when exposed to PIV in-vitro (n = 3,

p<0.001 and n = 3, p<0.01 respectively). The level of proliferation was similar to the positive control stimulated with phytohemagglutinin (gray bar) (n = 16,

p<0.01), and all were significantly higher than the uninfected age matched controls (white bar) (n = 3). Exposure to a different virus, Rhinovirus (RV) type-16

(n = 6), did not induce BrdU incorporation. Error bars represent SD.

https://doi.org/10.1371/journal.pone.0181425.g002
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Fig 3. Repeat exposure to live virus induces airway hyperreactivity and airway inflammation in both

non-sensitized and sensitized animals. (A) Both non-sensitized and sensitized animals had significantly

The allergic inflammatory response to virus antigen

PLOS ONE | https://doi.org/10.1371/journal.pone.0181425 July 24, 2017 5 / 18

https://doi.org/10.1371/journal.pone.0181425


types, only the presence of macrophages and eosinophils in the sensitized animals was signifi-

cantly higher compared to respective sham controls.

Treatment with dexamethasone prior to secondary live PIV infection

prevents airway hyperreactivity only in sensitized animals

Dexamethasone treatment prior to infection with live PIV had no significant effect on airway

reactivity of non-sensitized animals (Fig 5A). In contrast, in animals that were sensitized with

OVA and treated with dexamethasone before live PIV infection, there was a significant de-

crease in airway reactivity. Both non-sensitized and sensitized animals treated with dexameth-

asone before live PIV infection showed significantly decreased total cell numbers in the BAL,

when compared to untreated PIV infected animals, but no statistical significance was seen in

the individual cell counts (Fig 5B).

Treatment with dexamethasone before inoculation with UV-inactivated

virus prevents airway hyperreactivity and airway inflammation in

sensitized animals

Non-sensitized animals treated with dexamethasone before inoculation with UV-PIV showed

a small but significant increase in airway reactivity compared to untreated animals exposed to

UV-PIV alone (Fig 6A). In contrast, sensitized GPs treated with dexamethasone before inocu-

lation with UV-PIV demonstrated a significant decrease in airway reactivity compared to

untreated PIV-infected animals, similar to uninfected controls. Total cell numbers and indi-

vidual cell counts did not show significant differences in the BAL of non-sensitized animals

treated with dexamethasone before UV-PIV inoculation (Fig 6B). In contrast, treatment with

dexamethasone before UV-PIV inoculation resulted in a decrease in the total cell number in

the BAL of sensitized animals, albeit differences did not reach statistical significance amongst

individual cell types.

Discussion

Corticosteroid therapy, which decreases allergic airway inflammation, is the backbone of

asthma management [14]. Corticosteroid medications are so far the most effective method to

prevent asthma exacerbations [15, 16]. The majority of asthma attacks are associated with

respiratory viral infection, via mechanisms still poorly understood. It is well accepted that

being an atopic person is one of the strongest factors predicting asthma exacerbation upon

respiratory virus infection in humans [17]. We hypothesized that the presence of allergic

inflammation before virus infection is an important cause of severe airway dysfunction and

not just the degree of infection. For the first time, we provide evidence that viral antigen with-

out infection can trigger an allergic inflammatory response and induce airway hyperreactivity,

in-vivo when immunological memory is present.

Another common hypothesis for virus-induced asthma attack centers on viral load, severity

of infection and the inability of atopic patients to mount a proper immunological response to

higher bronchoconstriction in response to histamine (i.v.) after re-infection with live PIV (closed square, n = 5

each), when compared to respective uninfected sham inoculated controls (open triangle, n = 3 each) or age-

matched controls (n = 5 each; p<0.0001 each). (B) Non-sensitized animals re-exposed to live PIV (n = 6) have

significantly higher total cell counts in the BAL compared to age-matched (n = 5) and sham controls (n = 3;

p<0.001 for both). Sensitized animals re-infected with live PIV (n = 4) also developed higher total cell counts in

the BAL compared to age-matched (n = 3) and sham controls (n = 4; p<0.001 for each). In the sensitized

animals, macrophages and eosinophils were significantly more abundant. Error bars represent SEM.

https://doi.org/10.1371/journal.pone.0181425.g003
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Fig 4. Inoculation with UV-inactivated virus induced airway hyperreactivity in only sensitized animals.

(A) Non-sensitized animals inoculated with UV-PIV (n = 5; p<0.001), had significantly lower bronchoconstriction
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the infection [18–20]. Other human studies have called into question the former hypothesis

regarding viral load. Using a common human respiratory pathogen, Rhinovirus, Bardin et al.,
Kennedy et al., and Denlinger et al. found that atopic and non-atopic human subjects had simi-

lar levels of viral burden and viral shedding [21, 22], [19]. Further work by Bardin et al. con-

firmed that atopic patients have increased levels of allergic inflammation in their upper

respiratory tract [21]. Our findings further support the hypothesis that the severity of the viral

infection may not be the sole cause of virus-induced asthma exacerbation in atopic patients.

Studies in both human and animal models of asthma have identified the role of eosinophils,

and their relevance to virus-induced asthma exacerbations. There is substantial evidence that

eosinophil degranulation products released into the airways following viral infections directly

correlate with airway damage and worsening asthma [23, 24]. Sputum eosinophilia has been

demonstrated to correlate with the severity of airway dysfunction in asthmatics [25, 26]. Our

previous work in allergen sensitized animal models with primary PIV infection, demonstrated

that viral induced airway hyperreactivity can be mediated by eosinophils [11]. As would be

expected in a primary infection model, we demonstrated that CD8+ T-cells were key in the

activation of this eosinophil mediated pathway after viral infection [27]. We went on to show

that viral immunologic memory in humans, mediated via memory CD4+ T cells, could induce

eosinophil activation in-vitro when these cells were presented with a virus [28]. These in-vitro
human and in-vivo findings were the basis to study whether immunologic memory to com-

mon respiratory pathogens could cause airway dysfunction in allergic airways.

Most respiratory virus studies focus on the primary infection by the virus. However,

humans are continuously exposed and re-exposed to airway viruses, a feature that is absent in

primary infection models. Few models have included the effect of secondary exposure to virus.

One based on neonatal mice, was designed to assess the effects of early life viral infections and

long-term immunological changes [29, 30]. Unfortunately, that study did not examine inflam-

mation prior to infection, nor had they attempted to discern the mechanism behind the virus

induced AHR. However, their results corroborate our previous findings that a Th2 phenotype

alters severity of AHR caused by respiratory viral infection. Furuya et al. described the effects

of repeated infections of different strains of influenza in allergic mice in order to understand

how cross immunity is different in asthma [31]. They reported that cross protection was

impaired in asthmatic mice exposed to different viral strains. These studies provide increased

insight into secondary lung infections, but fail to address the concept of inert antigen exposure

and asthma exacerbation.

The allergen challenge of all animals before the secondary virus infection was performed

for two reasons. The first, to replicate human encounters with potential allergens. The second

was to ensure that Th2 mediated inflammation including eosinophils, would be present to

respond to the virus. Respiratory viral infection is known to induce AHR and increase the

number of inflammatory cells recovered in the bronchoalveolar lavage of humans, regardless

of their allergy or asthma status [32, 33]. As expected, in our model both sensitized and non-

sensitized animals developed AHR, and had increased total numbers of inflammatory cells in

the BAL. Only the sensitized group had significant increases in eosinophils compared to non-

in response to histamine (i.v.) compared to animals infected with live virus (n = 5). In contrast, sensitized animals

inoculated with UV-inactivated virus (closed diamond, n = 8) showed high levels of bronchoconstriction in

response to histamine (i.v.) similar to animals re-infected with live-PIV (n = 5). Sham inoculated controls were

also included (open triangle, n = 5 each). (B) Non-sensitized animals inoculated with UV-PIV (n = 5) showed a

significant increase in total cell numbers in the BAL compared to sham controls (n = 3; p = 0.05). Differences in

individual cell types did not reach statistical significance. Sensitized animals inoculated with UV-PIV (n = 5;

P<0.0001) showed significantly higher total cell numbers, with higher macrophage and eosinophil cell counts,

compared to sham controls (n = 4; P<0.01 and P<0.01 respectively). Error bars represent SEM.

https://doi.org/10.1371/journal.pone.0181425.g004
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Fig 5. Treatment with dexamethasone prior to secondary live virus infection prevents airway

hyperreactivity only in sensitized animals. Some animals were treated with dexamethasone (i.p.) before the
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sensitized controls. In our model, we attribute the lack of response by non-sensitized animals

to the UV-inactivated PIV to the lower presence of reactive Th2 inflammatory cells in the non-

atopic airways, specifically eosinophils [34]. However, we acknowledge other allergic inflam-

matory cells could also play a significant role.

Sensitized animals treated with dexamethasone and re-exposed to live PIV or UV-inacti-

vated PIV had significantly decreased AHR and inflammatory cell numbers in their BAL. This

result was not unexpected, given the known effects of corticosteroids on lymphocytes and eosin-

ophils, and their effects on AHR and inflammation in allergen challenged and virus infected

animal models [35–37]. Although we did not confirm the exact cell type involved in the mecha-

nism, this steroid response likely reflects the role of underlying allergic inflammation.

In order to study the response of allergic inflammation to virus antigen, we selected the

guinea pig model. Guinea pigs have been described as “the premier model to study infections

because of their similarities with regard to symptoms and immune response” [38]. Amongst

other primary features, guinea pigs have similar pulmonary physiology and pharmacologic

responses compared to humans [39–41]. The main detriment to our study using this model

was the lack of commercially available immunohistochemical reagents (i.e., antibodies to iden-

tify specific cell subtype surface markers), preventing a detailed profiling of individual cell

types involved in the inflammatory process. PIV was chosen as the respiratory viral pathogen

for its known ability to infect both humans and guinea pigs, and its ability to induce asthma

attacks in humans [1, 3, 42].

The best prophylactic treatment to prevent asthma attacks is anti-inflammatory therapy,

typically inhaled corticosteroids. As most asthma attacks are linked to viruses, it would be

logical to assume that corticosteroids are in some way decreasing inflammation before virus

infection. This lowered inflammation could be responsible for a significant part of the im-

proved response rather than the severity of virus infection. Our data supports the idea that

improved prevention of virus-induced asthma exacerbations can occur through a better

understanding of the interactions between viruses and inflammatory cells present in the airway

before infection.

Methods

Animal ethics statement

All animals were used in accordance with the standards and protocols of the University of

Alberta’s Animal Care and Use Committee for the Health Sciences (ACUC-HS, protocol num-

ber 061/03/06/D) and the guidelines of the Canada Council on Animal Care (CCAC).

Animal housing and care

All animals were purchased from Charles River Canada and housed in a level 3 bio-contain-

ment facility at the University of Alberta. Animals were received at 1 month of age. Each ani-

mal was housed individually in a sealed bio-containment cage with its own independent air

circulation. Animals were assessed multiple times per day by facility staff to ensure animals did

second live PIV infection. (A) Dexamethasone treatment of non-sensitized animals before secondary infection

with PIV (n = 6) had no effect on bronchoconstriction in response to histamine (i.v.), compared to untreated

animals (n = 5). In contrast, in OVA-sensitized animals, dexamethasone treatment (n = 3) significantly reduced

bronchoconstriction responses (n = 4; p = 0.001). Sham inoculated controls were also included (n = 5 each). (B)

Dexamethasone treatment before live PIV re-infection (white bars, n = 4, p<0.01) induced a significant decrease

in total cell numbers compared to untreated and re-infected non-sensitized and sensitized animals (n = 6:

p<0.01), but this did not reach statistical significance for individual cell counts. Error bars represent SEM.

https://doi.org/10.1371/journal.pone.0181425.g005
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Fig 6. Treatment with dexamethasone before inoculation with UV-inactivated virus prevents airway

hyperreactivity in sensitized animals. (A) Non-sensitized animals treated with dexamethasone before UV-PIV
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not demonstrate physical signs of pain or stress such as hair loss, irritability, lethargy, and

weight loss. Cages were lined with pine shavings and assessed regularly for cage cleanings, and

ensuring ample water and food (Guinea Pig Diet 5025, LabDiet, St Louis, USA) was available

to each animal.

Guinea pig allergen sensitization

One month old, specific pathogen-free female Hartley guinea pigs (GP) were obtained and

allowed to acclimatize to their new environment for 14 days (Fig 1). Animals were sensitized

to ovalbumin via i.p. injections of 10 mg/kg of ultra-pure ovalbumin (Sigma-Aldrich, St Louis,

MO, USA) dissolved in saline solution. A second i.p. injection of the same dose was given two

days later. Sham injections were provided to additional guinea pigs consisting of NaCl 0.9%

(Sigma-Aldrich, St Louis, MO, USA) following identical timelines. Sensitization and non-sen-

sitization was confirmed in some animals using an i.v. injection of 10mg/kg of ultra-pure oval-

bumin dissolved in saline [11].

Parainfluenza virus culture

Parainfluenza (PIV) type 1 (Sendai virus, VR-105; American Type Culture Collection) was

grown in cynomolgus monkey kidney cell (CMK) monolayers (ViroMed Laboratories) and

stored in aliquots at −80˚C. Inactivated PIV was created by exposing the virus to shortwave

length (254nm) UV light for 30 minutes (UV-PIV). Virus inactivation was confirmed by the

loss of virus-induced haemagluttination in CMK cells.

Primary virus inoculation

Some GPs were inoculated intranasally with virus stock [11]. GPs were anesthetized intramus-

cularly with ketamine (30 mg/kg) and xylazine (5 mg/kg), and were inoculated intranasally

with 0.5 mL of virus stock diluted in HBSS (Sigma-Aldrich) to produce a solution containing a

105/mL tissue culture infectious dose (TCID50; 105 times the concentration required to pro-

duce infection in 50% of rhesus monkey kidney monolayers). Sham inoculations consisted of

intranasal administration of 0.5ml of HBSS. Infected and non-infected animals were separately

housed in individually sealed cages with separate laminar airflow in a level 2 bio-containment

facility.

Aerosolized antigen challenge

On day 45 after recovery from virus or sham infection, all GPs were placed individually into a

sealed chamber with one access port. The animals were exposed to an aerosolized solution of

0.5% ovalbumin (Sigma-Aldrich, St Louis, MO, USA) for 20 seconds. Ovalbumin sensitization

was further confirmed with this treatment as only the ovalbumin sensitized GPs would develop

visible respiratory distress (rapid respiratory rate and lethargy) after this challenge.

inoculation (n = 5) showed higher bronchoconstriction response compared to sham controls (n = 3) and

untreated UV-PIV animals (n = 5; p<0001). In contrast, sensitized animals treated with dexamethasone prior to

UV-PIV inoculation (n = 5) showed significantly lower bronchoconstriction responses compared to the untreated

animals inoculated with UV-PIV (n = 8; p<0.0001). Also shown are sham inoculated controls (n = 5 each). (B)

Non-sensitized animals treated with dexamethasone before UV-PIV (white bar, n = 3) did not show significant

changes in BAL compared to untreated UV-PIV-exposed animals (n = 4); in contrast, dexamethasone-treated

animals exposed to UV-PIV (n = 4) showed significantly decreased total cell numbers compared to untreated

UV-PIV (n = 5; p = 0.05). Total cell counts also remained significantly higher compared to sham controls (n = 4;

p<0.0001). Error bars represent SEM.

https://doi.org/10.1371/journal.pone.0181425.g006
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Dexamethasone treatment

GPs on days 65 to 69 were given i.p. injections of 0.6 mg/kg dexamethasone dissolved in NaCl

0.9% (Sigma-Aldrich, St Louis, MO, USA) for 4 consecutive days before being re-exposed to

live PIV or UV-inactivated PIV. Animals not selected to receive dexamethasone were given

sham i.p. injections with NaCl 0.9%.

Secondary virus inoculation

Similar methods for virus inoculation were performed again 60 days after virus infection. GPs

were anesthetized intramuscularly with ketamine (30 mg/kg) and xylazine (5 mg/kg), and

were inoculated intranasally with 0.5 mL of virus stock diluted in HBSS (Sigma-Aldrich) to

produce a solution containing a 105/mL tissue culture infectious dose (TCID50; 105 times the

concentration required to produce infection in 50% of rhesus monkey kidney monolayers).

Sham inoculations consisted of intranasal administration of 0.5ml of HBSS. UV-inactivated

virus was administered intranasally diluted with 0.5 mL of inactivated virus stock diluted in

HBSS using the same dilution factor as the live virus stock.

Assessment of airway hyperreactivity

All GPs underwent airway assessment 5 days after re-exposure to either sham, live or UV-inac-

tivated PIV using a modified technique proposed by Dixon et al [43]. GP were anaesthetized

tracheostomized and their external jugular vein was catheterized. GPs were tracheostomized,

paralyzed with succinylcholine (10 g/kg/min. i.v., Sigma-Aldrich), and ventilated (tidal volume

of 1 mL/100 g body weight; 100 BPM; Harvard Apparatus, South Natick, MA). Pulmonary

inflation pressure (PIP) for each breath was recorded as a measure of bronchoconstriction at

the tracheal cannula using a DTX pressure transducer and Powerlab software (AdInstruments,

Colorado Springs, USA) [11]. GP were given doubling doses of histamine in 5-minute inter-

vals (0.1–2.0 μg/kg i.v.) and the resulting change in pulmonary pressure was recorded [44].

Sensitization was re-confirmed after airway hyperreactivity measurements, with the I.V. injec-

tion of 10mg/kg of ovalbumin dissolved in NaCl 9% (Sigma-Aldrich, St Louis, MO, USA). At

the end of the measurements, animals were euthanized with an overdose of urethane (3 g/kg i.

v.) (Sigma-Aldrich, St Louis, MO, USA). Euthanasia with urethane was carried out according

to the protocols approved by the ACUC-HS as dictated by CCAC guidelines [45].

Bronchoalveolar lavage and cell staining

BAL was performed immediately after euthanization using 4–5 10 ml aliquots of 0.9% NaCl

until 40mL of lavage fluid was collected on ice. The BAL was centrifuged at 300G for 10 min-

utes at 4˚C. The pellet was resuspended in 1 mL of erythrocyte lysis solution (R&D Systems

Inc, Minneapolis, MN, USA), and diluted with 9 mL of 0.9% NaCl. The cells were then centri-

fuged again at 300 g for 10 minutes, and a cell pellet was collected. The pellet was then resus-

pended in 10 mL of 0.9% NaCl. Total cell numbers were determined from a 10 μL sample

pipetted onto a hemocytometer. 100,000 cells from lavage fluid were cytospun on to glass

slides. The slides were then stained using a commercial staining solution (Diff-Quik, Baxter

Healthcare Corp, Mississauga, Ontario, Canada). The slides were allowed to dry, then put into

the fixative solution (containing fast green in methanol) for 30 seconds. After 30 seconds the

solution was allowed to drain off the slide. The slide was next put into solution 1 (containing

Eosin G in phosphate buffer) for 30 seconds. After 30 seconds the solution was allowed to

drain off the slide. The slide was then put into solution 2 (thiazine dye in phosphate buffer) for

30 seconds. After 30 seconds had passed the slide was rinsed with distilled water and allowed
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to air dry. A slide coverslip was then glued over top of the slide using (Permount, Fisher Scien-

tific, Ottawa, Ontario, Canada), and the cells were counted using light microscopy.

Lung removal for histology

Lungs were removed immediately after BAL collection. A section of lung tissue (right upper

lobe) was stored in an -80˚C freezer for viral titer assessment. The remaining lung was re-

inflated and fixed in 3.7% formaldehyde in 0.1% phosphate buffer (Sigma-Aldrich, St Louis,

MO, USA) for 24 hours. After 24 hours the lungs were cut into 1.5 cm2 pieces placed in tissue

cassettes and stored in 70% ethanol (Sigma-Aldrich, St Louis, MO, USA) at 4˚C until fixed in

paraffin and sectioned (6.0 μm).

Measurement of virus memory using lymphocyte culture and BrdU

incorporation assay

Methods were adapted from in vitro work isolating human lymphocytes [12]. The tracheo-

bronchial lymph nodes are manually broken down under sterile conditions by using abrasive

rubbing between glass slides in 10 mL of complete RPMI solution at 4˚C. The lymph node

homogenate solution was then pipetted up and down 10 times to remove adhered cells. The

remaining tissue was removed by passing the homogenized sample through a 40 μm cell

strainer (BD Biosciences, Canada). The resulting cell solution was centrifuged at 300 g for

10 minutes at 4˚C, and the resulting cell pellet was resuspended in 10 mL of complete RPMI.

The cell solution was then incubated in a 6-well plate for 2 hours at 37˚C to remove adherent

cells. The non-adherent cells were collected and the plates were lightly washed with room tem-

perature RPMI to remove any remaining loosely adherent cells. The collected cells were then

centrifuged in 10 mL of Ficoll (Pharmacia Biotech, Uppsala, Sweden) at room temperature.

Lymphocyte bands were collected and resuspended in 1.5 mL of complete RPMI solution, and

centrifuged at 300 g for 10 minutes at 4˚C. The cells were resuspended in 10 mL of complete

RPMI and were incubated for 45 minutes in a nylon wool column (Polyscience Inc, Warring-

ton, PA, USA) to enrich for T cells. The enriched T cell solution was collected and cell viability

was determined using trypan blue exclusion test. Cells were then cultured in a 96 well plate

with 100,000 cells in 200 μL volume being plated per well. Viral memory responses were mea-

sured via a cell proliferation assay using BrdU incorporation (BrdU Cell Proliferation ELISA

Chemiluminescent Kit; Roche, Mannheim, Germany) with the FLx800 luminometer (Biotek,

Winooski, Vt) and determined as relative light units. Cells were cultured in complete RMPI

solution with either BrdU alone (background luminescence), BrdU + phytohemagglutinin

(Life Technologies Inc, Burlington, Ontario, Canada) (positive proliferation control), BrdU +
1/1000 dilution of Rhino Virus (RV type 16) (virus specific proliferation control), or BrdU +
1/1000 dilution of PIV stock solution (viral memory) with 0.2 μL added to the wells.

Determination of virus titers

Confirmation of the absence of replicating virus for UV-virus inactivation was determined

through analysis of lung samples (right upper lobe) from all animals re-exposed to UV-inacti-

vated virus. Following airway physiology experiments, RNA was isolated from homogenized

lung using RNAeasy mini kit (Qiagen, Toronto, Canada). Sample cDNA was generated use

Superscript III Reverse Transcriptase and PCR was performed. PIV RNA was normalized to

18S and transformed to TCID50 units using a previously established PIV standard curve quan-

tified by hemadsorption assay using rhesus monkey kidney cells.
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Lung histology and eosinophil infiltrate quantification

Lung sections preserved from each animal where stained with hematoxylin and eosin for

determination of cellular infiltrate around large airways. On each slide three large cartilaginous

airways were identified from different lobes. These airways were then examined using oil

immersion light microscopy (100x magnification) and eosinophils were identified based on

eosin uptake and morphology (bi-lobed nucleus, red staining granules) and 10 different visual

fields around each airway counted for cell number. Eosinophils were identified in the airways,

the mucosa, the submucosal space, and deep to the smooth muscle ending at the cartilaginous

tissue surrounding the airway.

Statistical analysis

T-cell proliferation data and eosinophil infiltrate data were analyzed using ANOVA with Dun-

nett’s multiple comparison test to identify statistical significance between the means. All other

data were analyzed using Two-Way ANOVA with the Bonferroni multiple comparison test to

identify statistical significance between the means. All data analyses were performed on

GraphPad Prism version 6.0 software.
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