
R E S E A R CH P A P E R

Inducible epithelial resistance against acute Sendai virus
infection prevents chronic asthma-like lung disease in mice

David L. Goldblatt1 | Jose R. Flores1 | Gabriella Valverde Ha1 |

Ana M. Jaramillo1 | Sofya Tkachman1 | Carson T. Kirkpatrick1 |

Shradha Wali1 | Belinda Hernandez1 | David E. Ost1 | Brenton L. Scott2 |

Jichao Chen1 | Scott E. Evans1 | Michael J. Tuvim1 | Burton F. Dickey1

1Department of Pulmonary Medicine, The

University of Texas MD Anderson Cancer

Center, Houston, TX, USA

2Pulmotect, Inc., Houston, TX, USA

Correspondence

David L. Goldblatt and Burton F. Dickey,

Department of Pulmonary Medicine, The

University of Texas MD Anderson Cancer

Center, Houston, TX 77030, USA.

Email: dgoldblatt@mdanderson.org;

bdickey@mdanderson.org

Funding information

National Heart, Lung, and Blood Institute,

Grant/Award Numbers: DP2 HL123229, R01

HL117976, R01 HL129795, R35 HL144805;

Small Business Innovative Research and Small

Business Technology Transfer, Grant/Award

Number: R44 HL115903; Cystic Fibrosis

Foundation, Grant/Award Numbers:

Dickey15PO, Dickey18GO; NIH, NHLBI,

Grant/Award Numbers: R35 HL144805, DP2

HL123229, R01 HL117976, R44 HL115903,

R01 HL129795

Background and Purpose: Respiratory viral infections play central roles in the initia-

tion, exacerbation and progression of asthma in humans. An acute paramyxoviral

infection in mice can cause a chronic lung disease that resembles human asthma. We

sought to determine whether reduction of Sendai virus lung burden in mice by stimu-

lating innate immunity with aerosolized Toll-like receptor (TLR) agonists could atten-

uate the severity of chronic asthma-like lung disease.

Experimental Approach: Mice were treated by aerosol with 1-μM

oligodeoxynucleotide (ODN) M362, an agonist of the TLR9 homodimer, and 4-μM

Pam2CSK4 (Pam2), an agonist of the TLR2/6 heterodimer, within a few days before

or after Sendai virus challenge.

Key Results: Treatment with ODN/Pam2 caused ~75% reduction in lung Sendai virus

burden 5 days after challenge. The reduction in acute lung virus burden was associ-

ated with marked reductions 49 days after viral challenge in eosinophilic and lympho-

cytic lung inflammation, airway mucous metaplasia, lumenal mucus occlusion and

hyperresponsiveness to methacholine. Mechanistically, ODN/Pam2 treatment atten-

uated the chronic asthma phenotype by suppressing IL-33 production by type

2 pneumocytes, both by reducing the severity of acute infection and by down-

regulating Type 2 (allergic) inflammation.

Conclusion and Implications: These data suggest that treatment of susceptible

human hosts with aerosolized ODN and Pam2 at the time of a respiratory viral infec-

tion might attenuate the severity of the acute infection and reduce initiation, exacer-

bation and progression of asthma.

1 | INTRODUCTION

Respiratory viral infections play a major role in the pathogenesis of

asthma at every stage of disease—initiation, exacerbation and progres-

sion (Busse, Lemanske, & Gern, 2010; Farne & Johnston, 2017;

Holgate, 2012; Holt & Sly, 2012; Peebles & Aronica, 2019). Regarding

asthma initiation, children who experience a respiratory infection with

rhinovirus or respiratory syncytial virus have a substantially increased

chance of subsequently developing asthma. Regarding asthma exacer-

bation, new molecular techniques have allowed the identification of

viral infections in more than 80% of exacerbation episodes in both

children and adults. Last, the progression of underlying asthma sever-

ity, defined as poorly reversible airflow obstruction and persistentDavid L. Goldblatt, Jose R. Flores and Gabriella Valverde Ha contributed equally to this work.
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symptoms, is associated with frequent respiratory viral infections. Rhi-

noviruses are the most common cause of asthma exacerbations, but

paramyxoviruses such as respiratory syncytial virus and parainfluenza

virus often cause severe disease and have a prominent role in disease

initiation (Bønnelykke, Vissing, Sevelsted, Johnston, & Bisgaard, 2015;

Busse et al., 2010; Liu et al., 2013; Peebles & Aronica, 2019).

Although the epidemiologic association between respiratory

virus infection and asthma is strong, until recently a mechanistic

explanation of the interaction has been lacking. It now appears that

the interaction operates in both directions. The presence of asthma

results in an increased susceptibility to lower respiratory tract infec-

tion by viruses, possibly due at least in part to deficient interferon

(IFN) responses resulting from Type 2 immune deviation (Farne &

Johnston, 2017; Holgate, 2012; Holt & Sly, 2012; Holtzman, Patel,

Zhang, & Patel, 2011; Lambrecht & Hammad, 2015). Conversely,

respiratory viral infection can result in long-term reprogramming of

the lung immune environment towards a Type 2 polarity that results

in parenchymal changes characteristic of asthma and chronic

obstructive pulmonary disease (COPD; Farne & Johnston, 2017;

Holgate, 2012; Holt & Sly, 2012; Holtzman, 2012; Lambrecht &

Hammad, 2015). Mechanistic insight in this regard has come from

studies of a mouse paramyxoviral lung infection with Sendai virus

(SeV) by Holtzman and colleagues (Patel et al., 2006; Walter, Mor-

ton, Kajiwara, Agapov, & Holtzman, 2002). Analysis of this model

has revealed that an acute SeV infection, in which virus is cleared

within 12 days, can lead to a chronic, possibly lifetime, asthmatic

phenotype. In susceptible mouse strains, the lungs 49 days after

infectious challenge are characterized by Type 2 inflammation, epi-

thelial mucous metaplasia and hyper-responsiveness to bron-

choconstrictor stimuli such as methacholine (Holtzman, 2012;

Holtzman et al., 2011; Patel et al., 2006; Walter et al., 2002). In

recent work, this group has shown that the acute SeV infection

leads to long-term elevated expression of IL-33 by lung epithelial

cells that drives the persistent elaboration of high levels of IL-13 by

immune cells within the lungs, which in turn induces the lung paren-

chymal changes of epithelial mucous metaplasia and smooth muscle

hyperresponsiveness (Byers et al., 2013).

In view of the high incidence and substantial morbidity

resulting from virus-induced asthma, treatments to mitigate the

severity of respiratory virus infection are greatly needed. We have

previously identified a pharmacological means to stimulate Type

3, extracellular pathogen-directed (Annunziato, Romagnani, &

Romagnani, 2015) innate immunity of lung epithelial cells. This

treatment has shown activity against multiple bacterial, fungal and

viral pathogens in mice (Alfaro et al., 2014; Cleaver et al., 2014;

Duggan et al., 2011; Leiva-Juarez et al., 2018; Leiva-Juárez et al.,

2016; Tuvim, Gilbert, Dickey, & Evans, 2012; Ware et al., 2019)

and guinea pigs (Drake, Evans, Dickey, Fryer, & Jacoby, 2013). The

stimulus consists of a class C oligodeoxynucleotide (ODN M362),

which is an agonist of the Toll-like receptor 9 (TLR9) homodimer,

and Pam2CSK4, which is an agonist of the TLR2/6 heterodimer.

Administration of these two agonists (hereafter called O/P) in a

fixed molar ratio shows synergistic activity against microbial

pathogens that is dependent upon myeloid differentiation primary

response 88 (MyD88) expression in lung epithelial cells and the

generation of microbicidal reactive oxygen species (ROS; Cleaver

et al., 2014; Duggan et al., 2011; Evans et al., 2011; Kirkpatrick

et al., 2018). We hypothesized that treatment with O/P at the

time of respiratory infection with SeV would reduce lung virus bur-

den during the acute infection and thereby attenuate the develop-

ment of a late asthma phenotype.

2 | METHODS

2.1 | Mice and chemicals

Animal studies are reported in compliance with the ARRIVE guide-

lines (Kilkenny et al., 2010) and with the recommendations made by

the British Journal of Pharmacology (McGrath & Lilley, 2015).

Seven-week-old female C57BL/6J mice were obtained from the

Jackson Laboratory (Sacramento, CA; Stock# 000664; RRID:

IMSR_JAX:000664) and housed in specific pathogen-free conditions

on a 12-hr light/dark cycle with free access to food and water. For

euthanasia, mice were injected intraperitoneally with

2,2,2-tribromoethanol (250 mg�kg−1) and exsanguinated by tran-

section of the abdominal aorta. All procedures were performed in

accordance with the Institutional Animal Care and Use Committee

of MD Anderson Cancer Center and the Texas A&M Institute for

Biosciences and Technology. Chemicals were obtained from Mil-

liporeSigma (St. Louis, MO) unless otherwise specified.

What is already known

• Respiratory viral infections play a major role in the patho-

genesis of asthma.

• We have previously identified a pharmacological means

to stimulate innate immunity of lung epithelial cells.

What this study adds

• Activation of innate immunity in lung epithelial cells pre-

vents chronic viral asthma-like disease in mice.

• This activation reduces acute viral burden and modulates

long-term immune responses.

What is the clinical significance

• Aerosolized toll-like receptor agonists have been demon-

strated as safe in human clinical trials.

• This study provides proof-of-principle that aerosolized

toll-like agonists could have clinical efficacy against virus-

induced asthma.
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2.2 | Viral challenge

Sendai virus (parainfluenza type 1) was obtained from the ATCC (cat#

VR-105, RRID:SCR_001672) and expanded in primary rhesus monkey

kidney cells obtained from Cell Pro Labs (Golden Valley, MN;

cat#103–175). In most experiments, mice were infected with

2.4 × 106 plaque forming units (pfu) in 40 μl PBS instilled into the oro-

pharynx and aspirated into the lungs, with mice suspended by the

upper incisors on a board at 60� from horizontal under isoflurane

inhalation anaesthesia. The dose of virus was chosen to result in

severe bronchopneumonia, but with death in <20% of mice. Lower

and higher concentrations of SeV were given in pilot experiments to

establish an optimal dose for chronic studies (Figure 1c) and in a high-

dose challenge study (1.2 × 108 pfu) to examine interactive effects of

O/P and IFN-β (Figure 8d). Lung virus burden was measured by

reverse transcription quantitative PCR (RT-qPCR) of the Sendai matrix

(M) protein normalized to mouse 18S rRNA as described (Moreno-

Vinasco et al., 2009), except for substitution of the primers to

ACTGGGACCCTATCTAAGACAT and TAGTAGCGGAAATCACGAGG

and analysed by the comparative CT method (Schmittgen &

Livak, 2008).

2.3 | Treatment with aerosolized O/P

This was performed as described (Alfaro et al., 2014). Briefly, ODN 50

TCG TCG TCG TTC GAA CGA CGT TGA T 30 as the sodium salt on a

phosphorothioate backbone (ODN M362) was purchased from TriLink

BioTechnologies (San Diego, CA) and 2,3-bis (palmitoyloxy)-2-propyl-

Cys-Ser-Lys-Lys-Lys-Lys-OH (Pam2CSK4) as the trifluoroacetic acid

salt was purchased from Peptides International (Louisville, KY). A solu-

tion of ODN (1 μM) and Pam2CSK4 (4 μM) in endotoxin-free sterile

water (8 ml) was placed in an Aerotech II nebulizer (Biodex Medical

Systems, Shirley, NY) driven by 10 L�min−1 of 5% CO2 in air to pro-

mote deep breathing. The nebulizer was connected by polyethylene

tubing (30 cm × 22 mm) to a 10-L polyethylene chamber vented to a

biosafety hood. Mice were exposed to the aerosol for 20 min,

resulting in the nebulization of ~4 ml of O/P solution. In one set of

F IGURE 1 Experimental paradigm, effect of O/P treatment on lung SeV burden and correlation between SeV burden and mouse survival.
(a) Illustration of the experimental paradigm with O/P administered by aerosol a few days before or after SeV challenge, lung SeV burden
assessed 5 days after challenge and development of an asthma phenotype assessed 49 days after challenge. (b) Lung SeV burden measured by
qRT-PCR 5 days after mice were challenged with SeV, with or without treatment 1 day earlier with O/P (boxes show median and interquartile
range, whiskers show 10th and 90th percentiles; **P < .01 for [SeV+, O/P+] versus [SeV+, O/P−] by Mann–Whitney U test; N = 24 mice per
group pooled from four experiments). (c) Various SeV inocula were administered to determine the correlation between lung SeV burden and
mouse survival (N = 4 mice per group in a representative experiment performed five times)
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experiments determining dose–response relationships, the concentra-

tion of O/P solution was varied as indicated.

2.4 | Lung lavage

This was performed by instilling and collecting two 1-ml aliquots of

PBS through a 20-gauge cannula inserted through rings of the

exposed trachea of killed animals, then combining the aliquots as

described (Alfaro et al., 2014). Total leukocyte count was determined

using a haemocytometer and differential counts by cytocentrifugation

of 200 μl of lavage fluid at 300 g for 5 min followed by Wright–

Giemsa staining.

2.5 | Epithelial mucin content and lumenal mucus
occlusion

Epithelial mucin content was measured as described (Evans et al.,

2004; Piccotti, Dickey, & Evans, 2012; Tuvim et al., 2009). Briefly,

lungs were fixed by intratracheal inflation with 10% formalin to 20 cm

H2O pressure for 12 hr and then embedded in paraffin. Tissue blocks

were cut into 5-μm sections, mounted on frosted glass slides

(Medline, Northfield, IL), deparaffinized with xylene, washed with eth-

anol and then rehydrated and stained with periodic acid fluorescent

Schiff reagent (PAFS). Images were acquired by investigators blinded

to mouse treatment and morphometric analysis of the images for

quantitation of intracellular mucin was performed using ImagePro

(Media Cybernetics, Bethesda, MD). Data are presented as epithelial

mucin volume density, signifying the measured volume of mucin over-

lying a unit area of epithelial basal lamina. Airway mucus plugging was

measured by modifications, as follows, of a method we have

described previously (Evans et al., 2015). Lungs were fixed by immer-

sion, to avoid displacement of lumenal mucus by inflation, in

methanol-based Carnoy's solution (methacarn), to minimize changes

in mucus volume, for 48 hr at 4�C. Lungs were then excised and the

left lung was placed in a precision cutting tool to generate 1-mm

transverse slices (Figure S3D). Four slices were embedded in paraffin,

with two slices taken below the hilum and two above, each separated

by a 1-mm slice that was discarded. One 5-μm section was taken from

each slice, deparaffinized, rehydrated and then stained with PAFS.

The total area of lumenal mucus in all four slices was measured for

each lung using ImageJ software (Schindelin et al., 2012).

2.6 | Lung mechanics

These were analysed using a flexiVent (Scireq, Montreal, Canada)

forced oscillation ventilator system as described (Ren et al., 2015).

Briefly, mice were anaesthetized with urethane (2 mg�g−1 i.p.) and

placed under neuromuscular blockade with succinylcholine chloride

(500 μg i.p. followed by continuous i.p. infusion at 10 μg�g−1�min). This

anesthesia protocol had been previously determined to suppress blink

reflexes for at least one hour without neuromuscular blockage, which

was sufficient to cover the total experiment time which lasted

~20 min. They were then tracheotomised and ventilated at

150 breaths�min−1, 10 μl g−1, against 2–3 cm H2O positive end-

expiratory pressure. Respiratory resistance was assessed at baseline

and in response to three incremental doses of aerosolized

methacholine (MCh) (3, 10 and 30 mg�ml−1) administered by an in-line

ultrasonic nebulizer (4–6 μm, Aerogen, Ireland). Total respiratory resis-

tance was calculated by averaging five values measured for each dose

of methacholine for each mouse. Secondary euthanasia via cervical

dislocation was performed immediately after data acquisition from the

30 mg�ml−1 dose.

2.7 | Histochemistry

Cellular elements and tissue morphology were examined with

haematoxylin and eosin (H&E) staining, and collagen and lipids in nod-

ules were visualized with picrosirius red (PSR) and Sudan black B

staining, respectively. For H&E and PSR staining, lungs were fixed and

sectioned as above. For H&E staining, slides were incubated in Harris'

haematoxylin, eosin, and graded ethanol. For PSR staining, slides were

incubated in direct red 80 with picric acid for 1 hr and then rinsed

with acidified water. To image lipids, fixed lungs were cut into lobes

and immersed in 10% Optimal Cutting Temperature compound

(Tissue-Tek OCT; Sakura, Torrance, CA) and 20% sucrose in PBS on a

rocker at 4�C overnight. Tissue was then frozen in OCT, cut into

10-μm sections and mounted on Superfrost Plus glass slides (Fisher

Scientific, Hampton, NH) for this and all other studies using frozen tis-

sue. Sections were stained with Sudan black B (Rowley Biochemical,

Danvers, MA) for 1 hr and counterstained with Kernechtrot's nuclear

fast red (Rowley) for 20 min, followed by mounting with AquaMount

medium (Polysciences, Warrington, PA). All images were acquired with

an Olympus BX 60 microscope at 10× or 40× objectives unless other-

wise specified.

2.8 | Immunohistochemistry

The immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology. Mouse lungs were

fixed, embedded, sectioned and deparaffinized as above, then

exposed for 10 min to 3% H2O2 in 90% methanol and then heated for

10 min in 10-mM sodium citrate, pH 6.0, for antigen retrieval. Slides

were rinsed in water, blocked in horse serum (Vector Laboratories,

Cat# S-2012, RRID:AB_2336618) or goat serum (Jackson Immuno-

Research Labs, Cat# 005-000-001, RRID:AB_2336983) for 1 hr and

then rinsed again and incubated with primary antibodies diluted in

blocking solution at 4�C overnight. Primary antibodies used were goat

anti-mouse IL-33 (R and D Systems, Cat# AF3626, RRID:AB_884269;

1:1000), rabbit anti-Muc5ac (gift from Dr. Camille Ehre, 1:500; Ehre

et al., 2012) and mouse monoclonal antibody MDA-3E1 (Millipore,

Cat# MABT899;1:500) to detect Muc5b (Ren et al., 2015). After incu-

bation, secondary antibodies—biotinylated horse anti-goat IgG (Vector

Laboratories, Cat# AP-9500, RRID:AB_2336122), HRP-labelled goat

anti-rabbit (Millipore, Cat# AP132P, RRID:AB_90264) or HRP-labelled

goat anti-mouse antibody (Thermo Fisher Scientific, Cat# 31430,

RRID:AB_228307)—were added for 2 hr at room temperature. Tissue
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sections were then washed with PBS, counterstained with H&E and

mounted with VectaMount (Vector).

2.9 | Immunofluorescence

Lungs were frozen in OCT and cut into 10-μm sections as above. Sec-

tions mounted on glass slides were thawed, washed with water,

blocked with donkey serum (Jackson ImmunoResearch), and then

incubated with primary antibodies overnight at 4�C. Primary anti-

bodies used were rabbit anti-prosurfactant protein C (Millipore, Cat#

AB3786, RRID:AB_91588; 1:1000), rabbit anti-keratin 14 (Thermo

Fisher Scientific, Cat# PA5–29608, RRID:AB_2547084; 1:500), rat

anti-mouse CD68 (BioLegend, Cat# 137001, RRID:AB_2044003;

1:200) and anti-Muc5ac and anti-Muc5b as above. This was followed

by the addition of secondary antibodies conjugated to Alexa

555 (Thermo Fisher Scientific, Cat# A32732, RRID:AB_2633281),

Alexa 488 (Jackson ImmunoResearch Labs, Cat# 715-545-151, RRID:

AB_2341099) and DAPI (Jackson ImmunoResearch) for 2 hr. A confo-

cal microscope (A1plus, Nikon) was used to acquire all images. For

quantitative studies, random images were acquired by investigators

blinded to subject identity. Percentages of IL-33 positive cells were

counted using ImageJ (Figure 6c–e). To measure IL-33 fluorescence

intensity (Figure 6b), the left lung was sectioned at the axial bronchus

between lateral branches 1 and 2 using a precision cutting tool

(Figure S4) and then imaged using an upright microscope (Olympus

BX 60) with a 40× lens objective and identical parameters of exposure

time, colour intensity, contrast, and magnification. Images were

uploaded to ImageJ and a grey scale image was extracted from the

red channel. Pixel intensity was summated across the entire image to

determine fluorescence intensity. Each data point represents the

mean of three images from a single mouse, plotted as arbitrary fluo-

rescence intensity units (Figure 6b).

2.10 | Whole mount immunofluorescence

Fixed lung lobes were embedded in OCT as above and then frozen

sections of 100- to 200-μm thickness were cut. Sections were thawed

and blocked in 2 ml Eppendorf tubes containing PBS with 0.3%

TritonX-100 and 2.5% donkey serum (017-000-121, Jackson Immu-

noResearch) on a rocker at room temperature for 2 hr. After blocking,

lung tissues were incubated with primary antibodies diluted in PBS

with 0.3% TritonX-100 on a rocker at 4�C overnight. Primary anti-

bodies used (Figure 5) were rat anti-E-cadherin (Thermo Fisher Scien-

tific, Cat# 13-1900, RRID:AB_2533005; 1:1000), goat anti-CCSP

(1:2,500, a gift from Dr. Barry Stripp) and mouse anti-acetylated tubu-

lin (Sigma-Aldrich, Cat# T6793, RRID:AB_477585; 1:2,000). On the

second day, lung tissues were washed in PBS with 1% TritonX-100

and 1% Tween-20 for 3 hr and then incubated with secondary anti-

bodies diluted in PBS with 0.3% Triton X-100 on a rocker at 4�C over-

night. Fluorescent secondary antibodies were obtained from Jackson

ImmunoResearch and used at 1:1,000. On the third day, lung tissues

were again washed in PBS with 1% TritonX-100 and 1% Tween-20

for 3 hr, washed with PBS twice for 5 min, fixed with 2% PFA for 2 hr

on a rocker, and washed with PBS for 1 hr. After the PBS wash, lung

tissues were mounted with AquaMount and airways of the left main

bronchi were imaged on a Nikon A1plus confocal microscope. For

each lung, six image fields—each consisting of several hundred epithe-

lial cells—were counted.

2.11 | Treatment with aerosolized interferon
(INF)-β

In time-course and dose-finding pilot studies, mice were treated with

varying concentrations of aerosolized IFN-β (R&D Systems, Minneap-

olis, MN) with 0.05% BSA in water (8 ml) as described above for O/P,

except that the aerosolization was continued until all IFN-β was deliv-

ered (approximately 40 min). In efficacy studies, mice were treated

with 400,000 units of aerosolized IFN-β and then challenged the next

day with Sendai virus by oropharyngeal instillation and killed 5 days

later for measurement of lung virus burden.

2.12 | Measurement of cytokines in lung lavage
fluid

At varying times after treatment, mice were killed and underwent

bronchoalveolar lavage. Lavage fluid supernatant was collected by

centrifugation at 500 g for 5 min. Cytokines were quantified using

Milliplex MAP mouse cytokine bead panels (Millipore-Sigma) and

analysed by the Quantitative Proteomics core laboratory at Baylor

College of Medicine.

2.13 | Statistical analyses

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). All studies were designed to

randomly generate groups of equal size; however, in some cases, mice

reached euthanasia criteria during the acute infection so were not

able to be included in analyses other than survival. Group sizes were

selected to detect between-group differences with a power of 90%

and two-tailed significance of 5%, with calculations based on effect

sizes from our prior studies or pilot studies. Statistical analyses were

only carried out when N was greater than or equal to 5. Analyses

were blinded to group identity. Declared group sizes are the number

of individual mice. Units of Y axes are direct linear measures of physi-

cal values except for RT-qPCR. Data normalization was only con-

ducted for RT-qPCR analysis, as described (Schmittgen & Livak, 2008),

and no outliers were excluded. All data sets were first analysed for

normality and for variance inhomogeneity using the Shapiro–Wilk and

Levene's tests, respectively.For analyses where there was only a single

comparison between two groups, data was analyzed by an unpaired
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Student's t-test or Mann-Whitney U test for normally and non-nor-

mally distributed data, respectively. For analyses comparing more than

two groups, data were first analysed by one-way ANOVA or ANOVA

on ranks for normally and non-normally distributed data, respectively.

If ANOVA revealed a significant difference among groups, the data

were further subjected to post hoc analysis and statistical significance

determined from adjusted P values. For analyses where multiple

experimental groups were compared against a single control, data

were further analysed using Dunn's test. For analyses where each

experimental group was compared to every other group, data were

F IGURE 2 Effects of O/P treatment on asthma phenotype 49 days after SeV challenge. (a) Leukocytes obtained by lung lavage were pelleted

onto glass slides by centrifugation and stained with Wright-Giemsa. Scale bar = 20 μm. (b) Eosinophils and lymphocytes in lung lavage fluid were
enumerated (bars show mean ± SEM; *P < .05 and **P < .01 for [SeV+, O/P+] versus [SeV+, O/P−] by unpaired Student's t-test; N = 21 mice per
group pooled from three experiments). (c) Airway epithelium stained with PAFS to demonstrate intracellular mucin in red. Scale bar = 20 μm.
(d) Quantification of intracellular mucin content by image analysis of airway as in (c) (bars and P values as in (b); N = 22–25 mice per group pooled
from five experiments). (e) Dose–response relationship between the concentration of aerosolized methacholine and total respiratory resistance
measured by forced oscillation (points show mean ± SEM; N = 9–14 mice per group pooled from three experiments). (f) Plot of total respiratory
resistance at 30 mg�ml−1 methacholine (MCh) using data from (e) (bars and P values as in (b))
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further analysed using Holm–Sidak's test for one-way ANOVA or

Dunn's test for ANOVA on ranks. For studies comparing O/P and

IFN-β, an interaction score from linear regression analysis was used to

determine whether there was a synergistic effect of the combination

compared to either drug alone. All data were analysed using SigmaPlot

(version 12.5, Systat Software). P < .05 was considered statistically

significant.

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY(Harding et al., 2018) and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | O/P treatment before SeV challenge reduces
lung virus burden

Our central hypothesis was that treatment with O/P at the time of

acute SeV infection would reduce lung virus burden and thereby

attenuate the developement of a late asthma phenotype. The experi-

mental paradigm is illustrated in Figure 1a. To test the first component

of our hypothesis, mice were treated with aerosolized O/P 1 day

before challenge with SeV because previous studies showed that this

is the interval of maximal benefit of a single O/P treatment for chal-

lenge with influenza virus or any of several bacterial pathogens

(Cleaver et al., 2014; Duggan et al., 2011; Tuvim et al., 2012). Lung

SeV load was measured by RT-qPCR 5 days after challenge based

upon this being the time of maximal viral burden in prior studies by

others (Hines et al., 2014; Massion et al., 1993; Patel et al., 2006;

Walter et al., 2002) and our confirmatory study (Figure S1). Treatment

with O/P resulted in a 70–80% reduction in SeV burden (Figures 1b

and S1). Pilot studies titrating SeV challenge to mouse survival

showed a steep dose–response relationship, with a 1.6-fold increase

in virus load resulting in a decrease in mouse survival from 80% to

20% (Figure 1c). Based on this tight relationship between viral burden

and outcome, we anticipated a substantial change in late asthma phe-

notype with treatment, so we proceeded to test the second compo-

nent of the central hypothesis.

3.2 | O/P treatment before SeV challenge
attenuates the late asthma phenotype

Mice were treated with aerosolized O/P 1 day before challenge with

SeV and the severity of an asthma phenotype 49 days after viral chal-

lenge was measured. Treatment resulted in an 88% reduction in lung

lavage eosinophil number, indicating the attenuation of persistent

Type 2 lung inflammation and an 86% reduction in lymphocyte num-

ber, suggesting a possible reduction in Th2 cells that sustain Type

2 lung inflammation (Figure 2a,b). We next examined whether the

reduction in Type 2 inflammation resulted in reduced effects on lung

parenchymal cells. There was a 52% reduction in mucous metaplasia

measured as airway epithelial mucin content (Figure 2c,d) and a 53%

reduction in airway hyperresponsiveness (AHR) measured as lung

resistance to inflation after 30 mg�ml−1 methacholine (Figure 2e,f).

These results suggest a causal relationship between the reduction in

virus load from O/P treatment and the chronic asthma phenotype, so

further evidence was sought by examining dose–response and time–

response relationships.

3.3 | Parallel dose–response relationships between
acute SeV burden and late asthma phenotype

Our previous studies had shown that the combination of 1-μM ODN

and 4-μM Pam2CSK4 in 4 ml (1× O/P) is on the inflection of the

upper plateau of the dose–response curves for airway epithelial acti-

vation, as measured by cytokine release (Alfaro et al., 2014), and for

antimicrobial resistance, as measured by the survival of mice from a

microbial challenge (Alfaro et al., 2014; Evans et al., 2011). Now, we

evaluated the responses to two halving doses of O/P below the 1×

dose to interrogate the steep portion of the dose–response curve and

to two doubling doses above the 1× dose to confirm that responses

were saturated. Mice treated 1 day before SeV challenge showed

dose-dependent reductions in lung virus burden 5 days after challenge

(Figure 3a) and in lung lavage eosinophil and lymphocyte numbers

(Figure 3b) and mucous metaplasia (Figure 3c) 49 days after challenge.

The correlation among these dose–response relationships sup-

ports a mechanistic interaction between the reduction in acute viral

lung burden by O/P treatment and the attenuation of a late asthma

phenotype. However, it is notable that the maximal effect of O/P on

lung virus burden appeared to be at the 1/2× dose, on lung lavage

eosinophil and lymphocyte levels at the 1× dose, and on mucous

metaplasia at the 2× dose. These small concentration-dependent dif-

ferences among outcomes were consistent across multiple experi-

ments and suggest that small unmeasurable differences in lung virus

burden at higher O/P concentrations (Figure 3a) are sufficient to

cause measurable differences in persistent lung inflammation

(Figure 3b), leading in turn to downstream effects on lung parenchy-

mal phenotype (Figure 3c). This interpretation is consistent with the

steep dose–response relationship between lung virus burden and

mouse mortality (Figure 1c).

3.4 | Time–response relationships between acute
SeV burden and late asthma phenotype

To test temporal relationships, mice were treated with a 1× dose of

O/P at varying intervals before and after challenge with SeV. Our
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previous studies showed variable durations of protection depending

upon the intensity of the infectious challenge, with benefit observed

with a pretreatment interval as long as 8 days before a bacterial

challenge of mild intensity (Duggan et al., 2011) but as short as 3 days

before a challenge of severe intensity (Clement et al., 2008). For treat-

ments given after challenge, we have found a great difference

F IGURE 3 Dose and temporal response relationships between O/P treatment and acute lung SeV burden and late asthma phenotypes.
(a) Relationship between O/P dose and lung SeV burden 5 days after SeV challenge (boxes show median and interquartile range, whiskers show
10th and 90th percentiles; *P < .05 and **P < .01 for ANOVA on ranks with Dunn's test for multiple comparisons against [SeV+, O/P−] control;
N = 5–6 mice per group in a single experiment; n.d. = not detectable). (b) Relationship between O/P dose and lung lavage eosinophil and
lymphocyte numbers 49 days after SeV challenge (bars show mean ± SEM; **P < .01 as in (a), P < .01 for comparisons on lymphocytes; N = 5
mice/group in a single experiment). (c) Relationship between O/P dose and intracellular mucin content 49 days after SeV challenge (bars show
mean ± SEM; **P < .01 as in (a); N = 6–7 in a single experiment). (d) Relationship of the interval in days between O/P treatment and SeV challenge
in SeV lung burden 5 days after challenge (box plot and P values as in (a); N = 25–39 mice per group pooled from seven experiments).
(e) Relationship of the interval between O/P treatment and SeV challenge in lung lavage eosinophil and lymphocyte numbers 49 days after
challenge (bars and P values as in (b); N = 25–29 mice per group pooled from six experiments). (f) Relationship of the interval between O/P
treatment and SeV challenge in intracellular mucin content 49 days after challenge (bars and P values as in (c); N = 6–12 mice per group pooled
from three experiments)
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between bacterial and viral pathogens, with a therapeutic window of

less than 1 day for bacterial pathogens (Clement et al., 2008; Duggan

et al., 2011) but of several days for influenza virus (Kirkpatrick et al.,

2018; Tuvim et al., 2012). Based on these prior observations,

responses to O/P from 10 days before to 3 days after SeV challenge

were evaluated. A significant reduction in virus burden was seen from

7 days before challenge to 1 day after challenge (Figure 3d), with a

trend towards reduction when treatment was administered 10 days

before challenge (P = .08). Reductions in eosinophils and lymphocytes

were observed at all time points (Figure 3e) and for mucous metapla-

sia at all time points except 3 days after challenge (Figure 3f). Overall,

there was a trend towards greater effects with shorter intervals

between treatment and challenge. Similar to the dose–response rela-

tionship, the time-dependent effects of O/P treatment on leukocyte

numbers were greater than on SeV burden (Figure 3e,f).

Whereas the efficacy of O/P in reducing late leukocytes was seen

up to 10 days before challenge, the reduction in SeV burden waned at

times greater than 7 days. This prompted us to test whether O/P

might also be influencing the development of a chronic asthma phe-

notype by exerting an immunomodulatory effect, so O/P was adminis-

tered at time points substantially outside its known window of

antimicrobial efficacy. Treatment with O/P 20 days before SeV chal-

lenge resulted in a reduction 49 days after challenge in eosinophils by

85% and lymphocytes by 75%; similarly, treatment 20 days after SeV

challenge resulted in a reduction 49 days after challenge in eosino-

phils by 73% and lymphocytes by 74% (Figure S2). These findings indi-

cate that O/P treatment attenuates the late asthma phenotype in

SeV-challenged mice by a combination of a reduction in acute lung

virus burden and long-term immunomodulation away from a T2 lung

inflammatory milieu.

3.5 | O/P treatment reduces airway mucus
occlusion and acidophilic pneumonitis

We observed multiple yellow nodules on the surface of the lungs of

untreated mice challenged with SeV 49 days earlier (Figure 4a). Trans-

illumination allowed us to enumerate nodules within the lungs

(Figure 4b) and to measure their mean diameter at 1.1 mm

(SEM = 45 μm, N = 37). Mice treated with O/P 1 day before SeV chal-

lenge had a 92% reduction in nodule number (Figure 4c). Histopatho-

logic examination of the nodules showed alveolar accumulation of

foamy macrophages, eosinophils and eosinophilic crystals (Figure 4d,

e) characteristic of “acidophilic pneumonitis” (Guo, Johnson, & Schuh,

2000; Murray & Luz, 1990). The identity of the macrophages was con-

firmed by immunofluorescence staining for CD68 (Figure S3D) and

Sudan black staining showed the macrophages to be heavily laden

with lipids (Figure 4f), even more so than the normal staining of lamel-

lar bodies in alveolar T2 cells (Figure S3E).

We hypothesized that mucus plugs caused airway obstruction

leading to lipid-laden macrophage accumulation in alveoli. To evaluate

this, uninflated lungs were fixed with methacarn to minimize changes

in mucus volume and position and then stained with PAFS to visualize

mucins (Johansson & Hansson, 2012). Supporting this hypothesis,

widespread mucus plugs were visible in the airways of mice chal-

lenged 49 days earlier with SeV (Figure 4g, arrow) and were greatly

reduced in the airways of mice treated with O/P 1 day before chal-

lenge (Figure 4h). The mucus plugs were contiguous with areas of

intense airway epithelial mucous metaplasia (Figure 4g, filled arrow-

head) and the plugs contained both Muc5ac and Muc5b (Figure S3A-

B). In the process of measuring airway lumenal mucus using a preci-

sion lung-slicing tool (Figure S4), we observed that lungs from

untreated SeV-challenged mice were larger (25–30% greater rostral-

caudal length) than those from unchallenged or treated and chal-

lenged mice, consistent with the obstructive hyperinflation observed

at autopsy in the lungs of human subjects who die from asthma

(Hogg, 1997).

Red PAFS staining also extended into alveolar regions distal to

mucus plugs (Figure 4h, open arrowhead), and these areas were also

positive for Muc5ac and Muc5b immunohistochemical staining

(Figure S3A), with relatively more Muc5ac staining in airways and rela-

tively more Muc5b staining in alveolar regions. To assess whether

mucus in alveolar regions might be due to local mucin production

resulting from bronchiolization of alveolar epithelium, we stained for

club cell specific protein and acetylated tubulin, markers of airway

secretory and ciliated cells, respectively. This showed normal staining

in conducting airways as well as abnormal staining in alveolar regions

(Figure 4i,j).

3.6 | O/P treatment attenuates the disruption of
epithelial mosaicism

We considered that a possible additional contributor to airway

lumenal mucus accumulation besides mucin hyperproduction might

be impaired ciliary clearance because we and others have observed

extensive epithelial cell death in the first 2 weeks after SeV chal-

lenge (Jakab & Green, 1972; Kirkpatrick et al., 2018; Look et al.,

2001; Massion et al., 1993; Walter, Kajiwara, Karanja, Castro, &

Holtzman, 2001). The airway epithelium was examined 2–7 weeks

after SeV challenge by whole mount immunofluorescence micros-

copy and the normal mosaic of secretory and ciliated cells was

altered in multiple ways. Secretory cells, marked by club cell spe-

cific protein staining, became more prominent than ciliated cells,

marked by acetylated tubulin staining (Figures 5 and S5). This

prominence was due to a modest increase in secretory cell number

(Figure S5B) and a more substantial increase in secretory cell size

and intensity of club cell specific protein staining (Figures 5 and

S5A). The increase in secretory cell size is likely due to distension

by increased intracellular mucin content (Figures 2c, 4g, S3A-B, and

S5C), as we have shown previously during mucous metaplasia

(Evans et al., 2004; Nguyen et al., 2008). The increase in intensity

of club cell specific protein staining (Figures 5 and S5A) likely

reflects a combination of increased expression and redistribution

from small apical secretory granules in naïve cells into large mucin-

containing granules during Type 2 inflammation (Evans et al., 2004;
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F IGURE 4 Airway mucus occlusion, acidophilic pneumonitis and alveolar bronchiolization 49 days after SeV infection. (a) The lungs of mice
treated or not with O/P, then challenged or not with SeV 1 day later, and then killed 49 days later with lungs inflated with 10% formalin to 20 cm
H2O pressure. Arrowheads point to nodules on the lung surface. Scale bar = 1 cm. (b) Transilluminated lungs from a mouse challenged with SeV
but not treated with O/P, as in (a). Arrowheads point to nodules in the lung interior. Scale bar = 1 cm. (c) Enumeration of nodules in the left lungs
of mice treated with O/P and challenged with SeV as in (a) (bars indicate mean ± SEM; **P < .01 for [SeV+, O/P+] versus [SeV+, O/P−] by
Student's t test; N = 4–5 in a single experiment). (d) Section of the lung of a mouse challenged with SeV but not treated with O/P, stained with
H&E. Arrowheads point to nodules. Scale bar = 0.5 mm (N = 4 mice, d–f). (e) High magnification image of a nodule from a mouse as in (d), with
closed arrowheads pointing to eosinophilic crystals, open arrowheads pointing to eosinophils and arrows pointing to foamy macrophages. Scale
bar = 30 μm. (f) Image of a nodule from a mouse as in (d), but with lungs frozen and stained with Sudan black to show lipids within macrophages.
Scale bar = 50 μm. (g) Section of the lung of a mouse challenged with SeV but not treated with O/P, fixed by immersion in methacarn and stained
with PAFS. Closed arrowhead points to abundant intracellular mucin, arrow points to lumenal mucus occlusion, and open arrowhead points to
mucus in the alveolar region. A = airway, V = vessel. Scale bar = 100 μm. (h) The area of lumenal mucus of mice treated or not with O/P, then
challenged or not with SeV and then fixed and stained as in (g), with left lungs sectioned at fixed intervals using a precision cutting tool (bars
indicate mean ± SEM; **P < .01 for [SeV+, O/P+] versus [SeV+, O/P−] by Mann–Whitney U test; N = 13–15 mice per group in a single experiment).
(i–l) Alveolar region of a mouse challenged with SeV but not treated with O/P, stained with antibodies against (i) club cell specific protein (CCSP) or
(j) acetylated tubulin (both brown) and counterstained with H&E (blue). A = airway lumen. Primary antibodies against (k) club cell specific protein or
(l) acetylated tubulin were omitted to assess the specificity of antibody staining. Scale bar in all four images = 50 μm (N = 4 mice)
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Nguyen et al., 2008). Besides these changes in cell proportions and

size, an alteration of the normal epithelial polygonal mosaic was

revealed by staining cell boundaries using antibodies to E-cadherin

(Figure 5), with cells taking on more elongated shapes and occur-

ring in abnormally large clusters of secretory cells. We observed

these changes as early as 2 weeks after SeV challenge (Figure S5),

found they partially persisted through 7 weeks (not shown) and

that there was a trend towards improvement by pretreatment with

O/P (Figure S5B).

3.7 | O/P treatment before SeV challenge reduces
lung IL-33 expression 49 days later

Holtzman and colleagues have shown that the effects of acute SeV

infection are translated into a chronic asthma phenotype by persis-

tently increased IL-33 expression in the lungs (Byers et al., 2013).

Therefore, we measured the effect of O/P treatment during acute

SeV infection on IL-33 expression 49 days later. Naïve mice that

were neither challenged with SeV nor treated with O/P showed

scattered faint immunohistochemical staining for IL-33 in cells with

the localization (corners of polygonal alveoli) and morphology

(cuboidal and protruding into the alveolar lumen) of type

2 pneumocytes (Figure 6a, isotype controls Figure S6). This finding

is consistent with reports of substantial expression of IL-33 in type

2 pneumocytes of healthy mice (Oczypok, Perkins, & Oury, 2017;

Treutlein et al., 2014). There was no apparent change in IL-33

expression in the lungs of unchallenged mice treated with O/P, but

mice challenged with SeV and not treated with O/P showed a dra-

matic increase in the intensity and frequency of IL-33 staining of

type 2 pneumocytes and faint staining of macrophages (Figure 6a).

Using the same antibody against IL-33, this was quantified by immu-

nofluorescence staining (Figure 6b), and mice treated with O/P and

then challenged 1 day later with SeV showed a marked reduction in

IL-33 staining (Figure 6a,b). As shown in Figure 6c, immunofluores-

cence co-localization of IL-33 staining with lineage markers showed

that high-level IL-33 expression in SeV-challenged mice occurred

exclusively in type 2 pneumocytes, with 97% of IL-33-positive cells

also positive for pro-SP-C (pro-surfactant protein C) and no measur-

able IL-33 staining in Krt14-positive basal cells of the conducting

airways (Figure 6d) or in CD68-positive alveolar macrophages

(Figure 6e) (N = 100 cells in 3 mice for each lineage marker). In

SeV-challenged mice, 71% of pro-SP-C-positive cells were positive

for IL-33 staining (N = 100 cells in three mice).

F IGURE 5 SeV infection alters the normal airway epithelial mosaic. Whole mount immunofluorescence images of proximal portions of the
axial bronchi of mice infected or not with SeV 5 weeks earlier (N = 5 mice). Images on the left show staining for E-cadherin (E-Cad, green) to
outline cell borders, acetylated tubulin (Ac-Tub, red) to identify ciliated cells and club cell secretory protein (CCSP, white) to identify secretory
cells. Images on the right only show staining for E-cadherin to better illustrate changes in cell shape and pattern. Scale bar = 20 μm
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3.8 | Multiple doses of O/P neither induce
tachyphylaxis nor augment efficacy

We next sought to determine whether multiple O/P doses induce

tachyphylaxis or improve outcomes. Repetitive treatment with two to

four doses of O/P given daily or separated by 2 or 3 days between

doses, with the final dose for each regimen given 1 day before SeV

challenge (Figure 7a), did not result in any measurable differences in

the reduction of lung viral burden by O/P compared to a single treat-

ment (Figure 7b). Therefore, we concluded that there is no

tachyphylaxis of the antiviral effect of O/P treatment, similar to what

we have previously observed with influenza virus and bacterial patho-

gens (Evans et al., 2010; Tuvim, Evans, Clement, Dickey, & Gilbert,

2009), so we proceeded to test whether multiple dosing improved

outcomes.

Treatment with O/P both 1 day before and 1 day after SeV chal-

lenge did not reduce lung virus burden more than a single treatment

before challenge (Figure 7c). Similarly, when late asthma outcomes

were examined, treatment both before and after challenge was no

more effective than a single treatment before challenge in reducing

lung lavage eosinophils and lymphocytes (Figure 7d) or epithelial

mucin content (Figure 7e). In each case, treatment 1 day after chal-

lenge was less effective than treatment 1 day before challenge

(Figure 7c–e).

3.9 | Comparison of O/P to interferon-β effects on
lung SeV burden and asthma phenotype

Interferon-β (IFN-β) has been shown to be a key signalling molecule in

defence against respiratory viral infections, and aerosolized IFN-β has

progressed to clinical trials for the treatment of virus-induced asthma

exacerbations (Djukanovi�c et al., 2014). To compare treatment with

O/P to IFN-β, we first developed an IFN-β treatment paradigm in

mice. Serum CXCL10 levels were used as a biomarker of anti-viral

activity in the published clinical trial (Djukanovi�c et al., 2014), so we

measured CXCL10 levels in BALF in mouse pilot studies. The time of

peak CXCL10 level in BALF was 2 hr after aerosolized IFN-β

F IGURE 6 Persistent IL-33 expression after SeV challenge. (a) Images of the lungs of mice treated or not with O/P, then challenged or not
with SeV 1 day later and then killed 49 days later. Brown colour is immunohistochemical staining for IL-33. Arrow points to an intensely stained
Type 2 pneumocyte, and arrowhead points to a faintly stained macrophage. Scale bar = 100 μm. (b) Same groups as in (a), but showing

quantification of total IL-33 immunofluorescence intensity (bars indicate mean ± SEM; **P < .01 for [SeV+, O/P+] versus [SeV+, O/P−] by
unpaired Student's t-test; N = 6–8 mice, with three fields examined per mouse). (c–e) Images of the lungs of mice challenged with SeV and then
killed 49 days later. (c) Fluorescence staining for pro-surfactant protein C (proSPC) to identify type 2 pneumocytes (green), IL-33 (red) and DAPI
to identify nuclei (blue). Inset shows IL-33 expression in a type 2 pneumocyte. (d) Fluorescence staining for cytokeratin 14 (Krt14) to identify
airway basal cells (white, white arrowhead), IL-33 and DAPI as in (c), shows no apparent expression of IL-33 in basal cells. (e) Fluorescence
staining for CD68 to identify macrophages (yellow), and IL-33 and DAPI as in (c), shows no apparent expression of IL-33 in macrophages (scale
bar for (c–e) = 200 μm, and for inset in (c) = 30 μm; N = 3 mice/antibody pair)
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treatment (Figure S7A) and a dose of 400,000 IFN-β units resulted in

a CXCL10 level that lay on the edge of the upper plateau of the dose–

response curve (Figure S7B), so this treatment timing and dose was

used in efficacy studies. Reductions in lung SeV burden acutely

(Figure 8a), and in lavage eosinophils and lymphocytes (Figure 8b) and

in epithelial mucin content (Figure 8c) 49 days after SeV challenge,

were similar between O/P and IFN-β treatments.

O/P treatment does not cause a rise in Type I IFNs (Cleaver et al.,

2014; Duggan et al., 2011; Kirkpatrick et al., 2018; Tuvim et al.,

2012), so we wondered whether O/P and IFN-β might have an addi-

tive effect. Supporting separate mechanisms of action, pilot studies

showed that treatment with O/P or IFN-β elicited different cytokine

profiles, with O/P causing a substantially greater rise in CXCL2 and

TNF and IFN-β causing a greater rise in CXCL10 (Figure S7C). In addi-

tion, both treatments together caused a synergistic rise in IL-6

(Figure S7C). Despite these promising preliminary data, there was no

apparent benefit to treating mice with both drugs simultaneously on

lung SeV burden, lavage eosinophils and lymphocytes, or epithelial

mucin content (Figure 8a–c). To further test the possibility of additive

activity of the two drugs, we gave a high-intensity SeV challenge

(2.5 × LD50), for which there was no apparent reduction in lung SeV

burden by either drug alone (Figure 8d). However, the combination of

both drugs reduced lung SeV burden significantly compared to the

absence of treatment or to treatment with either drug along

(Figure 8d).

4 | DISCUSSION

Recent advances in molecular diagnostics have deepened knowledge

of the tight association between viral infection and asthma initiation,

exacerbation and progression (Busse et al., 2010; Farne & Johnston,

F IGURE 7 Effects of multiple O/P doses on tachyphylaxis and efficacy. (a) Experimental paradigm illustrating the timing of O/P doses for
each experimental group in black triangles in relation to the SeV challenge given on Day 0. (b) Lung SeV burden by qRT-PCR 5 days after mice
were challenged with SeV, with or without pretreatment with O/P as outlined in (a) (boxes show median and interquartile range, whiskers show
10th and 90th percentiles; **P < .01 for analysis by ANOVA on ranks with Dunn's test for multiple comparisons against [SeV+, O/P−] control;
N = 4–7 mice per group in a single experiment; n.d. = not detectable). (c) Lung SeV burden by RT-qPCR 5 days after mice were challenged with
SeV, with or without treatment with O/P 1 day before challenge (−1), 1 day after challenge (+1), or both (±1) (box plot and P values as in (b); bar
and labelled P values for single comparison between [SeV+, O/P−1] versus [SeV+, O/P ± 1] by unpaired Student's t-test; N = 14–25 mice per
group pooled from three experiments). (d) Eosinophils and lymphocytes in lung lavage fluid were enumerated 49 days after SeV challenge, with or
without treatment with O/P as in (c) (bars show mean ± SEM; *P < .05 and **P < .01 as in (b), †P < .05 and P < .01 for comparisons on
lymphocytes; bar and labelled P values as in (c); N = 8–11 mice per group pooled from two experiments). (e) Quantification of intracellular mucin
content of airway epithelium 49 days after SeV challenge, with or without treatment with O/P as in (c) (bars and P values as in (c); N = 8–11 mice
per group pooled from two experiments)
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2017; Holgate, 2012; Holt & Sly, 2012). Complementing this data,

recent work with animal models has supported a causal role of respi-

ratory viral infections in promoting long-term asthma-like disease and

enabled the identification of critical pathways in translating acute

infection into chronic disease (Byers et al., 2013; Drake et al., 2013;

Holtzman et al., 2011; Look et al., 2001; Moreno-Vinasco, Verbout,

Fryer, & Jacoby, 2009; Peebles & Aronica, 2019). Together, these

developments highlight the importance of attenuating the severity of

respiratory viral infections to prevent chronic airway diseases. We

have previously identified a means of effectively stimulating the air-

way epithelium to induce innate immune resistance to respiratory viral

infection (Alfaro et al., 2014; Cleaver et al., 2014; Drake et al., 2013;

Duggan et al., 2011; Evans et al., 2011; Kirkpatrick et al., 2018; Leiva-

Juarez et al., 2018; Leiva-Juárez et al., 2016; Tuvim et al., 2012; Ware

et al., 2019). Here, we show that treatment of mice with this effica-

cious combination of aerosolized TLR ligands around the time of SeV

infection attenuates chronic lung disease, providing proof-of-principle

that this intervention might have clinical efficacy.

Based upon our prior studies showing that treatment with O/P

results in rapid pathogen killing within the lungs, we hypothesized that

the major mechanism of action of O/P in ameliorating chronic SeV-

induced lung disease would be by reducing lung virus burden. The

close dose–response relationship between acute SeV lung burden and

chronic asthma phenotypes supports such a causal relationship

(Figure 3a–c). The relationship between SeV lung burden and acute

disease is steep, with a 1.6-fold decrease in viral burden resulting in a

fourfold decrease in mouse death (Figure 1c). Similarly, reduction of

SeV lung burden by 70–80% has a dramatic effect on chronic disease

(Figures 1b, 3a,d, 7b,c, and 8a). This contrasts with the need for multi-

ple log reductions in pathogen burden in chronic mycobacterial lung

infection and acute bacterial blood infections to achieve comparable

benefit, reflecting the capability of small numbers of residual

organisms to perpetuate disease or develop drug resistance in those

infections.

The major mechanism of pathogen killing with O/P treatment is

the activation of reactive oxygen generators in airway epithelial

cells, which persists at a high level for several days and then slowly

declines to its baseline level (Cleaver et al., 2014; Kirkpatrick et al.,

2018; Ware et al., 2019). This is consistent with the reduction in

SeV lung burden when mice are treated in the few days before or

after challenge (Figure 1d). However, the substantial reduction in

lung inflammation 49 days after SeV challenge observed in mice

treated 10 days before challenge with O/P (Figure 3e), when there

is no significant effect on lung viral burden in this (Figure 3d) or our

previous studies (Kirkpatrick et al., 2018; Tuvim et al., 2012),

suggested an additional effect besides viral killing. To further

explore this, we treated mice with O/P either 20 days before or

20 days after SeV challenge and observed substantial effects on

lung inflammation 49 days after SeV challenge (Figure S2). This sug-

gests that O/P also exerts an immunomodulatory effect on lung epi-

thelium that additionally attenuates the chronic inflammatory lung

phenotype independent of its antiviral effect. Holtzman and col-

leagues have shown that persistent expression of high levels of IL-

33 in the lungs of SeV-challenged mice connects the acute infection

to the chronic disease (Byers et al., 2013). Consistent with this, O/P

treatment markedly reduced IL-33 expression in type 2 pneumocytes

(Figure 6), which are thought to signal to distal airways in an “out-

side-in” manner (Klaßen et al., 2017; Oczypok et al., 2017; Pichery

et al., 2012; Treutlein et al., 2014). The degree to which the reduc-

tion in IL-33 expression by O/P treatment reflects decreased epi-

thelial cell injury and death and the degree to which it reflects

immune modulation will require further study.

A prominent feature of chronic lung disease in SeV-challenged

mice was the presence of multiple millimetre-sized nodules

F IGURE 8 Comparison of the effects of O/P and IFN-β on acute lung SeV burden and late asthma phenotypes. (a) Lung SeV burden by qRT-
PCR 5 days after mice were challenged with SeV, with or without pretreatment 1 day earlier with O/P, IFN-β, or both (boxes show median and
interquartile range, whiskers show 10th and 90th percentiles; *P < .05 and **P < .01 for [SeV+, drug+] versus [SeV+, drug−], with P > .05 for all
other possible pairwise comparisons by one-way ANOVA with Holm–Sidak's test for multiple comparisons; N = 4–6 mice per group in a single
experiment; n.d. = not detectable). (b) Eosinophils and lymphocytes in lung lavage fluid were enumerated 49 days after SeV challenge as in
(a) (bars show mean ± SEM; P values as in (a); N = 4–6 mice per group in a single experiment). (c) Quantification of intracellular mucin content of
airway epithelium 49 days after SeV challenge as in (a) (bars and P values are as in (a); N = 3–4 in a single experiment). (d) Lung SeV burden by RT-
qPCR 5 days after mice were challenged with a high dose of SeV (2.5 × LD50), with or without pretreatment 1 day earlier with O/P, IFN-β, or both
(boxes show median and interquartile range, whiskers show 10th and 90th percentiles, n.d. = not detectable; *P < .05 for both drugs together
versus either drug alone by one-way ANOVA with Holm–Sidak's test for multiple comparisons; N = 3 for the uninfected group, 10 for all other
groups in a single experiment)
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(Figure 4a–c). By microscopic analysis, these were comprised of areas

of acidophilic pneumonitis (Guo et al., 2000; Murray & Luz, 1990),

characterized by lipid-laden foamy macrophages, eosinophilic and

lymphocytic inflammation, and eosinophilic (Charcot–Leyden-like)

crystals (Figure 4d–f), as well as areas of bronchiolization character-

ized by alveolar regions replaced by nests of club and ciliated cells

(Figure 4i,j). Abundant mucus was observed occluding airway lumens

and also in alveolar regions (Figures 4g and S3). Airway lumenal

mucus occlusion was likely due primarily to high levels of mucin

production and secretion (Figures 2c,d, 3c,f, 4g, and S3A-B), but epi-

thelial destruction during the first 2 weeks after infection, as

observed previously (Jakab & Green, 1972; Look et al., 2001;

Massion et al., 1993), with a failure to restore a normal mucociliary

epithelial mosaic during the following 5 weeks (Figures 5 and S5)

probably contributed as well. Other possible mechanisms contribut-

ing to airway mucus occlusion might include airway surface liquid

depletion due to inflammation during viral infection that has been

observed by others but was not examined here (Boucher, 2019).

The presence of mucus in alveolar regions (Figures 4g and S3A) was

more likely due to mucin synthesis and secretion by bronchiolized

epithelium than by reflux from the conducting airways because of

the tapering anatomy of airways and inability of terminal bronchi-

oles to produce mucin (Evans et al., 2004; Zhu et al., 2008). The

presence of intraepithelial mucin in bronchiolized alveolar epithe-

lium, indicating local production (Figure S3A), and the greater abun-

dance of Muc5b relative to Muc5ac in alveolar regions compared to

conducting airways suggests different sources of mucus

(Figure S3A). Both the number of macroscopic lung nodules

(Figure 4b) and the extent of airway mucus occlusion (Figure 4h)

were markedly reduced by treatment with O/P.

Our study has several limitations in predicting whether O/P will

be an effective therapeutic agent in humans. These include the inher-

ent differences between mice and humans in anatomy, molecular biol-

ogy and interactions with pathogens. Offsetting this limitation, SeV is

a paramyxovirus closely related to respiratory syncytial virus and para-

influenza viruses that cause considerable respiratory disease in

humans (Bønnelykke et al., 2015; Busse et al., 2010; Liu et al., 2013;

Peebles & Aronica, 2019) and SeV is a natural pathogen of rodents

that replicates in their lungs and causes injury resembling that of

human paramyxoviral infections (Byers et al., 2013; Holtzman, 2012;

Holtzman et al., 2011; Jakab & Green, 1972; Look et al., 2001;

Massion et al., 1993). In addition, the efficacy of O/P in inducing epi-

thelial resistance to viral infection in human airway cells has been

demonstrated in vitro (Kirkpatrick et al., 2018). Another limitation is

that SeV infection of the lungs was induced in mice by bolus aspira-

tion, whereas human infection most commonly proceeds by inhalation

of small infected droplets from the upper respiratory tract. However,

this should mostly affect the timing of treatment, which can be deter-

mined empirically in human subjects, rather than the underlying thera-

peutic principle.

Treatment of susceptible human subjects with O/P has the

potential to prevent the substantial morbidity associated with respi-

ratory viruses in the pathogenesis of airway diseases including

asthma, COPD and cystic fibrosis. We have treated 49 normal

human subjects in a single-dose, ascending, dose-strength trial

(NCT02124278) and a multiple-dose safety and tolerability trial

(NCT02566252). Treatment was well tolerated and we believe we

reached the upper plateau of the dose–response curve based upon

small rises in blood neutrophils and C-reactive protein levels resem-

bling the small sigmoidal-shaped plots of rises in blood IL-6 levels in

mice (Alfaro et al., 2014). Next steps in development of the drug

include viral challenge studies in subjects with airway disease (Adura

et al., 2014; Jackson et al., 2014; Mallia et al., 2011), followed by

natural infection prevention and pre-emption studies in subjects

with airway disease or immune compromise (Chemaly, Shah, &

Boeckh, 2014; Djukanovi�c et al., 2014; Evans et al., 2011; Sheshadri

et al., 2018). O/P showed reductions in acute SeV lung burden and

chronic asthma phenotypes comparable to those seen with aerosol-

ized IFN-β in mice (Figure 8). This was congruent with a clinical trial

where IFN-β administered within 24 hr of the onset of cold symp-

toms reduced asthma symptoms and improved recovery of peak

expiratory flow in the subset of patients with difficult-to-treat

asthma (Djukanovi�c et al., 2014). Together, O/P and IFN-β show

additive or synergistic activity in mice (Figures 8d and S6C), which

is not surprising in view of their differing mechanisms of action with

O/P causing no induction of type I IFNs (Cleaver et al., 2014;

Duggan et al., 2011; Kirkpatrick et al., 2018; Tuvim et al., 2012).

Whether either or both of these drugs, or some other stimulant of

innate epithelial resistance to infection, can ameliorate the burden

of virus-caused airway disease will be determined in future clinical

trials of efficacy and safety.
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