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The immune profile associated with acute allergic
asthma accelerates clearance of influenza virus

Amali E Samarasinghe1’2’3, Stacie N Woolard?#, Kelli L Boyds, Scott A Hoselton®, Jane M Schuh®
and Jonathan A McCullers’>3

Asthma was the most common comorbidity in hospitalized patients during the 2009 influenza pandemic. For unknown reasons,
hospitalized asthmatics had less severe outcomes and were less likely to die from pandemic influenza. Our data with primary
human bronchial cells indicate that changes intrinsic to epithelial cells in asthma may protect against cytopathology induced
by influenza virus. To further study influenza virus pathogenesis in allergic hosts, we aimed to develop and characterize murine

models of asthma and influenza comorbidity to determine structural, physiological and immunological changes induced by
influenza in the context of asthma. Aspergillus fumigatus-sensitized and -challenged C57BL/6 mice were infected with
pandemic H1N1 influenza virus, either during peak allergic inflammation or during airway remodeling to gain insight into
disease pathogenesis. Mice infected with the influenza virus during peak allergic inflammation did not lose body weight and
cleared the virus rapidly. These mice exhibited high eosinophilia, preserved airway epithelial cell integrity, increased mucus,
reduced interferon response and increased insulin-like growth factor-1. In contrast, weight loss and viral replication kinetics in
the mice that were infected during the late airway remodeling phase were equivalent to flu-only controls. These mice had
neutrophils in the airways, damaged airway epithelial cells, less mucus production, increased interferons and decreased
insulin-like growth factor-1. The state of the allergic airways at the time of influenza virus infection alters host responses
against the virus. These murine models of asthma and influenza comorbidity may improve our understanding of the
epidemiology and pathogenesis of viral infections in humans with asthma.
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Asthma is a multifactorial disease of the airways that precipitates from
genetic predisposition and environmental triggers. The World Health
Organization estimates that 235 million people have asthma and an
additional 100 million will develop the disease over the next 15 years.!
In allergic asthma, exposure to environmental stimuli results in
elevated serum immunoglobulin E, acute airway hyperresponsive-
ness (AHR), eosinophilic peribronchovascular inflammation and
goblet cell (GC) metaplasia with associated mucus hypersecretion
together with chronic airway remodeling, which includes angio-
genesis, subepithelial fibrosis and smooth muscle cell hyperplasia.
Asthma has long been appreciated as a risk factor for hospitaliza-
tion because of influenza, and asthmatics were a key target group for
administration of influenza vaccines in the United States even before
the 2010 recommendation for universal vaccination.? This association
was highlighted during the 2009 HINT influenza pandemic.® Several
recent studies reported asthma prevalence in 6-18% of children and
adults hospitalized with seasonal flu and 14-30% in those

hospitalized with pandemic influenza.*® Surprisingly, despite the
high rate of hospitalization, asthma was associated with lower rates of
pneumonia, intensive care unit admission, mechanical ventilation and
death.>>7-% Reasons for these seemingly contradictory outcomes in
asthmatics that develop symptomatic influenza are unclear, but they
are of obvious scientific and public health interest.

Animal models of comorbidity are crucial in understanding host—
pathogen interactions, which may improve patient care and increase
successful medical outcomes. Existing murine model systems of
asthma and respiratory virus comorbidity use influenza virus as an
inducing agent for asthma development,'? but have not examined the
pathogenesis of influenza in established models of allergic asthma. As
acute asthma (AA) and chronic asthma (CA) are considerably
different syndromes requiring different interventions, there is a
need for models that recapitulate the manner in which these types
of allergic airways respond to respiratory pathogens. This void in
model systems provided the impetus for our work. We previously
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reported a mouse model that mimics the characteristics of acute
inflammatory asthma soon after fungal challenge; the mice later
undergo architectural changes that are characteristic of CA with the
resolution of inflammation over time.!!? Using these models of allergic
asthma as platforms, herein, we questioned how influenza virus impacts
hosts with characteristics of either AA (marked by AHR, inflammation
and GC metaplasia) or CA (marked by airway remodeling). These
models serve as a basis to understand the immunological responses of
the asthmatic host and may aid in the development of strategies to
protect asthmatics from respiratory viral infections.

RESULTS

Asthmatic bronchial epithelium is protected from influenza
virus-induced damage

To explore potential differences that allow for better outcomes in
asthmatics hospitalized with influenza, we used primary human
bronchial epithelial cells from healthy and asthmatic donors grown
in an air-liquid interface to determine whether differential suscept-
ibility was observed and, if so, whether it was due to differences in

a Healthy Donor

viral replication and/or cell sloughing. Cells from both donors were
fully differentiated with pseudostratified morphology and mucus-
producing cells (Figure la). After pandemic HIN1 (pHIN1) infec-
tion, cells from the healthy donor appeared squamous, while the
morphology of cells from the asthmatic donor were unaffected by
virus infection (Figure la and Table 1). We found no difference in
viral titers between donors (6.5%0.2 vs 6.8%0.1 median dose
infectious dose for 50% of tissue culture wells (TCIDsp) ml~'),
although viral infection resulted in higher mucus gene expression
and protein production in healthy cells (Figure 1b).

As the innate immune mediators of the epithelial barrier are
crucial to the host’s antiviral defense, we examined whether the
cells from the asthmatic donor were protected from damage due to
enhanced expression of antiviral factors. Expression of both TLR-3
and IL-Io were higher in healthy donor cells following viral
infection (Figure 1c). Taken together, these data suggest that
epithelial cells from the asthmatic donor are equally susceptible to
pHINTI infection but are resistant to virus-induced damage, possibly
through reduced production of inflammatory cytokines such as
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Figure 1 Human bronchial epithelial cells from healthy and asthmatic donors grown in the air-liquid interface infected with pHIN1 influenza virus at
0.01 m.o.i. Cells from both donors maintained a pseudostratified morphology and produced mucus under steady state. The thickness of the epithelial layer
from the healthy donor was reduced and appeared squamous after pH1N1 infection, while cells from the asthmatic donor maintained normal morphology
(@). Viral replication was comparable between cells (inset values, b). Cells from the healthy donor (solid bars) produced more mucus (b) and expressed more
TLR3 and /L-Io after virus infection compared to asthmatic donor cells (checkered bars) (c). Data are presented as the mean and s.d. from a representative
experiment, 4*P<0.05 compared with uninfected control and *P<0.05 by Student’s t-test. Top panel hematoxylin and eosin (H&E) staining; bottom panel,

periodic acid Schiff's (PAS) staining. Scale bar=10um.

Immunology and Cell Biology



Murine model of asthma and influenza comorbidity
AE Samarasinghe et al

Table 1 Histological analyses of primary human bronchial epithelial cells from healthy and asthmatic donors grown in the air-liquid interface

Donor Group Effects on tissue structure
Healthy  Uninfected Apical surface intact with visible cilia. Basal cells intact with healthy morphology. Pseudostratified cells with some PAS* cells
and acinar-like structures
Infected with A/CA/04/2009 Apical cells detached with cell sloughing. Tissue thinned and more squamous morphology. Very few PAS* cells present
(pH1IN1)
Asthmatic Uninfected Apical surface intact with visible cilia. Basal cells intact with healthy morphology. Pseudostratified cells with many PAS* cells

and acinar-like structures
Infected with A/CA/04/2009
(pH1IN1)

Apical surface intact with visible cilia. Basal cells intact with healthy morphology. Pseudostratified cells with many PAS* cells
and acinar-like structures. Tissue appears slightly more compacted than uninfected controls

Abbreviations: PAS, periodic acid Schiff; pH1N1, pandemic HIN1.

IL-1o. These findings provided a rationale for more in-depth studies
in mice.

Stage in allergic asthma pathogenesis alters influenza morbidity
Two murine models were created by infecting mice during different
stages of allergic asthma pathogenesis (Figure 2A): a fungal asthma
model where mice were infected with pHIN1 during peak acute
inflammation (AA + Flu; Figure 2Aa) and a fungal asthma model
where mice were infected with pHINI during chronic remodeling
(CA + Flu; Figure 2Ab). Histological images are representative of the
state of the large airways in the allergen-challenged mice at the time of
virus infection (Figure 2A). Weight loss was used as an indicator of
influenza morbidity. Naive mice did not lose weight in either model,
while flu-only controls gradually lost weight until day 8 with peak
weight loss of 12-15% before recovery (Figure 2B). AA + Flu mice
maintained weight throughout the model, while CA + Flu mice lost
weight after infection, mimicking their flu-only counterparts
(Figure 2B). Viral load in lungs peaked at day 3 and remained high
through day 7 in flu-only controls, correlating with peak weight loss
(Figure 2B). Viral titers in the AA + Flu group were decreased at this
time point, indicating accelerated viral clearance; this was not
observed in the CA+ Flu model (Figure 2B). These data indicate
that the allergic state of the airways at the time of influenza virus
infection affects viral pathogenesis marked by body weight loss and
viral replication.

As viral infection causes symptomology that may mimic asthma
episodes,' and respiratory viruses such as rhinovirus and respiratory
syncytial virus have been shown to induce asthma, we measured the
resistance in the conducting airways (Rn) and changes in tissue
parameters, tissue damping (G) and tissue elastance (H), in the
models. Mice in the flu-only control groups of both models
responded to methacholine challenge with values and trends
equivalent to the AA+Flu groups (data not shown). However,
responses in the CA + Flu groups were lower than in the AA+ Flu
group (Figure 2C). Thus, the allergic state of the airways at the time
of virus introduction alters the physiological response of the lungs to
virus infection. We investigated airway immune profiles next, because
inflammatory cells and their products can cause pathophysiological
changes.

Cell recruitment patterns differed between acute and chronic
models after influenza

Lung inflammation occurs in asthma and respiratory infections, albeit
with different types of immune cells taking precedence. There were
threefold more cells in the airways at day 0 in AA compared with that
of the CA model and naive controls (Figure 3). A reduction in cell

infiltration occurred over time after virus in the AA + Flu model but
not in the CA + Flu model (Figure 3). Peak airway inflammation of
flu-only controls occurred at day 7 (Figure 3), coinciding with
sustained viral replication in these mice (Figure 2).

Influenza virus is known to induce neutrophil and T-cell recruit-
ment, and this was seen in both ‘flu-only’ control groups (Figure 3).
Eosinophils, which were prominent in AA airways, continued to
increase after viral infection (Figure 3a), but did not change in the
CA + Flu (Figure 3b). The AA + Flu model had fewer neutrophils and
equal compositions of macrophages and CD4 " lymphocytes com-
pared with the CA + Flu model. Although the total number of CD8 *
lymphocytes in the airways of both models was similar, pHINI-
specific CD8 " T cells were more abundant in AA + Flu (Figure 3).
These data suggest that the existing allergic state of the airways has an
impact on immune cell recruitment following pHINT1 infection.

Mice in the chronic model, including the flu-only controls,
exhibited a reduced phenotype for weight loss, although viral titers
were roughly equal to that in the acute model (Figure 2B). The
reduction in inflammatory cells was observed in the flu controls age
matched to the CA+ Flu compared with those age matched to the
AA + Flu (Figure 3). Although the difference between the two groups
at the time of viral infection was 3 weeks, immune function was likely
different because these ages fell at the exponential decline phase of
thymic involution,'* highlighting the importance of mouse age in
studies with infectious agents.

Histopathology of lungs differed between the acute and chronic
models of comorbidity
Structural damage to the airways is a characteristic of influenza.!
Virus infection resulted in peribronchovascular inflammation in both
models of comorbidity. Inflammatory foci in the peribroncho-
vascular areas peaked 5 days after pHINI infection in AA+ Flu
lungs (Figure 4 and Table 2A) coinciding with the viral plateau
(Figure 2). There was a delay in the recruitment of inflammatory cells
into the CA+Flu airways (Figure 4 and Table 2B). Although
influenza virus is cytopathic, we noted that morphological changes
in bronchial epithelia were only apparent in the flu controls and
CA + Flu but not in AA + Flu airways (Figure 4 and Table 2).
Mucus production is an important innate defense in the respiratory
tract. Virus alone did not induce GC metaplasia, while both GC
metaplasia and Muc5AC were increased in the comorbid states
(Figure 5). Although Muc5AC levels decreased after viral infection
in both groups, the number of GCs remained elevated, suggesting that
other mucin genes may have a supplementary role in comorbidity.
The abundance of GCs and induction of Muc5AC expression in
AA+Flu may have served as an additional innate defense that
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Figure 2 The developmental stage of allergic asthma impacts influenza morbidity. Schema of comorbidity models (A): (a) AA+ Flu and (b) CA + Flu. Images
represent the level of airway remodeling in AA and CA lungs at the time of infection. Weight loss and viral titers were affected by the state of allergy in
lungs (B, n=8-9 per group). Airway physiological parameters including Newtonian resistance (Rn), tissue damping (G) and tissue elastance (H) were
reduced in the CA+ Flu model compared with that of AA+ Flu (C, n=4 per group). Data are representative of two independent experiments and presented
as the mean and s.d., *P<0.05 by analysis of variance. Ctr, control; IH, inhalation; IN, intranasal; PBS, phosphate-buffered saline; SQ/IP, subcutaneous/

intraperitoneal; Wk, weeks.

protected these mice from influenza. Taken together, these data infer
that intact structural defenses of lungs may have contributed to
protection from influenza in the AA + Flu model.

Host interferon response may contribute to influenza morbidity

As the interferon (IFN) system is implicated in antiviral defenses
and virus-mediated tissue damage in the lungs,'® we measured the
host’s local IFN response. The antiviral IFN response, as
characterized by Type I (IFNa), Type II (IFNy), Type III (IFNA3/
IL-28b) and IRF9 (IFN regulatory factor-9), was activated in flu-
only controls. The peak in available IFNo and IFNy in the
bronchoalveolar lavage (BAL) fluid occurred at day 5 after
infection in the CA-+Flu model, while peak expression of
IL-28b and IRF9 genes occurred at day 3 (Figure 6a). The Type I

Immunology and Cell Biology

and Type III IEN responses are initiated sooner during the viral
growth curve in the flu-only control groups than in the asthma and
flu groups, while the Type II system is initiated in the flu-only
control groups at day 7 (Figure 6a). Nonetheless, unlike the other
parameters measured, pHINT infection triggered an IFN response in
the CA+Flu groups compared with the AA+Flu groups
(Figure 6a). An opposing trend in levels of the proinflammatory
molecule insulin-like growth factor-1 (IGF-1) was observed between
the two models (Figure 6b). IGF-1 was prominent before viral
infection in allergic mice during the acute inflammatory phase, but
not the chronic remodeling phase, and was induced late in the
course of infection by influenza virus in both allergen-naive and
CA +Flu models. These data suggest that canonical IFN pathways
are not responsible for improved outcomes in acute, allergic asthma,
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Figure 3 Inflammatory cell recruitment into the airways after pH1N1 infection. There were more cells recruited into the AA+ Flu airways, particularly
eosinophils and flu-specific CD8* T cells (a). The influx of cells was reduced in the CA + Flu airways, wherein macrophages made up a large proportion (b).
Data are representative of two independent experiments and presented as the mean and s.d., n=5 mice per group and *P<0.05 by analysis of variance.

Ctr, control; Ty2, T helper type 2. N, naive.

but highlight a potential relationship between IGF-1 and asthma
that may mediate protection from influenza.

DISCUSSION

Asthma, a complicated disease involving multiple intrinsic and
extrinsic parameters, is a major underlying condition associated with
respiratory infections. Clear clinical and epidemiological data demon-
strate that asthmatics are at high risk of hospitalization during
influenza epidemics; however, recent studies show that asthmatics
were less likely to die from pHINI and suffer less severe symptoms
and outcomes once hospitalized>>7 As the existing models
typically utilize influenza viruses as initiators or exacerbators of
asthma in mice,!7"18 the question of how the asthmatic hosts’ immune
response to influenza differs from that of the normal host has not
been previously addressed. In this study, we developed models of
comorbidity by combining a murine model that recapitulates the
hallmarks of human asthma!"121° with a model of influenza A virus
infection.?’ Using these, we have found that the inflammatory state of
the host’s allergic airways has a fundamental role in influenza
pathogenesis. Our study shows that acute allergic airways are

protected from influenza, supporting a hypothesis proposed by
Chang et al.'” to explain why in some cases respiratory viruses
inhibited asthma, while in other cases asthma development was
promoted. This is also strengthened by a recent report showing
improved outcomes in ovalbumin-sensitized mice challenged with a
mouse-adapted lab strain of influenza.?!

Respiratory viruses are the leading cause of asthma exacerbations
in children and adults.??> A prospective study during the 2009
influenza pandemic showed that pHINI preferentially infected
asthmatics more than non-asthmatics, which the authors speculated
may be due to impairments of the bronchial epithelium.?*> However,
our findings show that there was no difference in viral replication
capacity in epithelia from healthy/asthmatic donors. In fact, cells from
the healthy donor were more susceptible to pHINI-mediated
cytopathology, findings that were recapitulated in our murine
models, wherein the airway epithelia of AA + Flu were intact, while
that of the flu controls and CA + Flu were damaged. The respiratory
epithelium performs crucial physical and innate immune defenses
against environmental pathogens through mucus, reactive oxygen
species, defensin and cytokine production.?*?> Although asthmatic
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Figure 4 Peribronchovascular inflammation after pHIN1 infection. Inflammation increased after viral infection in both models of comorbidity. There was
less/no damage to the bronchial epithelium of AA-+Flu compared with that of CA-+Flu. Data are representative of two independent experiments.
Representative images are at x 400 (first four columns) and x 1000 (last column) after hematoxylin and eosin staining. Ctr, control.

Table 2 Mean histological scoring of lungs from comorbidity models and controls

(A)
Parameter AA model
AA+ Flu Flu ctr

Days after pH1IN1 1 3 5 7 9 1 3 5 7 9
PB inflammation + + + 4+ +(+) ++ + ++(+) - + + +++ ++
PV inflammation + +(+4) + 4+ + + 4+ + + +(+) + +(4) - + + + 4+ + + +(4)
Epi. hyperplasia - - - - - - + + ++ ++
Epi. necrosis - - - - - - ++ ++ ++ —
(B)
Parameter CA model

CA+ Flu Flu ctr
Days after pHIN1 1 3 5 7 9 1 3 5 7 9
PB inflammation + ++ + + +++ +++ - (+) + +(+) ++
PV inflammation +(+) ++ + + +++ ++ + (+) + +(4) ++ ++
Epi. hyperplasia - + + ++ ++ - - + +(+) +
Epi. necrosis - - - — - - — (+) (+) -

Abbreviations: AA, acute asthma; CA, chronic asthma; ctr, controls; Epi, epithelial; Flu, influenza; PB, peribronchial; PV, perivascular.
Mean staining intensity score for analyzed parameters from O to 4, where ‘- indicates O and (+) indicates a half-point.

lungs have mucus-producing cells and mucus hypersecretion, our
data with ex vivo human tissues suggest that mucus production in
response to virus may require a higher viral burden in asthmatics. As
virus-induced activation of TLR3 on epithelial cells promotes
proinflammatory cytokine production leading to tissue injury,?® and
IL- 1o can promote cytopathology in epithelial cells,?” the induction of
TLR3 and IL-1¢ in cells from the healthy donor may have contributed

Immunology and Cell Biology

to the enhanced susceptibility to pHIN1-induced damage. Because we
noted a similar protection in the airway epithelia of the AA+ Flu
group, a specific mechanism may be in place to signal cell survival in
spite of viral replication in asthma. Further analyses into the barrier
functions of epithelial cells will help elucidate the mechanism in
which epithelia from asthmatics maintain structural integrity in the
presence of a cytolytic pathogen such as influenza A virus.
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Figure 5 Presence of GCs in the airways of mice after pH1IN1 infection. Virus infection alone did not induce GC metaplasia. More GCs were noted in the
AA + Flu compared with CA + Flu. Representative images are at x 400 after periodic acid Schiff’s staining. Although Muc5AC gene expression was reduced,
the number of GCs that interspersed the airways remained elevated in the comorbidity groups. Data are representative of two independent experiments and
presented as the mean and s.d., n="5 mice per group and *P<0.05 by analysis of variance. Ctr, control.

In addition to the structural integrity of airway epithelium and
inflammatory cells, respiratory viruses also induce changes in lung
physiology.?® Our findings support the growing literature that these
parameters are not merely reflective of airway smooth muscle
stiffness/shortening, but that they are complex phenomena that are
indicative of the state of the airways such as airway narrowing
(which may be due to mucus or cells), increased epithelial thickness
and vascular leakage.?® The role of eosinophils in AHR has been
debated in the past, wherein their presence has been demonstrated
both as necessary’® and unnecessary’! for AHR. Our data
demonstrate that changes in airway physiological parameters, Rn,
G and H, can occur in the absence or limited number of eosinophils
as in the flu-only control groups and CA + Flu, respectively, as well as
in their presence as in AA+ Flu. The increase in Rn that resulted
because of pHINI alone possibly involved other pathways that
increase airway resistance such as IL-1B and IL-13,>33 which were
elevated in these mice (data not shown). As the flu-only control
animals had airway responses equivalent to AA + Flu groups in spite
of having less immune cell recruitment, the reduction in lung
physiological parameter of the CA+ Flu group cannot be due to
reduced immune infiltrates. This non-responsiveness in the CA + Flu
groups is interesting, and may be explained by the ‘inflammatory
twitch’ theory recently proposed by Pothen et al>* In the CA + Flu
model where the influenza virus infection occurred during the
resolution/refractory phase of the allergic inflammatory response,
we propose that the lung was not primed to mount a second response
to the invading pathogen. This ‘unprepared’ state of the chronic
allergic lung, marked by reduced inflammation, and lack of
pathophysiologic changes, may have then given way to the
increased pathogen burden (Figure 2) and host pathology
(Figure 4), which were observed in the CA 4 Flu model.

Antiviral immunity is associated with the recruitment of neutro-
phils®® and virus-specific CD8 * T cells.*® Our findings that AA + Flu
mice were protected from influenza likely reflect the importance of
virus-specific CD8" T cells in viral clearance. As neutrophils were
absent in the AA + Flu lungs, their potential antiviral role may have
been performed by another granulocyte that was abundant, the
eosinophil. Functions of eosinophils that transcend that of the
traditional antiparasitic role’’ such as antigen presentation,’®
phagocytosis,®® antiviral*® and antibacterial*! defense advocate for a
direct or indirect antiviral role of eosinophils in allergic asthma and
influenza comorbidity. Influenza virus has been previously shown to
hinder the recruitment of eosinophils and T helper type 2 cells into
airways after allergen challenge.*? This reduction of hallmark T helper
type 2 immunity is linked increased IFNy and CD8 * T cells following
influenza virus infection.4> We did not observe an inhibition of T-cell
or eosinophil recruitment following viral infection in our models,
further suggesting that the manner in which influenza virus impacts
the allergic airways may be linked to the pre-existing immunological
state of the lung and the microenvironment of the airways.

Infiltrating cells produce cytokines that direct the defense mechan-
isms in the lungs against influenza. Type I and Type II IFNs have a
vital role in viral immunity, as well as the immunopathology
associated with influenza.** Type III IFNs (IFNA) are recently
discovered conserved genes with three members.® For these studies,
we focused on IFNA3 (IL-28b) because the IFNA1 is absent in mice?”
and IFNA2 and -3 are homologous. As certain proteins are shared
between the Type I and Type III IFN systems, we looked at IRF-9 as a
common upstream indicator of viral-induced IFN gene expression.
Herein, we noted that IFN Types I-III were not induced by influenza
A virus infection in the AA + Flu model, while mice in the CA + Flu
groups responded to viral infection with IFN Type I and III
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Figure 6 Host immune factors were altered in the lungs following pHIN1 infection. Viral infection results in reduced IFNs and their downstream factors in
AA+ Flu, while levels in CA+ Flu were more equivalent to flu-only controls (a). An opposing trend was observed for IGF-1 between the AA + Flu model and
flu-only controls. IGF-1 levels in the BAL fluid followed the same trend between the CA+ Flu and flu-only controls (b). Data are representative of two
independent experiments and presented as the mean and s.d., n=25 mice per group and *P<0.05 by analysis of variance. Schematic representation of our
proposed mechanism of enhanced viral clearance and reduced lung damage in the AA -+ Flu model based on IGF-1 (c). Ctr, control.

production. As T helper type 2 cytokines in BAL fluid and lungs were
equivalent between AA + Flu and CA+ Flu (data not shown), the
downregulation of IFNs in the AA+Flu model could not be
attributed to an overexpression of T helper type 2 cytokines. Although
the IFN response is mounted by the host as a primary antiviral
defense mechanism, IFNs have a myriad of effects on host cells
including increasing expression of major histocompatibility com-
plexes and inducing cell death,'®*8 which can be detrimental to the
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host. The CA + Flu model was more susceptible to pH1N1-mediated
morbidity and had a higher viral burden in spite of inducing an IFN
response. Therefore, we speculate that in the CA+ Flu model, the
induction of the IFN cascade may have resulted in the observed
immunopathology in the airways (Figure 4) compared with the
AA + Flu model in which IFNs were reduced.

Largely considered a hormone, IGF-1 has proinflammatory proper-
ties; its neutralization in allergen-challenged lungs led to decreased



immune cell infiltration and adhesion molecules and blocked AHR*
and prosurvival properties of cells.”® Yamashita et al.*> demonstrated
that airway epithelial cells were prominent producers of IGF-1 in the
mouse lung. The reduced availability of IGF-1 in the CA + Flu model
may have resulted from the damage induced in these cells by the
invading virus, and may have partially contributed to the reduction in
inflammation and AHR. Receptors for IGF-1 expressed on most
immune cells signal proliferation or cytokine release.”’*> Therefore,
high availability of IGF-1 in the microenvironment of AA + Flu may
have promoted survival and activation of recruited immune cells
compared with CA + Flu model, which had reduced cell infiltration.
Although not a direct goal of the present work described here, we are
currently investigating the novel hypothesis that IGF-1 produced by
the airway epithelial cells of mice in the AA model enhances antiviral
defenses against influenza A virus infection in this mouse model
(Figure 6¢).

Asthmatics may be infected with respiratory viruses during the
inflammatory or remodeling phases of the disease. The present study,
aimed at generating and characterizing a mouse model of asthma and
influenza comorbidity, has shown that the timing of influenza
infection on pre-existing asthmatic airways affects the immunological,
virological and histopathological outcomes. Our main finding that
influenza morbidity differed based on the state of the allergic airways
corroborates a human study in which rhinovirus infection did not
worsen asthma symptomology.>® Although precise information on the
allergic state of the airways of the hospitalized asthmatics during the
2009 influenza pandemic is not readily available, clinical reports
highlight that the highest mortality occurred in adults between 18 and
64 years of age.>»> Phenotypic differences between childhood and
adult asthma as discussed in depth by Bush and Menzies-Gow>®
indicate that adult patients are more likely to have remodeled airways
that may be more susceptible to respiratory pathogens. Model systems
that can recapitulate the microenvironment of these patient subsets
are necessary and can be used to further our understanding on
infectious disease pathogenesis in allergic asthma. Those developed
herein are ideally suited to investigate the pathways that protect
asthmatics with acute airways inflammation from influenza virus and
increase susceptibility in chronic asthmatics.

METHODS

Ethics statement

All experiments were approved by the Institutional Animal Use and Care
Committee at St Jude Children’s Research Hospital (SJCRH, Memphis, TN,
USA).

Virus

Pandemic influenza virus A/CA/04/2009 (pHIN1) obtained from Dr Richard
Webby at SJCRH was propagated in Madin-Darby canine kidney (MDCK.2;
ATCC, Manassas, VA, USA) cells.

Primary bronchial epithelial cells

Fully differentiated primary bronchial cells from a healthy African-American
18-year-old female donor and an African-American 56-year-old female with
asthma (MatTek Corporation, Ashland, MA, USA) were infected with low
multiplicity of infection (m.o.i.) of 0.01 pHINI to mimic in vivo infections or
left uninfected as controls.

Mice

Six-week-old C57BL/6 female mice from Jackson Laboratories (Bar Harbor,
ME, USA) acclimatized for 1 week in SJCRH’s specific pathogen-free ABSL2
facility with ad libitum food and water in a 12-h light:dark cycle and examined
and weighed daily after infection.
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Allergic asthma was induced in mice using Aspergillus fumigatus as
previously described by our group.!"!® Briefly, animals were sensitized to
whole antigen from A. fumigatus extract from Greer Labs (Lenoir, NC, USA)
adsorbed in Imject Alum (Pierce, Rockford, IL, USA) via subcutaneous
and intraperitoneal injections. After a 2-week resting period, mice were
administered 20 pg of A. fumigatus antigen in 20 pl intranasally once a week
for 3 weeks. One week following the final intranasal delivery of antigen,
anesthetized mice were exposed to live, unmanipulated, mature A. fumigatus
conidia for 10 min via natural inhalation route. This fungal challenge was
repeated 2 weeks later. The AA model is characterized by eosinophilic
inflammation in the BAL spaces and peribronchovascular inflammatory foci,
GC metaplasia, epithelial thickening, AHR to methacholine challenge and
increased serum immunoglobulin E, all of which peak at 7 days after the fungal
challenge. The CA model is characterized by airway remodeling events that
begin to occur after 14 days following the fungal challenge, such as
peribronchial smooth muscle hyperplasia and hypertrophy, and increased
subepithelial fibrosis along with remnant peribronchovascular eosinophilic
inflammation and serum immunoglobulin E. The characterization of this
model system has been previously published by our group.!!

Mice in the ‘flu’ groups were infected with pHIN1 virus at 1000 TCIDs5 in a
50 ul inoculum intranasally. The infectious dose induced morbidity but no
mortality. Mice in the ‘naive’ groups were administered saline in place of A.
fumigatus antigen and pHIN1 virus.

Comorbidity models. AA+Flu groups were infected with pHINI virus 1
week after the second fungal inhalation challenge at the peak of allergic
inflammation. CA + Flu groups were infected with pHIN1 virus 4 weeks after
the second fungal challenge, at which point inflammation had subsided and
airway remodeling events had progressed. As we anticipated nonsignificant
changes in the inflammatory profile in the asthma-only groups over the 9-day
period at the chosen time after the second fungal challenge, naive, ‘AA’-only
and ‘CA-only controls in each study were harvested on the day of viral
infections. Mice in the AA + Flu and CA + Flu groups were 15 and 18 weeks of
age, respectively, at the time of infection.

BAL and tissue harvest. BAL was performed on animals that were killed.
Caudal and accessory lobes of the right lung were harvested and snap frozen
for RNA quantification, while left lobes were harvested and infused ex vivo
with 1 ml of 10% neutral-buffered formalin for histopathology.

Airway physiology

Anesthetized mice (1 =4 per group) were surgically intubated and attached to
a computer-controlled small animal ventilator (flexiVent FX1; SCIREQ,
Montreal, QC, Canada) data gathered by flexiWare software (SCIREQ) at a
mouse default ventilation rate of 150 breaths min ~! using the ‘mouse inhaled
dose-response’ script. After baseline, 25mgml~! of acetyl-B-methacholine
(Sigma, St Louis, MO, USA) was nebulized into airways for 10s. Newtonian
resistance (Rn), tissue damping (G) and elastance (H) were recorded. The
mean of software-generated values after methacholine was calculated for each
animal before obtaining the mean for each group.

Flow cytometric analysis of BAL cells

BAL cells were washed with staining media (sterile phosphate-buffered saline
with 5% fetal bovine serum) and enumerated with the Countess (Invitrogen,
Grand Island, NY, USA). All incubations were performed in ice in the dark,
and the staining media were used to dilute antibodies and washings. One to
two million cells were incubated for 30 min with human y-globulin (blocks Fc
receptors) and live-dead aqua (Invitrogen) at 1pl per million cells to
differentiate live cells from dead. Cells were washed and incubated in
fluorescent-tagged antibodies from BD Biosciences (San Jose, CA, USA) at
1:50 for 30min: CD8-FITC, CD3-PE-Cy7, CD107b (Mac3) -PE, CDI193
(CCR3) -APC, Ly6G-V450, CD4-A700 and CD19-PerCP-Cy5.5. Cells were
washed and fixed with BD stabilizing fixative (4% paraformaldehyde), and
strained through a 40 pm nylon mesh into labeled polystyrene tubes and stored
at 4°C overnight before flow cytometry analysis the next day. Tetramer
staining was performed on a separate set of mice (n=4 per group) as
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described above except staining cocktail included antibodies against CD3-PE-
Cy7, CD4-A700, CD8-FITC and PB1-tetramer-PE (diluted 1:8000 per titration
by the Thomas Lab at SJCRH). Each experimental sample group was
accompanied with an unstained cell population, isotype controls and single-
color controls for instrument and compensation setup. Cells from each mouse
were analyzed individually, and the mean and standard deviation (s.d.) were
calculated for each group (n=5 per group). Data were acquired with a
LSRFortessa (BD Biosciences) with 350, 405, 488, 561 and 641 nm lasers.

Samples were acquired and analyzed within the St Jude Children’s Research
Hospital Flow Cytometry Core. FMO (fluorescence minus one) controls are
not required for staining protocols. Isotype controls are used to negate
nonspecific binding and background noise. The fluorescence is compensated
manually on both bone marrow cells and the tissue of investigation. The
LSRFortessa in which these samples were acquired is subjected to a rigid
quality control test each day to ensure that proper voltages are used for every
experiment. The limiting factor within the experiments is the availability of the
tetramer antibody. The tetramer with the highest stain index was selected for
the subsequent experiments. Raw FCS files can be submitted at any time for
further evaluation. The gating strategies used, determined based on the
literature and known markers for various cell types, are demonstrated in the
Supplementary Figures 1 and 2.

Histopathology

Paraffin-embedded tissue inserts or lungs were sectioned at 4 um and stained
with hematoxylin and eosin and periodic acid Schiff’s stains. Slides were coded
and read by a pathologist blinded to the study design (KLB).

RNA analysis

Harvested RNA from human bronchial cells and lungs was converted to cDNA
(iScript; BioRad, Hercules, CA, USA) and was analyzed by quantitative
polymerase chain reaction with RNA-specific Quantitect primer assays
(Qiagen, Valencia, CA, USA) against human HPRT-1, TLR-3 and IL-1o and
mouse HPRT-1, Muc5AC, IL-28b and IRF-9. Data were acquired with an
ABI-7500 real-time PCR machine (Applied Biosystems, Carlsbad, CA, USA)
and relative fold change in gene expression was determined using the 2 ~AACt
method normalized to the internal housekeeping gene, HPRT-1.

Quantification of specific proteins

To determine the impact viral infection has on the airway milieu, we measured
proteins by enzyme-linked immunosorbent assays. We measured the amount
of Mucin 5AC in the apical wash of primary bronchial cells with a precoated
ELISA kit from CUSABIO (Wuhan, China). IFNo (pbl IFN Source, Piscataway,
NJ, USA), IFNy and IGF-1 (BD Biosciences) were measured in undiluted BAL
fluid following the manufacturer’s protocols.

Viral titration
Viral content in apical wash of cells or whole-lung homogenates was
determined as the TCIDs5y on Madin—Darby canine kidney cells.

Statistical analysis

Animal studies were repeated for reproducibility. Data are represented as the
mean * s.d. Data after virus infection were compared with naive controls with
Student’s #-test on GraphPad Prism (GraphPad Software, La Jolla, CA, USA)
and P<0.05 was considered significant and represented by ‘# for cells from
the healthy donor and ‘A’ for cells from the asthmatic donor. Data from the
flu-only control groups and asthma + flu groups were compared by two-way
analysis of variance and P<0.05 was considered as significant and represented
by an asterisk (*).
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