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Asthma and influenza are two pathologic conditions of the respiratory tract that affect
millions worldwide. Influenza virus of the 2009 pandemic was highly transmissible and
caused severe respiratory disease in young and middle-aged individuals. Asthma was dis-
covered to be an underlying co-morbidity that led to hospitalizations during this influenza
pandemic albeit with less severe outcomes. However, animal studies that investigated
the relationship between allergic inflammation and pandemic (p)H1N1 infection, showed
that while characteristics of allergic airways disease were exacerbated by this virus,
governing immune responses that cause exacerbations may actually protect the host
from severe outcomes associated with influenza. To better understand the relationship
between asthma and severe influenza during the last pandemic, we conducted a sys-
tematic literature review of reports on hospitalized patients with asthma as a co-morbid
condition during the pH1N1 season. Herein, we report that numerous other underlying
conditions, such as cardiovascular, neurologic, and metabolic diseases may have been
underplayed as major drivers of severe influenza during the 2009 pandemic. This review
synopses, (1) asthma and influenza independently, (2) epidemiologic data surrounding
asthma during the 2009 influenza pandemic, and (3) recent advances in our understand-
ing of allergic host—pathogen interactions in the context of allergic airways disease and
influenza in mouse models. Our goal is to showcase possible immunological benefits
of allergic airways inflammation as countermeasures for influenza virus infections as a
learning tool to discover novel pathways that can enhance our ability to hinder influenza
virus replication and host pathology induced thereof.

Keywords: allergic asthma, pandemic influenza, co-morbidity, eosinophils, mouse

INTRODUCTION

Of the organ systems in the body that are exposed to the external environment, the pulmonary
system is the most vulnerable due to its large surface area that accommodates a total of 10,000 L
of air (containing an array of biologically active and inactive particles) daily. The upper and lower
segments of the respiratory tract are bound by common structural and immunological components,
allowing some infectious agents and secreted proteins in the upper respiratory tract to be transmitted
to the lower respiratory tract. Therefore, the respiratory system must be considered as a whole when
investigating disease pathogenesis and treatments, which is the basis of the “one-airway” concept.
While physical barriers and innate immune defenses serve to protect the lungs from infec-
tions and damage, susceptible individuals may develop responses to (often) innocuous agents
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over a period of time leading to the development of asthma,
a major chronic disease of the airways (1, 2). Recent reports
from the Centers of Disease Control and Prevention (CDC)
estimate 1:11 children and 1:12 adults suffer from asthma (3).
Sensitized airways dynamically react to inhaled agents as well
as to respiratory pathogens, including viruses, that breach the
barrier defenses.

Respiratory viruses, such as influenza A virus (IAV), respira-
tory syncytial virus (RSV), and rhinovirus (RV) are constantly
circulating and can infect individuals of all ages, although the
pediatric population is the most vulnerable (4). Simply based on
high incidence of asthma, the probability of an asthmatic being
infected with a respiratory virus is high, therefore, it is important
to understand the host-pathogen interactions in an immuno-
logical background that is skewed toward type I hypersensitivity.
A correlation between early-life infections with RSV (5, 6) and
RV (7, 8) and the development of asthma has been demonstrated,
albeit with caveats (9, 10). However, the interactions between IAV
and asthma are less established, and therefore, the central focus
of this review. This article is not meant to be a comprehensive
review of either asthma immunology or that of influenza virus
infections, but rather as a compilation of the state of the field
surrounding co-pathogenesis of these immunologically distinct
conditions that affect the respiratory system.

ASTHMA

Symptoms of asthma were described in the Chinese literature as
early as the twenty-sixth century BC (11), while the term “asthma”
is derived from a Greek word used by Hippocrates which means
“to exhale with open mouth, pant” (12, 13). Jean van Helmont’s
description of the clinical symptoms in 1662 as “the lungs are
contracted and drawn together” (14), was broadened in 1668 by
Sir John Floyer who described asthma signs and symptoms, as
well as prevention and prognosis and emphasized the importance
of clean air (15).

In spite of improved understanding of disease pathogenesis,
the incidence of asthma in the western world has increased
over the past 40 years, and it is now the most common chronic
disease in the world (16) affecting over 235 million people
globally (17). Asthmatics can experience symptoms, such as
wheezing, coughing, shortness of breath, and chest pain several
times per day or week (18), often requiring preventative medi-
cal care. Ineffective treatment regimens have contributed to
approximately 250,000 asthma-related deaths, more than 80%
of which occur in low and lower-middle income countries (17).
The yearly economic burden of asthma is estimated at $56 bil-
lion in the US alone (19).

Although the differences and similarities in disease etiology
are unclear, various types of asthma, such as allergic asthma,
exercise-induced asthma, cough variant asthma, occupational
asthma, nocturnal asthma, and brittle asthma have been identi-
fied. Further classifications can be made based on the immune
profile associated with the exacerbation (20, 21) adding to the
complexity of this pulmonary condition. Some individuals do not
fall under the definition of asthma issued by the WHO/NHLBI in
1995 to encompass the pathological and functional consequences

of this condition (22). The most recent definition by Global
Initiative for Asthma (GINA) is broader with more emphasis on
symptoms rather than pathology (23) highlighting the shifted
focus on heterogeneity of this complicated syndrome which
has led to the stratification of patients by endotypes resulting in
more personalized care. Allergic asthma is the most prevalent
and results from exposures to extrinsic allergens (e.g., house dust
mite and cockroach antigen, pollen, animal dander, and cigarette
smoke). Airways sensitized to a particular allergen respond
violently to subsequent exposures, resulting in asthma attacks,
which can be fatal. Allergic asthma is characterized by eosinophilic
airway inflammation (eosinophilia), airway hyperresponsiveness
(AHR), and goblet cell metaplasia with associated increases in
mucus production, epithelial shedding, and airway wall remod-
eling events (smooth muscle cell hyperplasia, subepithelial fibrosis,
and angiogenesis) as depicted in Figure 1.

Allergic responses consist of an early phase which occurs
immediately after allergen exposure, and a late phase which starts
6-9 h following allergen provocation. The early phase reaction is
initiated through localization and signaling of high affinity Fce
receptors on mast cells (and others) bound to antigen-loaded
immunoglobulin E (IgE). IgE-mediated degranulation of these
cells causes the release of histamine, prostaglandins, leukotrienes,
and reactive oxygen species, all of which can result in smooth
muscle cell contraction, mucus hypersecretion, and vasodilation.
Vasodilation and microvascular leakage cause plasma protein
exudation into the airways leading to edema. Furthermore,
plasma proteins bypass epithelial tight junctions and accumulate
in the airway lumen interfering with mucociliary clearance (24).
Plasma proteins, mucus, inflammatory cells, and shed epithelia
form viscid plugs that compromise the luminal space and obstruct
normal airflow (25). The late phase reaction, which includes
AHR, involves the recruitment of various leukocytes. The con-
tributions of each leukocyte to the pathogenesis of asthma have
been characterized, but also a topic of ongoing investigations by
various groups as reviewed in great detail elsewhere (26-30) and
abridged in Figure 2.

The common symptomatologies of asthma (wheezing, chest
tightness, cough, and breathlessness) can be generic and shared
by other respiratory conditions, such as eosinophilic granu-
lomatosis with polyangiitis (31), allergic bronchopulmonary
aspergillosis (32), and chronic obstructive pulmonary disease
(COPD) (33). In addition, the various phenotypes of asthma may
have different clinical presentations. Wheezing is not unique to
asthma as it can occur as a result of bronchial obstruction from
a number of reasons (34), and children tend to wheeze more
than adults (35). Wheezing is a common manifestation of viral
infections in children (36-38), but not all children that wheeze
develop asthma (35, 39). A reliable asthma diagnosis must be
meticulously made (often by a pulmonologist) using measures of
lung function and full history of characteristic symptom patterns
confirmed by bronchodilator reversibility testing (23). Such rigor-
ous testing required for a thorough diagnosis is often difficult
to perform in children <5 years of age (40). Other confounders
affecting the incidence and subsequent progression/alleviation
include under- and over-diagnosis (41-43) and poor adherence
to prescribed medication (40, 44).
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Influenza

1) Neutrophilic inflammation

2) Edema

3) TH1-biased adaptive immune response
4) Epithelial cell death and sloughing 2
5) Alveolar collapse/occlusion ) ZTA

Clinical manifestations

1) Fever and malaise
2) Sore throat and cough
3) Rhinorrhea

although some overlap may exist in the clinical presentation.

FIGURE 1 | Overview of characteristics of influenza and allergic asthma. Immunological and structural components differ between influenza and allergic asthma

Allergic Asthma

1) Eosinophilic Inflammation

2) GC metaplasia and increased mucus production
3) TH2-biased adaptive immune responses

4) Bronchial epithelial hyperplasia

5) Airway wall remodeling

Clinical manifestations

1) Wheeze
2) Cough/Chest tightness
3) Shortness of breath

Respiratory Barrier Responses in Allergic
Asthma

Asthma endotypes explain the various cellular cascades/
pathways that manifest during different asthma phenotypes.
The consensus between each endotype, however, is that the
initiating trigger occurs at the bronchial epithelia (45, 46).
The airway epithelium performs barrier and immune defense
against foreign agents, such as allergens, viruses, or pollut-
ants through active secretion of cytokines like thymic stromal
lymphopoietin, GM-CSE, IL-1, IL-25, and IL-33 that attract
and activate immune cells (47, 48). Dendritic cells (DCs)
that intersperse the epithelium and capture inhaled allergens
become activated by these cytokines and initiate adaptive
immune responses triggering a cascade of events that involve
numerous mediators and cell types including structural cells
(49) (Figure 2).

It has long been observed that eosinophil counts in periph-
eral blood and bronchoalveolar lavage (BAL) fluid are higher
in asthmatics compared to healthy controls (50). BAL fluid
from patients with atopic asthma contain elevated levels of Tx2
cytokines (51), including IL-5, which are strongly associated
with eosinophilic inflammation (52). Eosinophils also serve as
a source of numerous cytokines including IL-13 (53), that con-
tribute to disease pathophysiology through increased AHR and
mucus hypersecretion (54, 55). IL-13 is also produced by T2
cells and type 2 innate lymphoid cells (ILC2s) that can produce
amphiregulin (AREG) (56) a possible driver of wound healing
responses in asthma. Lipid mediators, such as leukotrienes, con-
tained in eosinophil (and mast cell) lipid bodies promote AHR
and mucus hypersecretion (57) (Figure 2). While eosinophilia
can correlate with asthma severity (58), not all patients with
severe asthma have eosinophilia (59), highlighting the multi-
faceted and complex nature of this disease. In fact, heightened

neutrophilia is a common finding in patients with severe/fatal
asthma (60, 61).

INFLUENZA VIRUS

Influenza A, B, C, and D viruses are enveloped negative sense
RNA viruses with segmented genomes that belong to the Ortho-
myxoviridae family. These viruses are morphologically spherical
to ovoid and can range between 80 and 120 nm in diameter (62).
While all four viruses can infect humans, IAV is the most common
and pathogenic type. The outer envelope, acquired from the host,
contains the prominent viral glycoproteins hemagglutinin (HA)
and neuraminidase (NA) at a 4:1 ratio. Immunity against IAV is
complicated because the virus undergoes antigenic drifts due to a
non-proofreading polymerase, and antigenic shifts due to hosts that
serve as mixing vessels for IAV with different sialic acid specificities.
These features of IAV have resulted in four major pandemics and
>50 million deaths worldwide as expertly reviewed recently (63).
Human infections result from influenza A and B viruses, with
the former resulting in the majority of symptomatic infections.
Viral transmission in humans largely depends on contact with
viral particles contained in droplet nuclei released during sneezing
or coughing. Droplet nuclei less than 5-10 pm containing infec-
tious viral particles, can remain suspended in ambient air thereby
allowing long-range transmission (64). Viral replication begins
with viral entry which is dependent on HA interaction with sialic
acids (sugars bound by glycosidic linkages to glycans) on the host
cell surface. The low pH of the endosomal compartment triggers
a conformational change in HA inducing membrane fusion and
release of the viral genome into the cytoplasm followed by translo-
cation of the viral RNA into the nucleus and hijacking of the host
machinery to replicate its genome. Assembled virions bud off the
host cell through actions of the viral NA activity. Functions of HA
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amphiregulin (AREG) that may promote wound-healing or repair processes.

FIGURE 2 | Schematic representation of basic immune responses in asthma. Epithelial cells release thymic stromal lymphopoietin, IL-25, and IL-33 activating
allergen-activated dendritic cells to present antigen via MHC-II to T cell receptors of naive T cells which convert to Th2 cells through expression of GATA-3
transcription factor. IL-4 and IL-13 from T2 cells activate B cells for IgE synthesis. IL-13 also promotes goblet cell metaplasia and smooth muscle constriction. T2
cells also control eosinophil development and survival through IL-5. Resident mast cells may become activated directly through allergen-specific IgE or indirectly
through other myeloid cells and release cytokines, such as histamine, tryptase, leukotriene C4 (LTC4), and prostaglandin D2 (PGD2). Eosinophils release multiple
growth factors and fibrogenic mediators that regulate architectural changes in the airways. Resident innate lymphoid cells (ILC) become activated to release

and NA in viral binding and budding are crucial for host adapta-
tion and pathogenicity, while the antigenicity of HA is a criteria
for novel strains with pandemic potential (65). Viral infection and
replication cycle begins in the respiratory epithelium within 6 h,
killing host cells within 12 h (66). Typically, in adult patients, viral
replication peaks at 48-72 h post infection and clears after 1 week
(66). Although influenza viruses circulate yearly, they effectively
relegate host immunity by various immune evasion strategies as
well as modifications to the genome.

Influenza includes both systemic (fever, malaise, and head-
ache) and respiratory (cough, rhinorrhea, and breathlessness)
symptoms. The minor overlap of symptomologies between
asthma and influenza are likely due to architectural reasons as
immune responses vastly differ (Figure 1). Inmune responses
against influenza viruses range from primary mucociliary bar-
rier defenses to sophisticated adaptive immunity. Viral replica-
tion in the respiratory system can cause damage and induce
death in epithelial cells which maintain the first line of defense
against invading pathogens (67). Primary immune responses
are initiated by epithelial cells and resident immune cells lead-
ing to the activation of adaptive immune responses that inhibit
viral replication more effectively (68). While well-controlled
immune responses are effective at viral clearance and regain-
ing tissue homeostasis, continuous viral replication-induced
tissue damage and ineffective inflammatory responses can lead

to acute respiratory distress syndrome (ARDS), pneumonia,
bacterial infections, and death (63, 69).

Immune Responses at the Respiratory

Barrier During Influenza Virus Infections
Influenza viruses infect the airway epithelium and hijack the
eukaryotic cellular machinery for rapid replication triggering both
innate and adaptive immune responses (67, 70-72). Epithelial-
derived inflammatory mediators as well as those produced by
infiltrating leukocytes guide immune responses that ensue IAV
infection (Figure 3). Functional responses of each cell type in the
lung during IAV infection are interrelated by chemo/cytokine
cues and antigen burden. Local interferons (IFN) are important to
hinder viral replication; however, antiviral immunity can occur in
the absence of IFN signaling (73). The release of cytokines tradition-
ally associated with wound-repair [transforming growth factor-f
(TGF-p)], homeostasis (IL-10), and allergy (IL-13) also occurs in
response to IAV infection (68). While these cytokines can enhance
anti-influenza immune responses and, therefore, be beneficial to the
host during the tissue-repair phase of influenza, continuous avail-
ability in the lungs that can prolong viral pneumonia (74, 75) and
increase susceptibility to bacterial infections (76) and asthma (77).
Although innate immune cells are important in antiviral
immunity (78), their overzealous responses and high abundance
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interferons (IFNs) through stimulation of retinoic acid-inducible gene I.

FIGURE 3 | Schematic representation of immune mechanisms activated during influenza A virus (IAV) infection. IAV hemagglutinin binds to sialic acid residues on
epithelial cells triggering immune responses. Natural killer cells that complex with antigens expressed on epithelial cells become activated to release type Il interferon
(IFN). Activated dendritic cells expressing CD11b* CD103* migrate to draining lymph nodes and prime T lymphocytes which differentiate into effector or memory
cells. While CD8* T cells directly kill virus-infected cells, CD4* helper T cells direct the functions of resident/recruited cells through cytokine secretion. Transforming
growth factor (TGF)-p produced by macrophages that are activated directly through TLR stimulation or indirectly by the local cytokine milieu and innate lymphoid cell
(ILC)-driven amphiregulin (AREG) promote repair to the epithelial barrier. The damaged epithelial cells confer innate resistance by producing type | and type Il
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can lead to host injury during influenza (79). Activated DCs pre-
sent viral antigens to naive/memory T cells initiating the adaptive
immune cascade including antibody production by activated
B cells (Figure 3). DC subsets have some diversity in their role
as lymphocyte activators during influenza (68, 80). Macrophages
reduce the viral burden by phagocytosis and efferocytosis of
infected cells and also present antigen to boost adaptive immune
responses. However, the reduction of macrophage numbers (81)
and functions (82) in the lungs during influenza can occur as part
of virus-induced inhibition of host defenses. Early neutrophil
activation can reduce the antigen burden and improve adaptive
immune responses (83). Cytotoxic T (84, 85) and natural killer
(NK) (86) cells play a dominant role in controlling the infection
and promoting viral clearance (Figure 3), after which inflamma-
tion resolves and tissue homeostasis can be regained.

INFLUENZA PANDEMIC OF THE
TWENTY-FIRST CENTURY

The first case of the 2009 “Swine Flu” (influenza) pandemic was
identified in Mexico in mid-February, following which the CDC

reported swine origin HIN1 influenza in two samples collected
from patients in California (87). This virus replaced the circulat-
ing seasonal HIN1 virus and spread rapidly causing the WHO to
declare this as the first influenza pandemic of the new millennium
on June 11, 2009. The 2009 pandemic (p)HIN1 IAV is unique
in that it arose in swine as a reassortant comprised of PB2 and
PA genes from avian H3N2 virus, PB1 gene from human H3N2
virus, HA, NP, and NS genes from classical HIN1 swine virus,
and NA and M genes from Eurasian HIN1 swine virus (88).
Mutations changed binding efficacy and transmissibility of the
strain, although pH1N1 was not highly pathogenic like H5 IAVs.
Some mutants of pHIN1 containing amino acid changes in the
HA gene (D222G, D222E, and D222N) were speculated to occur
more frequently in severe cases of influenza (89), although resist-
ance to oseltamivir (NA inhibitor) through H275Y mutation was
not of significant health concern (90).

Unlike seasonal influenza strains to which infants and the
elderly have the greatest susceptibility, pHIN1 virus caused more
severe disease in school-aged children, adolescents, and adults
ranging between 5 and 24 years of age (91). Although elderly
individuals (>65 years of age) were less likely to become infected
with this strain conceivably due to the presence of cross-reactive
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antibodies (92, 93), once infected, disease manifestation was
severe in this age group possibly due to ineffective cellular immu-
nity (91). Reported incubation period for pHIN1 was 1.4 days
(94) when transmissibility was also greatest. Although viral
infectivity decreased in adults between 3 and 5 days, symptoms
associated with influenza (fever, malaise, headache, myalgia,
cough, and rhinitis) presented between 5 and 10 days (95).
Additional symptoms in children included otitis media, nausea,
and vomiting (95). Although less severe than the past pandem-
ics, the 2009 influenza pandemic caused more hospitalizations
and respiratory complications than seasonal influenza (96). The
WHO reported ~18,500 deaths from laboratory-confirmed influ-
enza while recent estimates are as high as 203,000 deaths between
March and December of 2009 (97). Mortality rates were lowest
in children under 18 years (98) and the mean age at death was
37.4 years (99). Age groups that were at high risk for mortality
differed from seasonal influenza, wherein, 51% of total deaths
occurred in 20-49-year-old patients (100).

Nearly half of the hospitalized patients with Swine Flu had no
reported co-morbidity (101), while various conditions were iden-
tified in the remaining patient population as a single underlying
disease or as several that complicated influenza pathogenesis and
increased the rate of hospitalizations; asthma was among these.

Other conditions included pregnancy, obesity, COPD, diabetes,
neurologic, and cardiac diseases (101, 102). Associated complica-
tions included viral and bacterial pneumonia, and ARDS often
requiring mechanical ventilation (103, 104). Approximately a
quarter of the hospitalized patients were admitted to the intensive
care unit (ICU) during this pandemic, and the co-occurrence of at
least one underlying disease increased the risk of ICU admittance
(105). For example, neurologic conditions were most common in
ICU-admitted children, while asthma was prominent in adults
admitted to the ICU and obesity was a co-morbidity in both
children and adults during this pandemic (105, 106).

ASTHMA AND THE 2009 SWINE
FLU PANDEMIC

Unlike other influenza viruses that negatively impact “immu-
nosuppressed” populations at either ends of the age spectrum,
pHINI IAV strain caused hospitalizations in individuals between
18 and 50 years of age (104, 107). While the majority of these indi-
viduals were otherwise healthy (108), approximately 40% [and as
many as 78% (98)] of the hospitalized patients had at least one
underlying medical condition (Figure 4). Since other respiratory
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viruses (RSV and RV) clearly induce asthma exacerbations
(109, 110), it came as no surprise when asthma was identified
as a risk factor associated with hospitalization in both children
and adults during the 2009 pandemic (104, 111, 112). Multiple
investigations surrounding this pandemic reported on the inci-
dence of co-morbidities that have been identified by the Advisory
Committee on Immunization Practices (ACIP) to increase the
risk of influenza morbidity. We reviewed a number of these clini-
cal reports to obtain a better understanding of the frequency of
common underlying diseases in hospitalized populations, and
noted that asthma, obesity, and cardiac disease were among the
most prevalent (Figure 4). While most other conditions have
been noted previously, the identification that obesity increased
the risk for severe outcome from influenza was novel (104, 113),
and reproducible for this pandemic (Figure 4).

Asthma was an undisputed risk factor associated with hos-
pitalization (Figure 4) affecting 10-20% of the hospitalized
populations worldwide (102), and approximately a quarter of
the hospitalized patients in the United States during the Swine
Flu pandemic (114, 115). The increase in hospitalization among
asthmatics may be attributed to a variety of factors including
altered health seeking behavior (and in parents of asthmatics),
heightened awareness due to media coverage, accelerated tri-
age, and elevated physician precautions. Comparative analyses
between seasonal and pandemic influenza concluded that the
frequency of hospitalization and death as well as the profile of
common underlying diseases, including asthma, were actually
similar (116-119) although pHIN1 infections induced more
severe disease in older age groups (120) and those with poorly
controlled asthma (121) compared to seasonal strains. Therefore,
greater attention to underlying diseases as risk factors during
Swine Flu may have been due to the fact that pHIN1 induced
more morbidity and mortality compared to the seasonal influenza
virus strains that preceded it. Similarly, the 2017-2018 influenza
season drew more attention based on the high mortality associ-
ated with this H3N2 virus strain compared to previous seasonal
strains (122).

Lung diseases are often complex and multifactorial, and, can
sometimes overlap. COPD was identified as a risk factor associ-
ated with worse outcomes (123). Asthma and COPD may share
some phenotypic overlap in adults, but remain immunologically
and physiologically distinct conditions. Therefore, influenza
outcomes reported in combination for asthma and COPD may
not necessarily reflect actual circumstances of either disease,
unless categorized as asthma-COPD overlap syndrome (122). In
one report, the physician diagnosis for asthma and ICD-9 code
for acute asthma did not correlate (120), and the criteria for the
identification of “asthma” in patients were not specified in most
reports that focused on asthma incidence in their respective
cohorts. Specific diagnosis for asthma requires common allergen
testing, serum IgE testing, successfully executed spirometry at
baseline and often after exercise, symptom reversal after treat-
ment with short acting beta agonists (40, 45) etc., that require
a specialist. As such, data that relied on self-reporting or clini-
cian’s notes at triage must be carefully interpreted (124-126) as
wheezing non-asthmatics may have been categorized incorrectly
as asthmatics. Although environmental pollutants are known to

complicate asthma (127) and influenza (128), information on
tobacco smoke exposure was only provided in a small number
of these reports (Figure 4). In addition, as noted in our com-
pilation of the previous literature, most patients had more than
one underlying condition (Figure 4), although this was only
considered by some authors (98, 111, 114, 129, 130). Complex
interactions between asthma and other underlying conditions,
including obesity (131), diabetes (132), and cardiac disease (133)
for example, are only beginning to be elucidated. However, these
disease—disease interactions are likely to impact host responses
to IAV infection and thereby affect the patient’s medical outcome.
Similarly, since IAV infections can induce exacerbations of the
underlying disease (cardiac, diabetes, etc.), it may be likely
that the number of severe cases due to influenza were actually
underestimated as patients visiting medical practices may not
have been tested for influenza when the primary complaints were
non-respiratory.

The age of onset and endotype often determines the chronicity
of asthma and maintenance medication use. Patients that were
not on long-term therapeutics to control asthma symptoms had a
higher incidence of pHIN1 infection (120, 121, 134, 135). While
the pHINI virus did increase the number of asthma exacerba-
tions compared to seasonal strains (126), virus infection did not
correlate to the severity of asthma symptoms (126). Higher rates of
infection and hospitalization of children also corresponded with
higher rates of admission to pediatric intensive care units (PICU)
during the 2009 influenza pandemic. Lung disease (43.9%) and
asthma (25%) were among the most common co-morbidities in
these critically ill children (116). Torres et al. noted that asthma
was among the risk factors associated with PICU admission and
mortality in children under 24 months during the Swine Flu
pandemic, as was co-infection with RSV (125). However, since
it is difficult to diagnose asthma in children at this age (40, 45) as
noted by other investigators (136), and RSV and IAV can induce
wheezing in young children, the actual lung disease in these criti-
cally ill, very young, pediatric patients may not have been asthma.

Asthmatics are generally considered inept at countering virus
infections effectively due to immune bias. Information largely
focusing on RSV and RV have shown that asthmatics have
reduced type I IEN responses during respiratory infection (137).
Whether asthmatics were more likely to be infected by pHIN1
than non-asthmatics, or whether there were differences in
the viral replication or clearance once infected, were not clear
during the pandemic, largely because most data were from the
hospitalized populations without matched controls and because
these questions are not easily addressed in studies not designed
to do so. Kloepfer et al. noted that children with asthma were
more likely to become infected with pHIN1 virus (134). While
this conclusion was drawn from the identification of pHIN1 in
10% of the 346 nasal swabs collected from 193 children (with and
without asthma), it should be noted that 62 and 12% of these sam-
ples tested positive for RV and enterovirus, respectively, and an
additional 13% were positive for pHIN1 and RV (134). Similarly,
RSV coinfections were found in 43% of children infected with
pHINI (138). Since these respiratory viruses are known to
exacerbate asthma, and asthma attacks were a salient reason for
hospitalization (121, 129), coinfections could have escalated the
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incidence of hospitalization of asthmatics during this pandemic.
Although very few reports provided information on the rate of
viral coinfections, seasonal overlap between RV, IAV, and RSV
may promote virus—virus interactions thereby altering host-viral
interactions that govern infection. Additionally, since pHIN1
infectivity and replication in primary bronchial epithelial cells
from adult asthmatics were similar to that in cells from healthy
donors (139), it is possible that an age-related difference in
pHIN1 may occur at the cellular level.

Disease severity during the Swine Flu pandemic was further
marked by ICU admittance and death (140). Intriguingly,
however, a number of reports suggested that asthmatics had
less severe influenza morbidity compared to non-asthmatics
(102, 105, 113, 115, 119, 129, 130, 136, 141, 142) with decreased
risk of requiring ICU admittance, mechanical ventilation, and
death. Analysis of data from 1,520 pHINI confirmed patients
in the UK also showed that asthmatics had a reduced risk for
severe outcome from influenza (143). Asthmatics were also
more responsive to early antiviral (136) and corticosteroid (144)
intervention. Although steroid use has been proposed as a reason
for favorable outcome in asthmatics during the 2009 influenza
pandemic (130), corticosteroid treatment has also been associ-
ated with increased risk of mortality, nosocomial infections,
and prolonged mechanical ventilation and ICU length of stay
(145, 146). Asthmatics that are on steroid therapy may have
been at increased risk for pHIN1 infection due to their transient
immunosuppressed state. Therefore, the impact of steroid treat-
ment during the 2009 influenza pandemic is ambiguous and may
have enabled the likelihood of infection/complications or pro-
tection against severe influenza. Since patients with asthma and
COPD were found among those admitted to the ICU (111, 114,
116,117, 136, 147), and among those that died (98, 100), it is clear
that the interaction between asthma and pHINI was complex,
and may have been altered by asthma phenotype and endotype
as suggested by animal studies described below.

Vaccination and antivirals are available protectants prior to
and during IAV infections. Annual vaccination against influenza
infection is recommended by the WHO for all individuals but
especially for pregnant women, children, and the elderly, and
those with underlying health conditions. In spite of these recom-
mendations, less than ~50% of the US population seeks the
annual influenza vaccine (148). While vaccine efficacy may vary
based on viral evolution and individual immune status, vaccines
are beneficial as they are effective for symptom resolution and
may help to slow down the rate of disease progression through
atleast a polyclonal non-specific humoral response during infec-
tions, and as such, better sought than not. Antiviral medications
are available to mitigate the impact of IAV, however, investiga-
tions into the use and effectiveness of these medications during
Swine Flu are limited (149). In general, antivirals (primarily
oseltamivir) were provided to >80% hospitalized patients and
their use were similar between asthmatics and non-asthmatics
during the last influenza pandemic (105, 113, 114, 125). As
such, the observation that asthmatics were less likely to develop
complications from pHINT1 infections (102, 105, 113, 115, 142)
was unlikely due to changes in viral load. In support of this,
Oshansky et al. found no relationship between viral load and

hospitalization in a pediatric patient population which included
asthmatics (150).

The use of clinical data factors as both a strength and weak-
ness in exploring outcomes of infection. Variability in available
and reported data can contribute to differences in conclusions as
evident in the literature that focused on asthma in hospitalized
patients during the 2009 influenza pandemic. Since the com-
bined percentages of diseases in some cohorts were over 100%
(Figure 4), it should be noted that most hospitalized patients
had more than one underlying health condition. Identification
of high-risk patients and understanding the pathophysiology of
disease and complications thereof during influenzaareimportant
for pandemic preparedness. However, misclassification, admin-
istration of controller medication to patients that may not have
severe (eosinophilic) asthma, viral-induced exacerbations, coin-
fections, other underlying conditions, and environmental toxins
may adversely affect the outcome of influenza in asthmatics.
Most often, however, information on the phenotype and endo-
type of asthma, history of controller medications, time since
last exacerbation, BMI, prominent granulocyte during disease
(eosinophilic/neutrophilic/mixed/paucigranulocytic), tobacco
smoke exposure, quality of air (pollutants, allergens, etc.), and
influenza vaccination history, are not available in the clinical
reports, and difficult to obtain for any epidemiologic report due
to the nature of medical records, but would be ideal to provide
a complete landscape of how asthmatics respond to circulating
influenza viruses. As such, animal model systems are invaluable
to delineate the mechanisms of host-pathogen interactions
to understand disease interactions and outcomes in patients
during the convergence of these two immunologically distinct
diseases.

PROPOSED MECHANISTIC INSIGHTS ON
THE PATHOGENESIS OF ASTHMA AND
INFLUENZA FROM ANIMAL MODELS

Lower respiratory tract infection by 2009 pHIN1 virus has been
associated with asthma exacerbations as well as viral pneumo-
nia (135, 151). Patients who developed acute pneumonia from
pHINTI infection had markedly greater levels of Tu2 cytokines
(IL-4, IL-5, and IL-13) in the serum compared to those that did
not (152). The increase in these canonical Ty2 cytokines may
suggest the initiation of the wound healing process as media-
tors associated with Tu2 responses are transiently elevated in
the lungs at the conclusion of the HIN1 infection cycle in mice
(139, 153). Complications with acute pneumonia also produced
bronchial mucus plugs with elevated levels of eosinophils and
neutrophils, even in patients without allergy (154). Bronchial
epithelia are susceptible to IAV infection and can become
apoptotic with increased viral burden. Interestingly, primary
bronchial epithelial cells from asthmatic donors were resistant to
the cytopathology induced by pHIN1 while those from healthy
donors were not (139). As such, the interactions that may occur
between influenza virus and the allergic host may depend on a
variety of factors, including the endotype of asthma, the immune
status, other underlying diseases, and the architectural state of the
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airways at the time of virus infection. Furthermore, healthy air-
ways, allergen sensitized airways, and airways that were recently
exposed to allergens are three independently unique landscapes
that would differ in response to IAV infection. Most animal
studies of asthma and influenza have focused on the impact of
TAV as a trigger for subsequent allergic responses (77, 155-157).
However, asthma and influenza are complicated diseases that
involve numerous immune and structural cells of the respiratory
tract as depicted in Figures 2 and 3. Furthermore, since asthma
is multifaceted and dynamic with structural changes that can
occur between exacerbations, the way in which an asthmatic
would react to viral infections cannot be effectively predicted
without animal models that can recapitulate the clinical findings
both showing asthma exacerbations induced by IAV infection as
well as the protection from virus-induced severe complications
as discussed above.

The number of mouse models that use mice with established
allergic inflammation for subsequent infection with IAV are
limited (139, 158-161), but have already provided important
information regarding the pathogenesis of IAV in asthma relevant

to the Swine Flu pandemic (Figure 5). Ishikawa et al. found that
ovalbumin-induced asthma protected mice from influenza, a
phenomenon that they attributed to NK cells (161) (Figure 5).
Using a clinically relevant mouse model of severe asthma with
fungal sensitization, we showed that acute allergic inflammation
induced by allergen provocation protected mice from pHIN1-
induced influenza, while chronic remodeling that resulted from
fungal challenge made mice susceptible to influenza morbidity
and host pathology (139) highlighting the impact of the temporal
association between allergen provocation and viral infection in
disease outcome during asthma and influenza. The discovery
that mice with heightened allergic responses in the lungs had
less severe influenza were later confirmed by other groups (158,
160, 162) all using different allergens suggesting that this out-
come is common to allergic asthma. Ovalbumin-induced allergic
airways disease was resistant to lethal pHIN1 infections (158)
through mechanisms that involved the TGEF-p pathway (163)
(Figure 5). As a mediator of remodeling, TGF-f is involved in
tissue repair and re-modeling of the respiratory tract through
stimulation of matrix protein production, epithelial proliferation
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FIGURE 5 | Schematic representation of immune responses in allergic hosts during influenza A virus infection. Bronchial epithelia in allergic hosts upregulate
intracellular adhesion molecule (ICAM-1) and insulin-like growth factor (IGF-1) to recruit/activate immune mediators. Alveolar macrophages and natural killer (NK)
cells release large amounts of IL-33 and trigger innate lymphoid cells (ILCs) to release IL-5 thereby induce eosinophil accumulation and survival in situ. Eosinophils
engage in the activation of CD8* T cells in the draining lymph nodes as well as on site to help enhance antiviral cellular immunity in the allergic host. Locally derived
transforming growth factor (TGF)-p inhibits virus-induced pathology and may promote in situ IgA production. Interferons (IFN) released by T cells are important to
heighten the “antiviral” state in the microenvironment to safeguard structural and immune cells from virus-induced cytotoxicity.

|Response to Asthma and Influenza|
% g

» &
Ty

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1843


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Veerapandian et al.

One Organ, Two Diseases

and differentiation (164). It is also an immunoregulator that pro-
motes differentiation of T that suppress (165) or enhance (166)
adaptive immunity to influenza viruses. These model systems
now provide an avenue to explore the epidemiologic findings
surrounding asthma during the Swine Flu pandemic. However,
further advances are necessary to investigate the function of
genetic factors influencing asthma and subsequent viral infec-
tions to investigate the gene:environment impact on co-morbidity
that could have influenced some asthmatics during the Swine Flu
pandemic.

Animal models described above have been able to contribute
mechanistic insights into the complex interactions between
allergic inflammation and IAV infections. Viral clearance is a
crucial step in initiating recovery from influenza. The role of
CD8" T cells as mediators of viral clearance through targeted
removal of infected epithelia is well established (85). Our charac-
terization of antiviral responses in hosts with acute and chronic
asthma showed that viral clearance was enhanced in mice with
acute allergic asthma which also had elevated influenza-specific
CD8" T cells (139), which we subsequently determined to be
due to putative antigen-presenting functions in eosinophils
that enhanced cellular immunity (167) (Figure 5). Others have
shown that CD11b* DCs are better at CD8* T cell activation in
context of asthma and influenza co-morbidity (160) (Figure 5).
Neutrophils provide additional support for cellular immune
responses during influenza by guiding the migration of CD8*
T cells into the lungs (168). While the function of neutrophils in
asthma and influenza co-morbidity has not been investigated to
date, it is an area of interest especially in consideration of severe
asthmatics with neutrophilia. Similarly, since the role of CD8*
T cells in the pathogenesis of asthma is not fully elucidated (169),
the development and characterization of CD8* T cell responses
in the context of asthma and viral infections in humans would
be of great interest.

The rapid antigenic changes in circulating influenza viruses
reduce natural immunity against these viruses and hinder the
development of effective vaccinations. Although the influenza
vaccine is highly recommended for patients with asthma per
ACIP and the WHO, compliance low. While total B cell num-
bers in the pulmonary mucosa are similar between allergic and
non-allergic mice after pHIN1 infection (158), allergy-specific
antibodies dominate over anti-influenza antibodies in the
serum and mucosa of allergen-exposed pH1N1-infected mice
(170) suggesting that pre-existing allergy does not readily
promote antiviral humoral immune responses (Figure 5). B cell
populations in lymphoid organs were not markedly different
between virus-infected mice with/without allergic airways
disease, however, antibody producing B cells in the lungs were
elevated in co-morbid mice (170) indicating the importance of
in situ mucosal immune responses in pulmonary co-morbidity.
Therefore, examining the development and function of B cell
responses during asthma and influenza co-morbidity may help
to delineate effective vaccination strategies for patients with
underlying chronic lung diseases.

The intricate acute and chronic changes in airways that occur
over time make asthma a difficult syndrome to model in mice.
As such, most mouse models of asthma rely on exposures (often

initiated through adjuvants) localized to the lungs to initiate
acute features of asthma largely relying on granulocytic inflam-
mation as a hallmark. The above referenced mouse models
of asthma and influenza also predominantly focused on IAV
infections in mice with “acute asthma” primarily because they
were built to reproduce the clinical findings that asthmatics
with exacerbations were protected from severe influenza
disease. Very few mouse models are able to produce airway
wall remodeling as a chronic feature of asthma (171). We have
also shown the opposite clinical finding that some asthmatics
(including COPD patients) did suffer from severe influenza
requiring ICU admittance using a mouse model of chronic
asthma and influenza (139) underscoring the importance of
attention to temporal associations. Additional mouse models
and mechanistic evidence exploring chronic asthma and influ-
enza are necessary in order to fully elucidate the full spectrum
of disease-disease interactions.

The strong gene:environment association that occurs in
asthma also contributes to disease pathogenesis and response
to viruses. For example, a single nucleotide polymorphism
in ORMDL3 has been linked to increase susceptibility to
RV-induced wheezing and subsequent asthma diagnosis (172).
However, a model of RV-infection using a transgenic mouse
showed that ORMDL3 overexpression improved antiviral
defense thereby limiting viral replication and reducing inflam-
mation (173), suggesting that the gene:environment interac-
tions may be abstruse even for genes identified by genome-wide
association studies. Recognition of similar genetic involvement
in the pathogenesis of influenza in allergic hosts may be
important to delineate why some patients fair better/worse
during influenza virus infections. The common perception that
asthmatics are unable to launch effective Tul responses against
respiratory viruses stems largely from investigations surround-
ing RV (174). A mixed cytokine profile has been demonstrated
in allergic mice that are infected with pHIN1 wherein these
animals had Tul, Tu2, and Tw9 responses (158). Immune
responses to a respiratory virus are dictated by a sophisticated
amalgamation of genetic, immune memory (past experience),
and topography of the pulmonary milieu, and unlikely to be
of comparable strength and phenotype between viruses. While
the 2009 pHINI infections resulted in asthma exacerbations
(similar to other viruses), the less severe influenza disease
outcomes suggest that the cytokine storm induced was protec-
tive against viral pathologies further emphasizing that antiviral
immune responses and consequences thereof are unique and
situation-dependent.

CONCLUSION

Asthma and influenza are common conditions that affect mil-
lions worldwide. Although pathogens like RSV and RV are
known to initiate and exacerbate asthma, the relationship
between asthma and influenza was ambiguous. The recognition
that asthma was a risk factor associated with hospitalization
during the 2009 influenza pandemic put these two diseases
in the spotlight as a duo for poor outcomes. The notion that
hypersensitivity-based immune responses may be protective
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to the host during pathogen encounters was first suggested
by Arthur Varner (175), and confirmed during the Swine Flu
pandemic wherein asthmatics were less likely to suffer from
complications related to severe influenza. Mechanisms that
may have resulted in this unexpected outcome were identi-
fied using mouse model systems wherein the immune profile
associated with acute allergic exacerbation was found to have
enhanced antiviral properties. In this review, we focused on the
complexities of these immunologically distinct diseases both
independently and together to highlight the intricacies associ-
ated with understanding health conditions that presently affect
the population. As new discoveries are made that emphasize
different endotypes of asthma, it is important to investigate how
these immune responses impact invading pathogens as these
contextual investigations will benefit our goal of improving
personalized medicine.

REFERENCES

1. WHO. Asthma. Asthma Fact Sheet. WHO Media Centre, WHO (2011).
Available from: http://www.who.int/en/news-room/fact-sheets/detail/asthma

2. American Lung Association. Asthma and Children Fact Sheet. (2012).
Available from: http://www.lung.org/lung-health-and-diseases/lung-disease-
lookup/asthma/learn-about-asthma/asthma-children-facts-sheet.html

3. CDC. Asthma in the US. Statistics on Asthma in the US. (2011). Available
from: https://www.cdc.gov/vitalsigns/asthma/index.html

4. Monto AS. Epidemiology of viral respiratory infections. Am ] Med (2002)
112(Suppl 6A):4S-12S. doi:10.1016/S0002-9343(01)01058-0

5. Sigurs N, Gustafsson PM, Bjarnason R, Lundberg F, Schmidt S, Sigurbergsson E
et al. Severe respiratory syncytial virus bronchiolitis in infancy and asthma
and allergy at age 13. Am ] Respir Crit Care Med (2005) 171:137-41.
doi:10.1164/rccm.200406-7300C

6. Wu P, Dupont WD, Griffin MR, Carroll KN, Mitchel EF, Gebretsadik T,
et al. Evidence of a causal role of winter virus infection during infancy in
early childhood asthma. Am ] Respir Crit Care Med (2008) 178:1123-9.
doi:10.1164/rccm.200804-5790C

7. Gern JE. How rhinovirus infections cause exacerbations of asthma. Clin
Exp Allergy (2015) 45:32-42. doi:10.1111/cea.12428

8. Gern JE, Busse WW. Association of rhinovirus infections with asthma. Clin
Microbiol Rev (1999) 12:9-18.

9. Adamko DJ, Friesen M. Why does respiratory syncytial virus appear to cause

asthma? J Allergy Clin Immunol (2012) 130:101-2. doi:10.1016/j.jaci.2012.05.024

Kuehni CE, Spycher BD, Silverman M. Causal links between RSV infection

and asthma: no clear answers to an old question. Am J Respir Crit Care Med

(2009) 179:1079-80. doi:10.1164/rccm.200904-0567ED

Saavedra-Delgado AM, Cohen SG. Huang-Ti, the Yellow Emperor and

the Nei Ching: antiquity’s earliest reference to asthma. Allergy Proc (1991)

12:197-8. d0i:10.2500/108854191778879395

Keeney EL. The history of asthma from hippocrates to meltzer. J Allergy

(1964) 35:215-26. doi:10.1016/0021-8707(64)90004-8

Marketos SG, Ballas CN. Bronchial asthma in the medical literature of

Greek antiquity. ] Asthma (1982) 19:263-9. doi:10.3109/02770908209104771

Sakula A. A history of asthma. The FitzPatrick lecture 1987. ] R Coll Physicians

Lond (1988) 22:36-44.

. Walter MJ, Holtzman MJ. A centennial history of research on asthma patho-

genesis. Am J Respir Cell Mol Biol (2005) 32:483-9. doi:10.1165/rcmb.F300

Hohlfeld JM. The role of surfactant in asthma. Respir Res (2002) 3:4.

doi:10.1186/rr176

WHO. Asthma. Bronchial Asthma Fact Sheet. WHO Media Centre, WHO

(2017). N206 p. Available from: http://www.who.int/mediacentre/factsheets/

fs206/en/

Maslan J, Mims JW. What is asthma? Pathophysiology, demographics, and

health care costs. Otolaryngol Clin North Am (2014) 47:13-22. doi:10.1016/

j.0tc.2013.09.010

10.

11.

12.

13.

14.

16.

17.

18.

AUTHOR CONTRIBUTIONS

RV and AS wrote the manuscript. RV and AS analyzed literature
and produced Figure 4. JS prepared the schematics. All authors
read and approved the final version.

ACKNOWLEDGMENTS

The authors would like to thank Kim LeMessurier and Anna
Schofield of the Samarasinghe Group for their feedback on the
manuscript and Laura Doorley for literature search. Research
reported in this publication was supported by the National Institute
of Allergy And Infectious Diseases of the National Institutes of
Health under Award Number R01AI125481 (to AS). The content
is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

. Barnett SB, Nurmagambetov TA. Costs of asthma in the United States: 2002—
2007. ] Allergy Clin Immunol (2011) 127:145-52. doi:10.1016/j.jaci.2010.10.020
Simpson JL, Scott R, Boyle MJ, Gibson PG. Inflammatory subtypes in
asthma: assessment and identification using induced sputum. Respirology
(2006) 11:54-61. doi:10.1111/j.1440-1843.2006.00784.x

Porsbjerg C, Lund TK, Pedersen L, Backer V. Inflammatory subtypes in
asthma are related to airway hyperresponsiveness to mannitol and exhaled
NO. J Asthma (2009) 46:606-12. d0i:10.1080/02770900903015654

Report WNW. Global Strategy for Asthma Management and Prevention.
Bethesda, MD: National Heart, Lung, and Blood Institute (1995).

Global Initiative for Asthma. 2018 GINA Report, Global Strategy for Asthma
Management and Prevention. (2018). p. 1-162. Available from: https://
ginasthma.org/2018-gina-report-global-strategy-for-asthma-manage-
ment-and-prevention/

Wanner A, Salathe M, O'Riordan TG. Mucociliary clearance in the airways. Am
J Respir Crit Care Med (1996) 154:1868-902. doi:10.1164/ajrccm.154.6.8970383
Bousquet J, Jeffery PK, Busse WW, Johnson M, Vignola AM. Asthma. From
bronchoconstriction to airways inflammation and remodeling. Am J Respir
Crit Care Med (2000) 161:1720-45. doi:10.1164/ajrccm.161.5.9903102

Islam SA, Luster AD. T cell homing to epithelial barriers in allergic disease.
Nat Med (2012) 18:705-15. d0i:10.1038/nm.2760

Holgate ST. Innate and adaptive immune responses in asthma. Nat Med
(2012) 18:673-83. doi:10.1038/nm.2731

Deckers ], Branco Madeira F, Hammad H. Innate immune cells in asthma.
Trends Immunol (2013) 34:540-7. doi:10.1016/.it.2013.08.004

DeKruyff RH, Yu S, Kim HY, Umetsu DT. Innate immunity in the lung
regulates the development of asthma. Immunol Rev (2014) 260:235-48.
doi:10.1111/imr.12187

Lloyd CM, Saglani S. Epithelial cytokines and pulmonary allergic inflam-
mation. Curr Opin Immunol (2015) 34:52-8. doi:10.1016/j.c01.2015.02.001
Divakaran S, Dellaripa P, Kobzik L, Levy B, Loscalzo J. All that wheezes.
N Engl ] Med (2017) 377:477-84. doi:10.1056/NEJMcps1607526

Patterson K, Strek ME. Allergic bronchopulmonary aspergillosis. Proc
Am Thorac Soc (2010) 7:237-44. doi:10.1513/pats.200908-086 AL
Hashimoto S, Bel EH. Current treatment of severe asthma. Clin Exp Allergy
(2012) 42:693-705. doi:10.1111/j.1365-2222.2011.03936.x

Patel PH, Sharma S. Wheezing. StatPearls. Treasure Island (FL): StatPearls
Publishing (2018). Available from: https://www.ncbi.nlm.nih.gov/books/
NBK482454/

Pasterkamp H. The highs and lows of wheezing: a review of the most popular
adventitious lung sound. Pediatr Pulmonol (2018) 53:243-54. doi:10.1002/
ppul.23930

Busse WW, Lemanske RF Jr, Gern JE. Role of viral respiratory infections in
asthma and asthma exacerbations. Lancet (2010) 376:826-34. doi:10.1016/
S0140-6736(10)61380-3

Gern JE. The ABCs of rhinoviruses, wheezing, and asthma. J Virol (2010)
84:7418-26. doi:10.1128/JV1.02290-09

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Frontiers in Immunology | www.frontiersin.org

11

August 2018 | Volume 9 | Article 1843


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
http://www.who.int/en/news-room/fact-sheets/detail/asthma
http://www.lung.org/lung-health-and-diseases/lung-disease-lookup/asthma/learn-about-asthma/asthma-children-facts-sheet.html
http://www.lung.org/lung-health-and-diseases/lung-disease-lookup/asthma/learn-about-asthma/asthma-children-facts-sheet.html
https://www.cdc.gov/vitalsigns/asthma/index.html
https://doi.org/10.1016/S0002-9343(01)01058-0
https://doi.org/10.1164/rccm.200406-730OC
https://doi.org/10.1164/rccm.200804-579OC
https://doi.org/10.1111/cea.12428
https://doi.org/10.1016/j.jaci.
2012.05.024
https://doi.org/10.1164/rccm.200904-0567ED
https://doi.org/10.2500/108854191778879395
https://doi.org/10.1016/0021-8707(64)90004-8
https://doi.org/10.3109/02770908209104771
https://doi.org/10.1165/rcmb.F300
https://doi.org/10.1186/rr176
http://www.who.int/mediacentre/factsheets/fs206/en/
http://www.who.int/mediacentre/factsheets/fs206/en/
https://doi.org/10.1016/
j.otc.2013.09.010
https://doi.org/10.1016/
j.otc.2013.09.010
https://doi.org/10.1016/j.jaci.
2010.10.020
https://doi.org/10.1111/j.1440-1843.2006.00784.x
https://doi.org/10.1080/02770900903015654
https://ginasthma.org/2018-gina-report-global-strategy-for-asthma-management-and-prevention/
https://ginasthma.org/2018-gina-report-global-strategy-for-asthma-management-and-prevention/
https://ginasthma.org/2018-gina-report-global-strategy-for-asthma-management-and-prevention/
https://doi.org/10.1164/ajrccm.154.6.8970383
https://doi.org/10.1164/ajrccm.161.5.9903102
https://doi.org/10.1038/nm.2760
https://doi.org/10.1038/nm.2731
https://doi.org/10.1016/j.it.2013.08.004
https://doi.org/10.1111/imr.12187
https://doi.org/10.1016/j.coi.2015.02.001
https://doi.org/10.1056/NEJMcps1607526
https://doi.org/10.1513/pats.200908-086AL
https://doi.org/10.1111/j.1365-2222.2011.03936.x
https://www.ncbi.nlm.nih.gov/books/NBK482454/
https://www.ncbi.nlm.nih.gov/books/NBK482454/
https://doi.org/10.1002/ppul.23930
https://doi.org/10.1002/ppul.23930
https://doi.org/10.1016/S0140-6736(10)61380-3
https://doi.org/10.1016/S0140-6736(10)61380-3
https://doi.org/10.1128/JVI.02290-09

Veerapandian et al.

One Organ, Two Diseases

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kim CK, Callaway Z, Gern JE. Viral infections and associated factors that
promote acute exacerbations of asthma. Allergy Asthma Immunol Res (2018)
10:12-7. doi:10.4168/aair.2018.10.1.12

Fry J. Acute wheezy chests. Br Med ] (1961) 1:227-32. doi:10.1136/bmj.
1.5221.227

Pavord ID, Beasley R, Agusti A, Anderson GP, Bel E, Brusselle G, et al. After
asthma: redefining airways diseases. Lancet (2018) 391:350-400. doi:10.1016/
S0140-6736(17)30879-6

Bush A, Fleming L. Is asthma overdiagnosed? Arch Dis Child (2016) 101:
688-9. doi:10.1136/archdischild-2015-309053

Aaron SD, Boulet LP, Reddel HK, Gershon A. Under-diagnosis and
over-diagnosis of asthma. Am ] Respir Crit Care Med (2018). doi:10.1164/
rccm.201804-0682CI

Looijmans-van den Akker I, van Luijn K, Verheij T. Overdiagnosis of asthma
in children in primary care: a retrospective analysis. Br ] Gen Pract (2016)
66:e152-7. doi:10.3399/bjgp16X683965

Lindsay JT, Heaney LG. Nonadherence in difficult asthma - facts, myths,
and a time to act. Patient Prefer Adherence (2013) 7:329-36. doi:10.2147/
PPA.S38208

Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet (2018)
391:783-800. doi:10.1016/S0140-6736(17)33311-1

Loxham M, Davies DE. Phenotypic and genetic aspects of epithelial barrier
function in asthmatic patients. J Allergy Clin Immunol (2017) 139:1736-51.
doi:10.1016/j.jaci.2017.04.005

Lambrecht BN, Hammad H. The airway epithelium in asthma. Nat Med
(2012) 18:684-92. d0i:10.1038/nm.2737

Locksley RM. Asthma and allergic inflammation. Cell (2010) 140:777-83.
doi:10.1016/j.cell.2010.03.004

Lambrecht BN, Hammad H. Biology of lung dendritic cells at the origin
of asthma. Immunity (2009) 31:412-24. doi:10.1016/j.immuni.2009.08.008
Bousquet J, Chanez P, Lacoste JY, Barneon G, Ghavanian N, Enander I, et al.
Eosinophilic inflammation in asthma. N Engl ] Med (1990) 323:1033-9.
doi:10.1056/NEJM199010113231505

Robinson DS, Hamid Q, Ying S, Tsicopoulos A, Barkans J, Bentley AM,
et al. Predominant TH2-like bronchoalveolar T-lymphocyte popula-
tion in atopic asthma. N Engl ] Med (1992) 326:298-304. doi:10.1056/
NEJM199201303260504

Sur S, Gleich GJ, Offord KP, Swanson MC, Ohnishi T, Martin LB, et al.
Allergen challenge in asthma: association of eosinophils and lymphocytes
with interleukin-5. Allergy (1995) 50:891-8. doi:10.1111/j.1398-9995.1995.
tb02495.x

Weller PE, Spencer LA. Functions of tissue-resident eosinophils. Nat Rev
Immunol (2017) 17:746-60. doi:10.1038/nri.2017.95

Grunig G, Warnock M, Wakil AE, Venkayya R, Brombacher F, Rennick DM,
et al. Requirement for IL-13 independently of IL-4 in experimental asthma.
Science (1998) 282:2261-3. doi:10.1126/science.282.5397.2261

Wills-Karp M. Interleukin-13 in asthma pathogenesis. Irnmunol Rev (2004)
202:175-90. doi:10.1111/j.0105-2896.2004.00215.x

Monticelli LA, Sonnenberg GE, Abt MC, Alenghat T, Ziegler CG, Doering TA,
et al. Innate lymphoid cells promote lung-tissue homeostasis after infection
with influenza virus. Nat Immunol (2011) 12:1045-54. d0i:10.1031/ni.2131
Hallstrand TS, Henderson WR Jr. An update on the role of leukotrienes
in asthma. Curr Opin Allergy Clin Immunol (2010) 10:60-6. doi:10.1097/
ACI.0b013e32833489¢3

Woodruff PG, Khashayar R, Lazarus SC, Janson S, Avila P, Boushey HA,
et al. Relationship between airway inflammation, hyperresponsiveness, and
obstruction in asthma. J Allergy Clin Immunol (2001) 108:753-8. doi:10.1067/
mai.2001.119411

Wenzel SE, Schwartz LB, Langmack EL, Halliday JL, Trudeau JB, Gibbs RL,
et al. Evidence that severe asthma can be divided pathologically into two
inflammatory subtypes with distinct physiologic and clinical character-
istics. Am ] Respir Crit Care Med (1999) 160:1001-8. doi:10.1164/ajrccm.
160.3.9812110

Moore WC, Hastie AT, Li X, Li H, Busse WW, Jarjour NN, et al. Sputum
neutrophil counts are associated with more severe asthma phenotypes using
cluster analysis. ] Allergy Clin Immunol (2014) 133:1557-63.e5. doi:10.1016/j.
jaci.2013.10.011

Sur S, Crotty TB, Kephart GM, Hyma BA, Colby TV, Reed CE, et al. Sudden-
onset fatal asthma. A distinct entity with few eosinophils and relatively

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

more neutrophils in the airway submucosa? Am Rev Respir Dis (1993)
148:713-9. doi:10.1164/ajrccm/148.3.713

Noda T. Native morphology of influenza virions. Front Microbiol (2011) 2:269.
doi:10.3389/fmicb.2011.00269

Krammer E Smith GJD, Fouchier RAM, Peiris M, Kedzierska K, Doherty PC,
etal. Influenza. Nat Rev Dis Primers (2018) 4:3. doi:10.1038/s41572-018-0002-y
Bourouiba L, Dehandschoewercker E, Bush JWM. Violent expiratory events:
on coughing and sneezing. J Fluid Mech (2014) 745:537-63. doi:10.1017/
jfm.2014.88

McCullers JA. The role of punctuated evolution in the pathogenicity of
influenza viruses. Microbiol Spectr (2016) 4. doi:10.1128/microbiolspec.EI10-
0001-2015

Baccam P, Beauchemin C, Macken CA, Hayden FG, Perelson AS. Kinetics of
influenza A virus infection in humans. J Virol (2006) 80:7590-9. doi:10.1128/
JVI1.01623-05

Vareille M, Kieninger E, Edwards MR, Regamey N. The airway epithelium:
soldier in the fight against respiratory viruses. Clin Microbiol Rev (2011)
24:210-29. doi:10.1128/CMR.00014-10

Braciale TJ, Sun ], Kim TS. Regulating the adaptive immune response to
respiratory virus infection. Nat Rev Immunol (2012) 12:295-305. doi:10.1038/
nri3166

Herold S, Becker C, Ridge KM, Budinger GR. Influenza virus-induced lung
injury: pathogenesis and implications for treatment. Eur Respir J (2015)
45:1463-78. doi:10.1183/09031936.00186214

Sanders CJ, Doherty PC, Thomas PG. Respiratory epithelial cells in innate
immunity to influenza virus infection. Cell Tissue Res (2011) 343:13-21.
doi:10.1007/s00441-010-1043-z

Reiss TE, Gruenert DC, Nadel JA, Jacoby DB. Infection of cultured human
airway epithelial cells by influenza A virus. Life Sci (1991) 49:1173-81.
doi:10.1016/0024-3205(91)90565-S

Doherty PC, Turner SJ, Webby RG, Thomas PG. Influenza and the challenge
for immunology. Nat Immunol (2006) 7:449-55. doi:10.1038/ni1343

Uetani K, Hiroi M, Meguro T, Ogawa H, Kamisako T, Ohmori Y, et al.
Influenza A virus abrogates IFN-gamma response in respiratory epithelial
cells by disruption of the Jak/Stat pathway. Eur ] Immunol (2008) 38:1559-73.
doi:10.1002/€ji.200737045

Schultz-Cherry S, Hinshaw VS. Influenza virus neuraminidase activates
latent transforming growth factor beta. J Virol (1996) 70:8624-9.

Denney L, Branchett W, Gregory LG, Oliver RA, Lloyd CM. Epithelial-
derived TGF-betal acts as a pro-viral factor in the lung during influenza
A infection. Mucosal Immunol (2018) 11:523-35. d0i:10.1038/mi.2017.77
van der Sluijs KE van Elden L], Nijhuis M, Schuurman R, Pater JM, Florquin S,
et al. IL-10 is an important mediator of the enhanced susceptibility to
pneumococcal pneumonia after influenza infection. J Immunol (2004) 172:
7603-9. doi:10.4049/jimmunol.172.12.7603

Chang YJ, Kim HY, Albacker LA, Baumgarth N, McKenzie AN, Smith DE,
et al. Innate lymphoid cells mediate influenza-induced airway hyper-
reactivity independently of adaptive immunity. Nat Immunol (2011) 12:
631-8. doi:10.1038/ni.2045

Iwasaki A, Pillai PS. Innate immunity to influenza virus infection. Nat Rev
Immunol (2014) 14:315-28. doi:10.1038/nri3665

Liu Q, Zhou YH, Yang ZQ. The cytokine storm of severe influenza and devel-
opment of immunomodulatory therapy. Cell Mol Immunol (2016) 13:3-10.
doi:10.1038/cmi.2015.74

Waithman J, Mintern JD. Dendritic cells and influenza A virus infection.
Virulence (2012) 3:603-8. doi:10.4161/viru.21864

Ghoneim HE, Thomas PG, McCullers JA. Depletion of alveolar macrophages
during influenza infection facilitates bacterial superinfections. J Immunol
(2013) 191:1250-9. doi:10.4049/jimmunol.1300014

Sun K, Metzger DW. Inhibition of pulmonary antibacterial defense by
interferon-gamma during recovery from influenza infection. Nat Med
(2008) 14:558-64. d0i:10.1038/nm1765

Tate MD, Deng YM, Jones JE, Anderson GP, Brooks AG, Reading PC.
Neutrophils ameliorate lung injury and the development of severe disease
during influenza infection. J Immunol (2009) 183:7441-50. doi:10.4049/
jimmunol.0902497

Thomas PG, Keating R, Hulse-Post DJ, Doherty PC. Cell-mediated protec-
tion in influenza infection. Emerg Infect Dis (2006) 12:48-54. doi:10.3201/
€id1201.051237

Frontiers in Immunology | www.frontiersin.org

12

August 2018 | Volume 9 | Article 1843


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4168/aair.2018.10.1.12
https://doi.org/10.1136/bmj.
1.5221.227
https://doi.org/10.1136/bmj.
1.5221.227
https://doi.org/10.1016/S0140-6736(17)30879-6
https://doi.org/10.1016/S0140-6736(17)30879-6
https://doi.org/10.1136/archdischild-2015-309053
https://doi.org/10.1164/rccm.201804-0682CI
https://doi.org/10.1164/rccm.201804-0682CI
https://doi.org/10.3399/bjgp16X683965
https://doi.org/10.2147/PPA.S38208
https://doi.org/10.2147/PPA.S38208
https://doi.org/10.1016/S0140-6736(17)33311-1
https://doi.org/10.1016/j.jaci.2017.04.005
https://doi.org/10.1038/nm.2737
https://doi.org/10.1016/j.cell.2010.03.004
https://doi.org/10.1016/j.immuni.2009.08.008
https://doi.org/10.1056/NEJM199010113231505
https://doi.org/10.1056/NEJM199201303260504
https://doi.org/10.1056/NEJM199201303260504
https://doi.org/10.1111/j.1398-9995.1995.tb02495.x
https://doi.org/10.1111/j.1398-9995.1995.tb02495.x
https://doi.org/10.1038/nri.2017.95
https://doi.org/10.1126/science.282.5397.2261
https://doi.org/10.1111/j.0105-2896.2004.00215.x
https://doi.org/10.1031/ni.2131
https://doi.org/10.1097/ACI.0b013e32833489c3
https://doi.org/10.1097/ACI.0b013e32833489c3
https://doi.org/10.1067/mai.2001.119411
https://doi.org/10.1067/mai.2001.119411
https://doi.org/10.1164/ajrccm.
160.3.9812110
https://doi.org/10.1164/ajrccm.
160.3.9812110
https://doi.org/10.1016/j.jaci.2013.10.011
https://doi.org/10.1016/j.jaci.2013.10.011
https://doi.org/10.1164/ajrccm/148.3.713
https://doi.org/10.3389/fmicb.2011.00269
https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1017/jfm.2014.88
https://doi.org/10.1017/jfm.2014.88
https://doi.org/10.1128/microbiolspec.EI10-0001-2015
https://doi.org/10.1128/microbiolspec.EI10-0001-2015
https://doi.org/10.1128/JVI.01623-05
https://doi.org/10.1128/JVI.01623-05
https://doi.org/10.1128/CMR.00014-10
https://doi.org/10.1038/nri3166
https://doi.org/10.1038/nri3166
https://doi.org/10.1183/09031936.00186214
https://doi.org/10.1007/s00441-010-1043-z
https://doi.org/10.1016/0024-3205(91)90565-S
https://doi.org/10.1038/ni1343
https://doi.org/10.1002/eji.200737045
https://doi.org/10.1038/mi.2017.77
https://doi.org/10.4049/jimmunol.172.12.7603
https://doi.org/10.1038/ni.2045
https://doi.org/10.1038/nri3665
https://doi.org/10.1038/cmi.2015.74
https://doi.org/10.4161/viru.21864
https://doi.org/10.4049/jimmunol.1300014
https://doi.org/10.1038/nm1765
https://doi.org/10.4049/jimmunol.0902497
https://doi.org/10.4049/jimmunol.0902497
https://doi.org/10.3201/eid1201.051237
https://doi.org/10.3201/eid1201.051237

Veerapandian et al.

One Organ, Two Diseases

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Hufford MM, Kim TS, Sun J, Braciale TJ. The effector T cell response
to influenza infection. Curr Top Microbiol Immunol (2015) 386:423-55.
doi:10.1007/82_2014_397

Schultz-Cherry S. Role of NK cells in influenza infection. Curr Top Microbiol
Immunol (2015) 386:109-20. doi:10.1007/82_2014_403

Centers for Disease Control and Prevention (CDC). Swine influenza A
(HIN1) infection in two children - Southern California, March-April 2009.
MMWR Morb Mortal Wkly Rep (2009) 58:400-2.

Smith GJ, Vijaykrishna D, Bahl J, Lycett S], Worobey M, Pybus OG, et al.
Origins and evolutionary genomics of the 2009 swine-origin HIN1 influenza
A epidemic. Nature (2009) 459:1122-5. doi:10.1038/nature08182

Puzelli S, Facchini M, De Marco MA, Palmieri A, Spagnolo D, Boros S, et al.
Molecular surveillance of pandemic influenza A(HIN1) viruses circulating
in Italy from May 2009 to February 2010: association between haemagglu-
tinin mutations and clinical outcome. Euro Surveill (2010) 15.

Hurt AC, Chotpitayasunondh T, Cox NJ, Daniels R, Fry AM, Gubareva LV,
et al. Antiviral resistance during the 2009 influenza A HIN1 pandemic:
public health, laboratory, and clinical perspectives. Lancet Infect Dis (2012)
12:240-8. doi:10.1016/51473-3099(11)70318-8

Karageorgopoulos DE, Vouloumanou EK, Korbila IP, Kapaskelis A,
Falagas ME. Age distribution of cases of 2009 (HIN1) pandemic influ-
enza in comparison with seasonal influenza. PLoS One (2011) 6:€21690.
doi:10.1371/journal.pone.0021690

Hancock K, Veguilla V, Lu X, Zhong W, Butler EN, Sun H, et al. Cross-
reactive antibody responses to the 2009 pandemic HIN1 influenza virus.
N Engl ] Med (2009) 361:1945-52. doi:10.1056/NEJM0a0906453

Van Kerkhove MD, Hirve S, Koukounari A, Mounts AW; HIN1pdm Sero-
logy Working Group. Estimating age-specific cumulative incidence for the
2009 influenza pandemic: a meta-analysis of A(HIN1)pdmo09 serological
studies from 19 countries. Influenza Other Respi Viruses (2013) 7:872-86.
doi:10.1111/irv.12074

WHO. Weekly Epidemiological Record. (2009). Available from: http://www.
who.int/wer/2009/en/

CDC. Clinical Signs and Symptoms of Influenza. (2009). Available from:
https://www.cdc.gov/flu/pastseasons/0910season.htm

Reed C, Chaves SS, Perez A, D’'Mello T, Daily Kirley P, Aragon D, et al.
Complications among adults hospitalized with influenza: a comparison of
seasonal influenza and the 2009 HIN1 pandemic. Clin Infect Dis (2014)
59:166-74. doi:10.1093/cid/ciu285

Simonsen L, Spreeuwenberg P, Lustig R, Taylor R], Fleming DM, Kroneman M,
et al. Global mortality estimates for the 2009 Influenza Pandemic from
the GLaMOR project: a modeling study. PLoS Med (2013) 10:¢1001558.
doi:10.1371/journal.pmed.1001558

Fowlkes AL, Arguin P, Biggerstaff MS, Gindler J, Blau D, Jain S, et al
Epidemiology of 2009 pandemic influenza A (HIN1) deaths in the United
States, April-July 2009. Clin Infect Dis (2011) 52(Suppl 1):S60-8. doi:10.1093/
cid/ciq022

Viboud C, Miller M, Olson D, Osterholm M, Simonsen L. Preliminary
estimates of mortality and years of life lost associated with the 2009 A/HIN1
pandemic in the US and comparison with past influenza seasons. PLoS
Curr (2010) 2:RRN1153. doi:10.1371/currents. RRN1153

Vaillant L, La Ruche G, Tarantola A, Barboza P; V. S. Epidemic Intelligence
Team. Epidemiology of fatal cases associated with pandemic HINI influenza
2009. Euro Surveill (2009) 14. doi:10.2807/ese.14.33.19309-en

Writing Committee of the WHO Consultation on Clinical Aspects of
Pandemic (HIN1) 2009 Influenza, Bautista T, Chotpitayasunondh Z, Gao S,
Harper A, Shaw M, et al. Clinical aspects of pandemic 2009 influenza A
(HIN1) virus infection. N Engl ] Med (2010) 362:1708-19. doi:10.1056/
NEJMral000449

Van Kerkhove MD, Vandemaele KA, Shinde V, Jaramillo-Gutierrez G,
Koukounari A, Donnelly CA, et al. Risk factors for severe outcomes follow-
ing 2009 influenza A (H1N1) infection: a global pooled analysis. PLoS Med
(2011) 8:€1001053. doi:10.1371/journal.pmed.1001053

Rothberg MB, Haessler SD. Complications of seasonal and pan-
demic influenza. Crit Care Med (2010) 38:e91-7. do0i:10.1097/CCM.
0b013e3181c92eeb

Jain S, Kamimoto L, Bramley AM, Schmitz AM, Benoit SR, Louie ],
et al. Hospitalized patients with 2009 HIN1 influenza in the United

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

States, April-June 2009. N Engl J Med (2009) 361:1935-44. doi:10.1056/
NEJMo0a0906695

Bramley AM, Dasgupta S, Skarbinski J, Kamimoto L, Fry AM, Finelli L, et al.
Intensive care unit patients with 2009 pandemic influenza A (HIN1pdmO09)
virus infection — United States, 2009. Influenza Other Respi Viruses (2012)
6:e134-42. doi:10.1111/j.1750-2659.2012.00385.x

Diaz E, Rodriguez A, Martin-Loeches I, Lorente L, Del Mar Martin M,
Pozo JC, et al. Impact of obesity in patients infected with 2009 influenza
A(HIN1). Chest (2011) 139:382-6. d0i:10.1378/chest.10-1160

Cullen G, Martin J, O’'Donnell J, Boland M, Canny M, Keane E, et al.
Surveillance of the first 205 confirmed hospitalised cases of pandemic
HINI influenza in Ireland, 28 April - 3 October 2009. Euro Surveill
(2009) 14.

Park YB, Kim C, Hwang YI, Lee CL, Lee WY, Park HY, et al. Asthma and
severity of the 2009 novel HIN1 influenza: a case-control study. ] Asthma
(2014) 51:69-74. doi:10.3109/02770903.2013.838257

Szabo SM, Levy AR, Gooch KL, Bradt P, Wijaya H, Mitchell I. Elevated
risk of asthma after hospitalization for respiratory syncytial virus infection
in infancy. Paediatr Respir Rev (2013) 13(Suppl 2):S9-15. doi:10.1016/
$1526-0542(12)70161-6

Jackson DJ, Gangnon RE, Evans MD, Roberg KA, Anderson EL, Pappas TE,
et al. Wheezing rhinovirus illnesses in early life predict asthma develop-
ment in high-risk children. Am J Respir Crit Care Med (2008) 178:667-72.
do0i:10.1164/rccm.200802-3090C

Bergman H, Livornese LL Jr, Sambhara S, Santoro ], Dessain SK. Patients
hospitalized with pHINI1 influenza in an Academic Community
Medical Center. Open Respir Med ] (2011) 5:19-23. doi:10.2174/
1874306401105010019

Tran D, Vaudry W, Moore DL, Bettinger JA, Halperin SA, Scheifele DW,
et al. Comparison of children hospitalized with seasonal versus pandemic
influenza A, 2004-2009. Pediatrics (2012) 130:397-406. doi:10.1542/peds.
2011-3216

Louie JK, Acosta M, Samuel MC, Schechter R, Vugia DJ, Harriman K, et al.
A novel risk factor for a novel virus: obesity and 2009 pandemic influenza
A (HIN1). Clin Infect Dis (2011) 52:301-12. doi:10.1093/cid/ciq152
Skarbinski J, Jain S, Bramley A, Lee EJ, Huang J, Kirschke D, et al. Hospitalized
patients with 2009 pandemic influenza A (HIN1) virus infection in the
United States — September—October 2009. Clin Infect Dis (2011) 52(Suppl 1):
$50-9. doi:10.1093/cid/ciq021

Eriksson CO, Graham DA, Uyeki TM, Randolph AG. Risk factors for
mechanical ventilation in U.S. children hospitalized with seasonal influenza
and 2009 pandemic influenza A*. Pediatr Crit Care Med (2012) 13:625-31.
do0i:10.1097/PCC.0b013e318260114e

Jouvet P, Hutchison J, Pinto R, Menon K, Rodin R, Choong K, et al. Critical
illness in children with influenza A/pHINI 2009 infection in Canada. Pediatr
Crit Care Med (2010) 11:603-9. d0i:10.1097/PCC.0b013e3181d9c80b
O’Riordan S, Barton M, Yau Y, Read SE, Allen U. Risk factors and outcomes
among children admitted to hospital with pandemic HIN1 influenza. Can
Med Assoc ] (2010) 182:39-44. doi:10.1503/cmaj.091724

Song X, DeBiasi RL, Campos JM, Fagbuyi DB, Jacobs BR, Singh N.
Comparison of pandemic and seasonal influenza A infections in pediatric
patients: were they different? Influenza Other Respi Viruses (2012) 6:25-7.
doi:10.1111/j.1750-2659.2011.00258 x

von der Beck D, Seeger W, Herold S, Gunther A, Loh B. Characteristics and
outcomes of a cohort hospitalized for pandemic and seasonal influenza in
Germany based on nationwide inpatient data. PLoS One (2017) 12:¢0180920.
doi:10.1371/journal.pone.0180920

Dawood FS, Kamimoto L, D’Mello TA, Reingold A, Gershman K, Meek J,
et al. Children with asthma hospitalized with seasonal or pandemic
influenza, 2003-2009. Pediatrics (2011) 128:e27-32. doi:10.1542/peds.
2010-3343

Santillan Salas CF, Mehra S, Pardo Crespo MR, Juhn YJ. Asthma and sever-
ity of 2009 novel HINI influenza: a population-based case-control study.
J Asthma (2013) 50:1069-76. doi:10.3109/02770903.2013.834505

Garten R, Blanton L, Elal ATA, Alabi N, Barnes J, Biggerstaff M, et al. Update:
influenza activity in the United States during the 2017-18 season and com-
position of the 2018-19 influenza vaccine. MMWR Morb Mortal Wkly Rep
(2018) 67:634-42. doi:10.15585/mmwr.mm6722a4

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1843


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1007/82_2014_397
https://doi.org/10.1007/82_2014_403
https://doi.org/10.1038/nature08182
https://doi.org/10.1016/S1473-3099(11)70318-8
https://doi.org/10.1371/journal.pone.0021690
https://doi.org/10.1056/NEJMoa0906453
https://doi.org/10.1111/irv.12074
http://www.who.int/wer/2009/en/
http://www.who.int/wer/2009/en/
https://www.cdc.gov/flu/pastseasons/0910season.htm
https://doi.org/10.1093/cid/ciu285
https://doi.org/10.1371/journal.pmed.1001558
https://doi.org/10.1093/cid/ciq022
https://doi.org/10.1093/cid/ciq022
https://doi.org/10.1371/currents.RRN1153
https://doi.org/10.2807/ese.14.33.19309-en
https://doi.org/10.1056/NEJMra1000449
https://doi.org/10.1056/NEJMra1000449
https://doi.org/10.1371/journal.pmed.1001053
https://doi.org/10.1097/CCM.
0b013e3181c92eeb
https://doi.org/10.1097/CCM.
0b013e3181c92eeb
https://doi.org/10.1056/NEJMoa0906695
https://doi.org/10.1056/NEJMoa0906695
https://doi.org/10.1111/j.1750-2659.2012.00385.x
https://doi.org/10.1378/chest.10-1160
https://doi.org/10.3109/02770903.2013.838257
https://doi.org/10.1016/S1526-0542(12)70161-6
https://doi.org/10.1016/S1526-0542(12)70161-6
https://doi.org/10.1164/rccm.200802-309OC
https://doi.org/10.2174/
1874306401105010019
https://doi.org/10.2174/
1874306401105010019
https://doi.org/10.1542/peds.
2011-3216
https://doi.org/10.1542/peds.
2011-3216
https://doi.org/10.1093/cid/ciq152
https://doi.org/10.1093/cid/ciq021
https://doi.org/10.1097/PCC.0b013e318260114e
https://doi.org/10.1097/PCC.0b013e3181d9c80b
https://doi.org/10.1503/cmaj.091724
https://doi.org/10.1111/j.1750-2659.2011.00258.x
https://doi.org/10.1371/journal.pone.0180920
https://doi.org/10.1542/peds.
2010-3343
https://doi.org/10.1542/peds.
2010-3343
https://doi.org/10.3109/02770903.2013.834505
https://doi.org/10.15585/mmwr.mm6722a4

Veerapandian et al.

One Organ, Two Diseases

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Santa-Olalla P, Cortes-Garcia M, Vicente-Herrero M, Castrillo-Villamandos C,
Arias-Bohigas P, Pachon-del Amo I, et al. Risk factors for disease severity
among hospitalised patients with 2009 pandemic influenza A (HIN1) in
Spain, April - December 2009. Euro Surveill (2010) 15(38):19667.

Gilca R, De Serres G, Boulianne N, Ouhoummane N, Papenburg ], Douville-
Fradet M, et al. Risk factors for hospitalization and severe outcomes of
2009 pandemic HIN1 influenza in Quebec, Canada. Influenza Other Respi
Viruses (2011) 5:247-55. doi:10.1111/j.1750-2659.2011.00204.x

Torres SE, Iolster T, Schnitzler EJ, Farias JA, Bordogna AC, Rufach D, et al.
High mortality in patients with influenza A pHINI1 2009 admitted to a
pediatric intensive care unit: a predictive model of mortality. Pediatr Crit
Care Med (2012) 13:e78-83. d0i:10.1097/PCC.0b013e318219266b

Koshio N, Hasegawa T, Suzuki K, Tanabe Y, Koya T, Sakagami T, et al.
Analysis of the influenza A (HIN1) 2009 pandemic infection in Japanese
asthmatic patients: using a questionnaire-based survey. Allergol Int (2014)
63:67-74. doi:10.2332/allergolint.13-OA-0609

Thomson NC, Chaudhuri R, Livingston E. Asthma and cigarette smoking.
Eur Respir ] (2004) 24:822-33. doi:10.1183/09031936.04.00039004

Kang MJ, Lee CG, Lee JY, Dela Cruz CS, Chen ZJ], Enelow R, et al. Cigarette
smoke selectively enhances viral PAMP- and virus-induced pulmonary
innate immune and remodeling responses in mice. J Clin Invest (2008)
118:2771-84. doi:10.1172/JCI32709

Louie JK, Gavali S, Acosta M, Samuel MC, Winter K, Jean C, et al. Children
hospitalized with 2009 novel influenza A(HIN1) in California. Arch Pediatr
Adolesc Med (2010) 164:1023-31. doi:10.1001/archpediatrics.2010.203
Myles P, Nguyen-Van-Tam ]S, Semple MG, Brett S], Bannister B, Read RC,
et al. Differences between asthmatics and nonasthmatics hospitalised
with influenza A infection. Eur Respir J (2013) 41:824-31. doi:10.1183/
09031936.00015512

Sutherland TJT, Cowan JO, Young S, Goulding A, Grant AM, Williamson A,
et al. The association between obesity and asthma - interactions between
systemic and airway inflammation. Am ] Respir Crit Care Med (2008)
178:469-75. doi:10.1164/rccm.200802-3010C

Heinonen MT, Laine AP, Soderhall C, Gruzieva O, Rautio S, Melen E,
et al. GIMAP GTPase family genes: potential modifiers in autoimmune
diabetes, asthma, and allergy. ] Immunol (2015) 194:5885-94. doi:10.4049/
jimmunol.1500016

Appleton SL, Ruffin RE, Wilson DH, Taylor AW, Adams RJ; T. North West
Adelaide Cohort Health Study. Cardiovascular disease risk associated
with asthma and respiratory morbidity might be mediated by short-acting
beta2-agonists. J Allergy Clin Immunol (2009) 123:124-30.el. doi:10.1016/
j.jaci.2008.10.032

Kloepfer KM, Olenec JP, Lee WM, Liu G, Vrtis RE, Roberg KA, et al. Increased
HINTI infection rate in children with asthma. Am ] Respir Crit Care Med
(2012) 185:1275-9. d0i:10.1164/rccm.201109-16350C

Hasegawa S, Hirano R, Hashimoto K, Haneda Y, Shirabe K, Ichiyama T.
Characteristics of atopic children with pandemic HINI influenza viral
infection: pandemic HINI influenza reveals ‘occult’ asthma of childhood.
Pediatr Allergy Immunol (2011) 22:e119-23. doi:10.1111/§.1399-3038.2010.
01090.x

McKenna JJ, Bramley AM, Skarbinski J, Fry AM, Finelli L, Jain S, et al. Asthma
in patients hospitalized with pandemic influenza A(HIN1)pdmo09 virus
infection-United States, 2009. BMC Infect Dis (2013) 13:57. doi:10.1186/
1471-2334-13-57

Kloepfer KM, Gern JE. Virus/allergen interactions and exacerbations of
asthma. Immunol Allergy Clin North Am (2010) 30:553-563,vii. doi:10.1016/
j.iac.2010.08.002

Poulakou G, Souto J, Balcells J, Perez M, Laborda C, Roca O, et al. First influ-
enza season after the 2009 pandemic influenza: characteristics of intensive
care unit admissions in adults and children in Vall d’'Hebron Hospital. Clin
Microbiol Infect (2012) 18:374-80. doi:10.1111/j.1469-0691.2011.03617.x
Samarasinghe AE, Woolard SN, Boyd KL, Hoselton SA, Schuh JM,
McCullers JA. The immune profile associated with acute allergic asthma
accelerates clearance of influenza virus. Immunol Cell Biol (2014) 92:449-59.
doi:10.1038/icb.2013.113

Kusznierz G, Uboldi A, Sosa G, Torales S, Colombo J, Moyano C, et al.
Clinical features of the hospitalized patients with 2009 pandemic influenza
A (HINI) in Santa Fe, Argentina. Influenza Other Respir Viruses (2013)
7:410-7. doi:10.1111/j.1750-2659.2012.00405.x

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Louie JK, Acosta M, Winter K, Jean C, Gavali S, Schechter R, et al. Factors
associated with death or hospitalization due to pandemic 2009 influenza
A(HIN1) infection in California. JAMA (2009) 302:1896-902. d0i:10.1001/
jama.2009.1583

Nguyen-Van-Tam JS, Openshaw PJ, Hashim A, Gadd EM, Lim WS, Semple
MG, et al. Risk factors for hospitalisation and poor outcome with pandemic
A/HINT influenza: United Kingdom first wave (May-September 2009).
Thorax (2010) 65:645-51. doi:10.1136/thx.2010.135210

Myles PR, Semple MG, Lim WS, Openshaw PJ, Gadd EM, Read RC, et al.
Predictors of clinical outcome in a national hospitalised cohort across both
waves of the influenza A/HIN1 pandemic 2009-2010 in the UK. Thorax
(2012) 67:709-17. doi:10.1136/thoraxjnl-2011-200266

Brun-Buisson C, Richard JC, Mercat A, Thiebaut AC, Brochard L; REVA-SRLF
A/HIN1v 2009 Registry Group. Early corticosteroids in severe influenza
A/HINI pneumonia and acute respiratory distress syndrome. Am ] Respir
Crit Care Med (2011) 183:1200-6. doi:10.1164/rccm.201101-01350C

Yang JW, Fan LC, Miao XY, Mao B, Li MH, Lu HW, et al. Corticosteroids for
the treatment of human infection with influenza virus: a systematic review
and meta-analysis. Clin Microbiol Infect (2015) 21:956-63. doi:10.1016/j.
cmi.2015.06.022

Zhang Y, Sun WJ, Svendsen ER, Tang S, MacIntyre RC, Yang P, et al. Do
corticosteroids reduce the mortality of influenza A (HIN1) infection?
A meta-analysis. Crit Care (2015) 19:46. d0i:10.1186/s13054-015-0764-5
Zarychanski R, Stuart TL, Kumar A, Doucette S, Elliott L, Kettner J, et al.
Correlates of severe disease in patients with 2009 pandemic influenza
(HIN1) virus infection. CMAJ (2010) 182:257-64. doi:10.1503/cma;j.091884
CDC. FluVaxView Interactive. CDC. Available from: https://www.cdc.gov/
flu/fluvaxview/reportshtml/trends/index.html

Atkins CY, Patel A, Taylor TH, Biggerstaft M, Merlin TL, Dulin SM, et al.
Estimating effect of antiviral drug use during pandemic (HIN1) 2009
outbreak, United States. Emerg Infect Dis (2011) 17:1591-8. doi:10.3201/
€id1709.110295

Oshansky CM, Gartland AJ, Wong SS, Jeevan T, Wang D, Roddam PL, et al.
Mucosal immune responses predict clinical outcomes during influenza
infection independently of age and viral load. Am ] Respir Crit Care Med
(2014) 189:449-62. doi:10.1164/rccm.201309-16160C

Obuchi M, Adachi Y, Takizawa T, Sata T. Influenza A(HIN1)pdm09 virus
and asthma. Front Microbiol (2013) 4:307. doi:10.3389/fmicb.2013.00307
Takano T, Tajiri H, Kashiwagi Y, Kimura S, Kawashima H. Cytokine and
chemokine response in children with the 2009 pandemic influenza A
(HIN1) virus infection. Eur J Clin Microbiol Infect Dis (2011) 30:117-20.
doi:10.1007/s10096-010-1041-9

Zarnegar B, Mendez-Enriquez E, Westin A, Soderberg C, Dahlin JS,
Gronvik KO, et al. Influenza infection in mice induces accumulation of lung
mast cells through the recruitment and maturation of mast cell progenitors.
Front Immunol (2017) 8:310. doi:10.3389/fimmu.2017.00310

Terai M, Honda T, Yamamoto S, Yoshida M, Tsuchiya N, Moriyama Y, et al.
Early induction of interleukin-5 and peripheral eosinophilia in acute
pneumonia in Japanese children infected by pandemic 2009 influenza
A in the Tokyo area. Microbiol Immunol (2011) 55:341-6. doi:10.1111/j.
1348-0421.2011.00320.x

Shiraishi Y, Asano K, Niimi K, Fukunaga K, Wakaki M, Kagyo J, et al.
Cyclooxygenase-2/prostaglandin D2/CRTH2 pathway mediates double-
stranded RNA-induced enhancement of allergic airway inflammation.
J Immunol (2008) 180:541-9. doi:10.4049/jimmunol.180.1.541

Torres D, Dieudonne A, Ryffel B, Vilain E, Si-Tahar M, Pichavant M, et al.
Double-stranded RNA exacerbates pulmonary allergic reaction through
TLR3: implication of airway epithelium and dendritic cells. ] Immunol (2010)
185:451-9. doi:10.4049/jimmunol.0902833

Takayama S, Tamoaoka M, Takayama K, Okayasu K, Tsuchiya K, Miyazaki
Y, et al. Synthetic double-stranded RNA enhances airway inflammation
and remodeling in a rat model of asthma. Immunology (2011) 134:140-50.
doi:10.1111/.1365-2567.2011.03473 x

Furuya Y, Roberts S, Hurteau GJ, Sanfilippo AM, Racine R, Metzger DW.
Asthma increases susceptibility to heterologous but not homologous
secondary influenza. J Virol (2014) 88:9166-81. doi:10.1128/JV1.00265-14
Kim HS, Lee H, Kim HS, Won S, Lee EK, Bang K, et al. Effect of influenza
virus infection in a murine model of asthma. Iran J Allergy Asthma Immunol
(2015) 14:392-401.

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1843


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/j.1750-2659.2011.00204.x
https://doi.org/10.1097/PCC.0b013e318219266b
https://doi.org/10.2332/allergolint.13-OA-0609
https://doi.org/10.1183/09031936.04.00039004
https://doi.org/10.1172/JCI32709
https://doi.org/10.1001/archpediatrics.2010.203
https://doi.org/10.1183/
09031936.00015512
https://doi.org/10.1183/
09031936.00015512
https://doi.org/10.1164/rccm.200802-301OC
https://doi.org/10.4049/jimmunol.1500016
https://doi.org/10.4049/jimmunol.1500016
https://doi.org/10.1016/
j.jaci.2008.10.032
https://doi.org/10.1016/
j.jaci.2008.10.032
https://doi.org/10.1164/rccm.201109-1635OC
https://doi.org/10.1111/j.1399-3038.2010.01090.x
https://doi.org/10.1111/j.1399-3038.2010.01090.x
https://doi.org/10.1186/1471-2334-13-57
https://doi.org/10.1186/1471-2334-13-57
https://doi.org/10.1016/
j.iac.2010.08.002
https://doi.org/10.1016/
j.iac.2010.08.002
https://doi.org/10.1111/j.1469-0691.2011.03617.x
https://doi.org/10.1038/icb.2013.113
https://doi.org/10.1111/j.1750-2659.2012.00405.x
https://doi.org/10.1001/jama.2009.1583
https://doi.org/10.1001/jama.2009.1583
https://doi.org/10.1136/thx.2010.135210
https://doi.org/10.1136/thoraxjnl-2011-200266
https://doi.org/10.1164/rccm.201101-0135OC
https://doi.org/10.1016/j.cmi.2015.06.022
https://doi.org/10.1016/j.cmi.2015.06.022
https://doi.org/10.1186/s13054-015-0764-5
https://doi.org/10.1503/cmaj.091884
https://www.cdc.gov/flu/fluvaxview/reportshtml/trends/index.html
https://www.cdc.gov/flu/fluvaxview/reportshtml/trends/index.html
https://doi.org/10.3201/eid1709.110295
https://doi.org/10.3201/eid1709.110295
https://doi.org/10.1164/rccm.201309-1616OC
https://doi.org/10.3389/fmicb.2013.00307
https://doi.org/10.1007/s10096-010-1041-9
https://doi.org/10.3389/fimmu.2017.00310
https://doi.org/10.1111/j.
1348-0421.2011.00320.x
https://doi.org/10.1111/j.
1348-0421.2011.00320.x
https://doi.org/10.4049/jimmunol.180.1.541
https://doi.org/10.4049/jimmunol.0902833
https://doi.org/10.1111/j.1365-2567.2011.03473.x
https://doi.org/10.1128/JVI.00265-14

Veerapandian et al.

One Organ, Two Diseases

160.

161.

162.

163.

164.

165.

166.

167.

168.

Lee DCP, Tay NQ, Thian M, Prabhu N, Furuhashi K, Kemeny DM. Prior
exposure to inhaled allergen enhances anti-viral immunity and T cell prim-
ing by dendritic cells. PLoS One (2018) 13:e0190063. doi:10.1371/journal.
pone.0190063

Ishikawa H, Sasaki H, Fukui T, Fujita K, Kutsukake E, Matsumoto T. Mice
with asthma are more resistant to influenza virus infection and NK cells
activated by the induction of asthma have potentially protective effects. J Clin
Immunol (2012) 32:256-67. doi:10.1007/s10875-011-9619-2

Kawaguchi A, Suzuki T, Ohara Y, Takahashi K, Sato Y, Ainai A, et al. Impacts
of allergic airway inflammation on lung pathology in a mouse model of
influenza A virus infection. PLoS One (2017) 12:0173008. doi:10.1371/
journal.pone.0173008

Furuya Y, Furuya AK, Roberts S, Sanfilippo AM, Salmon SL, Metzger DW.
Prevention of influenza virus-induced immunopathology by TGEF-beta
produced during allergic asthma. PLoS Pathog (2015) 11:¢1005180.
doi:10.1371/journal.ppat.1005180

Makinde T, Murphy RE, Agrawal DK. The regulatory role of TGF-beta
in airway remodeling in asthma. Immunol Cell Biol (2007) 85:348-56.
doi:10.1038/sj.icb.7100044

Wang SM, Tsai MH, Lei HY, Wang JR, Liu CC. The regulatory T cells in
anti-influenza antibody response post influenza vaccination. Hum Vaccin
Immunother (2012) 8:1243-9. doi:10.4161/hv.21117

Leon B, Bradley JE, Lund FE, Randall TD, Ballesteros-Tato A. FoxP3+
regulatory T cells promote influenza-specific Tfh responses by controlling
IL-2 availability. Nat Commun (2014) 5:3495. doi:10.1038/ncomms4495
Samarasinghe AE, Melo RC, Duan S, LeMessurier KS, Liedmann §,
Surman SL, et al. Eosinophils promote antiviral immunity in mice infected
with influenza A virus. ] Immunol (2017) 198:3214-26. doi:10.4049/jimmunol.
1600787

Lim K, Hyun YM, Lambert-Emo K, Capece T, Bae S, Miller R, et al. Neutro-
phil trails guide influenza-specific CD8(+) T cells in the airways. Science
(2015) 349:aaa4352. doi:10.1126/science.aaa4352

169.

170.

171.

172.

173.

174.

175.

Lloyd CM, Hessel EM. Functions of T cells in asthma: more than just
T(H)2 cells. Nat Rev Immunol (2010) 10:838-48. doi:10.1038/nri2870
Doorley LA, LeMessurier KS, Iverson AR, Palipane M, Samarasinghe AE.
Humoral immune responses during asthma and influenza co-morbidity in
mice. Immunobiology (2017) 222(12):1064-73. doi:10.1016/j.imbio.2017.
08.002

Lloyd CM. Building better mouse models of asthma. Curr Allergy Asthma
Rep (2007) 7:231-6. doi:10.1007/s11882-007-0077-0

Caliskan M, Bochkov YA, Kreiner-Moller E, Bonnelykke K, Stein MM,
Du G, et al. Rhinovirus wheezing illness and genetic risk of child-
hood-onset asthma. N Engl JMed (2013) 368:1398-407. doi:10.1056/
NEJMoal211592

Song DJ, Miller M, Beppu A, Rosenthal P, Das S, Karta M, et al. Rhinovirus
infection of ORMDL3 transgenic mice is associated with reduced rhino-
virus viral load and airway inflammation. J Immunol (2017) 199:2215-24.
doi:10.4049/jimmunol.1601412

Kelly JT, Busse WW. Host immune responses to rhinovirus: mechanisms
in asthma. JAllergy Clin Immunol (2008) 122:671-682; quiz 683-674.
doi:10.1016/j.jaci.2008.08.013

Varner AE. The increase in allergic respiratory diseases: survival of the fittest?
Chest (2002) 121:1308-16. doi:10.1378/chest.121.4.1308

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Veerapandian, Snyder and Samarasinghe. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

15

August 2018 | Volume 9 | Article 1843


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.pone.0190063
https://doi.org/10.1371/journal.pone.0190063
https://doi.org/10.1007/s10875-011-9619-2
https://doi.org/10.1371/journal.pone.0173008
https://doi.org/10.1371/journal.pone.0173008
https://doi.org/10.1371/journal.ppat.1005180
https://doi.org/10.1038/sj.icb.7100044
https://doi.org/10.4161/hv.21117
https://doi.org/10.1038/ncomms4495
https://doi.org/10.4049/jimmunol.1600787
https://doi.org/10.4049/jimmunol.1600787
https://doi.org/10.1126/science.aaa4352
https://doi.org/10.1038/nri2870
https://doi.org/10.1016/j.imbio.2017.
08.002
https://doi.org/10.1016/j.imbio.2017.
08.002
https://doi.org/10.1007/s11882-007-0077-0
https://doi.org/10.1056/
NEJMoa1211592
https://doi.org/10.1056/
NEJMoa1211592
https://doi.org/10.4049/jimmunol.1601412
https://doi.org/10.1016/j.jaci.2008.08.013
https://doi.org/10.1378/chest.121.4.1308
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Influenza in Asthmatics: For Better 
or for Worse?
	Introduction
	Asthma
	Respiratory Barrier Responses in Allergic Asthma

	Influenza Virus
	Immune Responses at the Respiratory Barrier During Influenza Virus Infections

	Influenza Pandemic of the Twenty-First Century
	Asthma and the 2009 Swine Flu Pandemic
	Proposed Mechanistic Insights on the Pathogenesis of Asthma and Influenza from Animal Models
	Conclusion
	Author Contributions
	Acknowledgments
	References


