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Respiratory viral infections and development of
asthma.

Host-pathogen interactions that determine the
severity of respiratory illnesses, and risk for
subsequent asthma was increased by respiratory
virus infections including RS virus and human
rhinovirus (HRV). Most acute wheezing may
spontaneously resolve within a few days, a
history of wheezing and host immunological
conditions (e.g., atopic features) heightens the
risk for asthma. Once asthma is established,
various viruses (ie; HRV) induce asthma
symptoms in humans.

Virus-caused asthma, we now call a
phenotype of asthma. Regardless of the
significance and popularity of this disease,
the etiology of the virus-induced asthma
have not well understood. In addition, a

few effective vaccines have been applied

to prevent respiratory virus infection. To
solve the issues, it is essential to clarify and
delineate both aspects of the virus and host
defense systems including acute/chronic
inflammation and airway tissue remodeling.
To deeply review and discuss pathophysiology
and epidemiology of virus-induced asthma,
this topics includes new findings of the

host immunity, pathology, epidemiology,
and virology of asthma/chronic obstructive
pulmonary disease (COPD). We believe
that these works are well summarized and
informative to glimpse the field of virus-
associated asthma and COPD, and may help
understanding the basic and clinical aspects
of the diseases.
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Many respiratory viruses are mainly responsible for common
cold, bronchitis, bronchiolitis, and pneumonia. Furthermore,
asthma and chronic obstructive pulmonary disease (COPD) are
major cause of mortality. The prevalence of asthma in developed
countries is approximately 10% in adults and even higher in chil-
dren (Barnes, 2008). Thus, the medical costs for these diseases are
a major burden in many countries. Respiratory virus infections
also cause the most of acute exacerbation of asthma (virus-
induced asthma) or COPD. Among them, human rhinoviruses
(HRV) are detected in the two thirds of the cases with asthma
exacerbations in children (Johnston et al., 1995). However, epi-
demiology and pathophysiology of asthma and COPD is not
known. Furthermore, a few effective vaccines have been applied.
Therefore, it may be important to better understand pathophys-
iology of virus-induced asthma or virus-induced COPD exacer-
bation. Both aspects of the virus agents and host defense systems
including acute/chronic inflammation and airway tissue remod-
eling should be clarified. This e-book aims to review and discuss
pathophysiology and epidemiology of virus-induced asthma and
COPD focusing on new findings of the host immunity and
virology.

This Research Topic contains 7 review articles and 3 origi-
nal articles regarding pathophysiology of virus-induced asthma.
As the first article, Kudo et al. (2013) reviewed pathology of
asthma. This article globally covers from molecular histopathol-
ogy involved in cytokine networks of asthma. The readers may
easily understand molecular immunopathology of virus-induced
asthma. In the second issue, Okayama (2013) presents cellu-
lar and humoral immunity of asthma. Accumulating evidence
implicates that the genetic and environmental factors may be
associated with virus-induced asthma. This work focuses on
the immunological mechanisms that may explain why asthma
is associated with RSV-and HRV-infection. As the third review
article, Kimura et al. (2013) present the molecular mechanisms
between various cytokines and innate immunity of viral respi-
ratory infections including virus-induced asthma. The authors
also show the signaling pathways with regard to them. In the 4th
review article, Tsukagoshi et al. (2013) discuss the genetic char-
acteristics and molecular evolution of respiratory viruses, and
epidemiology of asthma. They also show phylogenetic analysis
of the detected viruses in the children with respiratory syncy-
tial virus- (RSV) and/or HRV-associated wheezing and asthma.

As the 5th review article, Inoue and Shimojo (2013) present
epidemiology and pathophysiology of virus-induced asthma in
children. They summarize the previous findings and discuss how
clinicians can effectively intervene in these viral infections to pre-
vent the development of asthma. Next, Kurai et al. (2013) and
Saraya et al. (2014) present pathophysiology of virus-induced
COPD and asthma in adults. They summarize current knowl-
edge concerning exacerbation of both COPD and asthma by
focusing on the clinical significance of associated respiratory
virus infections. Furthermore, influenza A(HIN1)pdm09 virus
have suddenly emerged in Mexico in the spring, 2009. The
virus can cause influenza pandemy accompanying with pneumo-
nia/wheezing. Obuchi et al. (2013) review essential reports with
regard to asthma in patients infected with the virus, and they
discuss the utility of influenza vaccines and antivirals. Although
HPIV3 is an etiological agent for respiratory disorders such as
pneumonia and asthma, there is no prophylactic human vaccine
against the virus infection. In the 9th issue as original article,
Senchi et al. (2013) present the development of an oligomannose-
coated liposome (OML) nasal vaccine against HPIV3 in combi-
nation with an effective adjuvant Poly(I:C). They report that their
newly-developed vaccine can successfully induce antigen-specific
immunity with a small amount of antigen via the nasal route.
These results highlight the utility of combining sophisticated sys-
tems in the development of a novel vaccine against HPIV3. In
the final article, Matsunaga et al. (2014) present the develop-
ment of monoclonal antibodies (MAbs) against hemagglutinin-
neuraminidase (HN) of HPIV3. For synthesizing the antigen
protein, they utilized the wheat germ cell-free system. This new
cell-free system-based protocol for antigen production enabled to
create the MADbs that can be applicable in various immune assays
such as flowcytometry and immunoprecipitation analyses. The
newly-developed MADs could thus be a valuable tool for the study
of HPIV3 infection as well as the several diagnostic tests of this
virus.

In conclusion, we believe that these works are well summa-
rized and informative to glimpse the field of virus-associated
asthma/COPD, and may help understanding the basic and clin-
ical aspects of the disease. We would be happy if this collection
of papers will offer new stimuli and perspectives for not only
researchers but also clinicians working around the exciting and
emerging the e-book.
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Asthma is a serious health and socioeconomic issue all over the world, affecting more than
300 million individuals. The disease is considered as an inflammatory disease in the airway,
leading to airway hyperresponsiveness, obstruction, mucus hyperproduction and airway
wall remodeling. The presence of airway inflalmmation in asthmatic patients has been found
in the nineteenth century. As the information in patients with asthma increase, paradigm
change in immunology and molecular biology have resulted in an extensive evaluation of
inflammatory cells and mediators involved in the pathophysiology of asthma. Moreover,
it is recognized that airway remodeling into detail, characterized by thickening of the
airway wall, can be profound consequences on the mechanics of airway narrowing and
contribute to the chronic progression of the disease. Epithelial to mesenchymal transition
plays an important role in airway remodeling. These epithelial and mesenchymal cells cause
persistence of the inflammatory infiltration and induce histological changes in the airway
wall, increasing thickness of the basement membrane, collagen deposition and smooth
muscle hypertrophy and hyperplasia. Resulting of airway inflammation, airway remodeling
leads to the airway wall thickening and induces increased airway smooth muscle mass,
which generate asthmatic symptoms. Asthma is classically recognized as the typical Th2
disease, with increased IgE levels and eosinophilic inflammation in the airway. Emerging
Th2 cytokines modulates the airway inflammation, which induces airway remodeling.
Biological agents, which have specific molecular targets for these Th2 cytokines, are
available and clinical trials for asthma are ongoing. However, the relatively simple paradigm
has been doubted because of the realization that strategies designed to suppress Th2
function are not effective enough for all patients in the clinical trials. In the future, it is

required to understand more details for phenotypes of asthma.

Keywords: asthma, remodeling, epithelial to mesenchymal transition, Th2 cells, cytokines, Th17 cells, Th9 cell

INTRODUCTION
Asthma is characterized by the action of airway leading to
reversible airflow obstruction in association with airway hyper-
responsiveness (AHR) and airway inflammation (Holgate, 2012).
The disease is affecting more than 300 million persons all over the
world, with approximately 250,000 annual deaths (Bousquet et al.,
2007). In the last couple of decades, as the inhaled corticosteroid
has become the major treatment agent for asthma, the mortality of
asthma has decreased (Wijesinghe et al., 2009). Meanwhile, allergic
diseases, such as asthma, have markedly increased in the past half
centuries associated with urbanization (Alfvén etal., 2006). Chil-
dren have the greatest percentage of asthma compared with other
generation groups (Centers for Disease Control and Prevention,
2011). Then, it is expected that the number of the patients will
increase by more than 100 million by 2025 (Masoli et al., 2004).
Generally, most asthma starts from childhood in relation to
sensitization to common inhaled allergens, such as house dust
mites, cockroaches, animal dander, fungi, and pollens. These
inhaled allergens stimulate T helper type 2 (Th2) cell prolifer-
ation, subsequently Th2 cytokines, interleukin (IL)-4, IL-5 and
IL-13 production and release. Many basic and clinical stud-
ies suggested that airway inflammation was a central key to
the disease pathophysiology. The existence of chronic airway

inflammation in asthma has been recognized for over a century.
The inflammation is induced by the release of potent chemical
mediators from inflammatory cells. Resulted of chronic airway
inflammation, airway remodeling, characterized by thickening of
all compartments of the airway wall, is occurred and may have
profound consequences on the mechanics of airway narrowing in
asthma and contribute to the chronicity and progression of the
disease.

As allergic sensitization, allergen can be taken up by dendritic
cells (DCs), which process antigenic molecules and present them
to naive T helper cells. Consequently the activation of allergen-
specific Th2 cells is occurred, the cells play an important role in
developing the asthma. Nowadays, it is known that Th17 cells and
Th9 cells also modulate the disease. Th17 cells produce IL-17A,
IL-17F, and IL-22. These cytokines induce airway inflammation
and IL-17A enhance smooth muscle contractility.

Allergic diseases are caused by inappropriate immunological
responses to allergens without pathogenesis driven by a Th2-
mediated immune response. The hygiene hypothesis has been
used to explain the increase in allergic diseases since industri-
alization and urbanization, and the higher incidence of allergic
diseases in more developed countries. The hypothesis has now
expanded to include exposure to symbiotic bacteria and parasites
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as important modulators of immune system development, along
with infectious agents (Grammatikos, 2008). Recently, asthma has
not been recognized as a simple Th2 disease, which is charac-
terized by IgE elevation and relatively eosinophilia. Th17 and
Th9 cell subtype are known to contribute the inflammation
or enhancing smooth muscle contraction or stimulating mast
cells.

HISTOPATHOLOGY OF ASTHMATIC AIRWAY

Asthma is considered in terms of its hallmarks of reversible airflow
obstruction, non-specific bronchial hyperreactivity and chronic
airway inflammation (American Thoracic Society, 1987). Osler
(1892) mentioned in the classic textbook, the inflammatory pro-
cess, affecting the conducting airways with relative sparing of
the lung parenchyma. Huber and Koesser (1922) provided a
comprehensive perspective of the histopathological features of
asthma. That is, the lungs are usually hyperinflated as a conse-
quence of extensive mucous plugging in segmental, subsegmental
bronchus and peripheral airways, but the lung parenchyma in
general, remains relatively intact in subjects who die in exacer-
bation, so-called status asthmatics. The composition of mucous
includes cellular debris from necrotic airway epithelial cells, an
inflammatory cells including lymphocytes, eosinophils, and neu-
trophils, plasma protein exudate, and mucin that is produced by
goblet cells (Unger, 1945; Bullen, 1952; Dunnill, 1960; Messer
etal.,, 1960). The airway epithelium typically shows sloughing of
ciliated columnar cells, with goblet cell and squamous cell meta-
plasia as a sign of airway epithelial repair. There is increased
thickness of the subepithelial basement membrane, however, some
studies have established that the true basal lamina is of normal
thickness, and the apparent increase in thickness is related to accu-
mulation of other extracellular matrix components beneath the
basal lamina (Roche etal., 1989). The asthmatic airway showed
a thickness with inflammatory cell infiltration consisting of an
admixture of T lymphocytes and eosinophils, mast cells (Car-
roll etal,, 1997; Hamid etal., 1997). Interestingly, prominent
neutrophil infiltrates have been reported to be a specific feature
of the clinical entity of sudden onset fatal asthma (Sur etal,
1993).

Nowadays investigators can easily obtain lung tissue and bron-
choalveolar lavage (BAL) specimens from the patients with asthma
(Salvato, 1968; Djukanovic etal., 1991). Results of studies of BAL
(Robinson etal., 1992) and lung tissue specimens (Minshall etal.,
1998) have strongly implicated a role for cytokines produced by
the Th2 subset of CD4+ T cells in the pathogenesis of asthma.
For example, IL-13 plays an important role in regulating the air-
way inflammation in asthma (Wills-Karp etal., 1998; Zhu etal.,
1999).

In recent years, there has been increasing interest in the mecha-
nism of airway wall remodeling in asthma, owing to the increasing
realization that airway inflammation alone is not enough to
explain the chronicity or progression of asthma (Holgate etal,,
1999). The nature of airway remodeling may be considered in
terms of extracellular matrix deposition. It is postulated that
the injured airway epithelium acts as a continuous stimulus
for airway remodeling (Holgate etal., 1999), and this is sup-
ported by results of recent cell culture experiments examining

interactions of bronchial epithelial cells with myofibroblasts in
response to injurious stimuli (Zhang etal., 1999). The remod-
eling is predicted to have little effect on baseline respiratory
mechanics, the physiological effects of extracellular matrix accu-
mulation are predicted to result in an exaggerated degree of
narrowing for a given amount of airway smooth muscle (ASM)
contraction.

Airway wall thickening is greater in the asthmatic patients than
normal subjects, and severe patients have greater (Awadh etal,,
1998). This thickness is due to an increase in ASM mass and
mucous glands (Johns etal., 2000). The airflow limitation is also
compounded by the presence of increased mucous secretion and
inflammatory exudate (Chiappara etal., 2001). Thus, the results
from many studies have supported that airway remodeling related
to airway inflammation. Surprisingly, physical force generated
by ASM in bronchoconstriction without additional inflammation
induces airway remodeling in patients with asthma (Grainge et al.,
2011). Despite these recent advances, further work is necessary to
establish a causal relationship between airway remodeling and the
severity of asthma (Bento and Hershenson, 1998).

AIRWAY EPITHELIUM

The structural changes in the asthmatic airway result from inter-
dependent inflammatory and remodeling processes (Chiappara
etal., 2001). In the processes, inflammation occurs common fea-
tures, vascular congestion, exudaution, and inflammatory cell
recruitment to the interstitial tissue. Furthermore mucus secretion
and desquamation of epithelial cells are increased. The chronic
inflammatory changes develop epithelium-mesenchymal interac-
tions (Holgate etal., 2000). The number of myofibroblasts, which
deposit collagens, increases in the understructure of epithelium,
the proximity of the smooth muscle layer and the lamina reticu-
laris in the patients. Subepithelial collagens cause thickening and
increasing density of the basement membrane.

The airway inflammation gives damage to the epithelium and
damaged epithelial cells will be repaired in the injury-repair cycle.
Some studies showed that epithelial cells of untreated asthmatic
patients had low level expression of proliferating markers, despite
extensive damage, revealing a potential failure in the epithelial
injury-repair cycle in response to local inflammation and inhaled
agents (Bousquet etal., 2000). Injury to the epithelium results
in a localized and persistent increase in epidermal growth factor
(EGF) receptor, a mechanism that may cause the epithelium to be
locked in a repair phenotype (Puddicombe et al., 2000). Epithelial
cells which are in repair phase produced some profibrotic media-
tors, including transforming growth factor-p (TGF-B), fibroblast
growth factor and endothelin, which regulate fibroblast and
myofibroblast to release collagen, elastic fiber, proteoglycan, and
glycoprotein and these substances induce airway wall thickening
(Holgate etal., 2000). Myofibroblast is a rich source of collagen
types I, I, and V, fibronectin and tenascin that also accumulate in
the airway wall and induce thickening lamina reticularis (Roche
etal., 1989; Brewster et al., 1990). This process may contribute phe-
nomena by augmentation of airway narrowing because the inner
airway wall volume increases.

Eosinophils seem to contribute to airway remodeling in sev-
eral ways, including through release of eosinophil-derived TGF-f,
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cationic proteins, and cytokines, as well as through interactions
with mast cell and epithelial cells. Many of these factors can directly
activate epithelium and mesenchymal cells, deeply related to the
development of airway remodeling (Kariyawasam and Robinson,
2007; Aceves and Broide, 2008; Venge, 2010). Eosinophil-derived
cytokines are in the modulation of Th2 responses that trigger
macrophage production of TGF-f 1, which serves as a stimulus for
extracellular matrix production (Fanta et al., 1999; Holgate, 2001).
TGF-B1 induced epithelial to mesenchymal transition (EMT) in
alveolar epithelial cells and could contribute to enhance fibrosis
in idiopathic lung fibrosis (Wilson and Wynn, 2009). TGF-p1
might also contribute to enhance airway remodeling through
EMT. Indeed, anti-TGF-B1 treatment inhibits EMT in airway
epithelial cells (Yasukawa etal., 2013).

Airway epithelium is a barrier in the frontline against stimuli
from the environment, but in asthmatic epithelium is defective
in barrier function with incomplete formation of tight junctions,
that prevent allergen from penetrating into the airway tissue (Xiao
etal.,, 2011). The defect would induce that a proportion of the
asthma-related had biological properties to infiltrate the epithelial
barrier and trigger a danger signal to DCs. Components of house
dust mite, cockroach, animal, and fungal can disrupt epithelial
tight junctions and activate protease-activated receptors (Jacquet,
2011). The defective epithelial barrier function has also been
described in the pathophysiology of other allergic disease. There-
fore, healthy barrier function is important to avoid sensitization
and development in allergic disease.

AIRWAY SMOOTH MUSCLE

Abnormalities of asthmatic ASM structure and morphology have
been described by Huber and Koesser (1922) in the first quarter of
twentieth century when they reported that smooth muscle from
the patients who died by acute exacerbation was increase much
greater than in those who died from another disease. Airflow lim-
itation mainly due to reversible smooth muscle contraction is a
most important symptom of the disease. Therefore, ASM plays a
material role in asthma. Abnormal accumulation of smooth mus-
cle cells is another mechanism of airway remodeling. Some in
vivo animal studies confirmed that prolonged allergen exposure
increase smooth muscle thickness in the airway (Salmon etal,
1999). It is still unknown whether the phenomenon is occurred
by fundamental changes in the phenotype of the smooth muscle
cells, is caused by structural or mechanical changes in the non-
contractile elements of the airway wall. There are two different
ways by which cyclic generation of length and force could influ-
ence ASM contracting and airway narrowing. The processes, which
are myosin binding and plasticity, have different biochemical and
physical mechanisms and consequences. They have the potential
to interact and to have a fundamental effect on the contractual
capacity of smooth muscle and its potential to cause excessive
airway narrowing (King etal., 1999).

Like other muscles, ASM is also provoked to contract with
intracellular calcium ions (Ca%t), which comes from the extra-
cellular environment through voltage-dependent calcium channel
or from the sarcoplasmic reticulum stores (Figure 1). The source
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v

@ ‘< MLCK
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FIGURE 1 | Regulation of ASM contractility. ASM contraction is
induced by calcium, regulated two different pathways. First, ASM is
evoked by intracellular calcium influx from SR depending on GPCR
stimulation or from the extracellular environment through voltage-
dependent calcium channel. Second, smooth muscle can be induced
calcium sensitivity by RhoA/Rho kinase pathway. RhoA activates

Regulation of ASM contraction
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to dephosphorylate MLC. KCI, potassium chloride; Ach, acetylcholine;
5-HT, 5-hydroxytryptamine (serotonin); PIP phosphatidylinositol 4-phos-
phate; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP5K, 1-phos-
phatidylinositol-4-phosphate 5-kinase; DG, diacylglycerol; IP3, inositol
1,4,5-trisphosphate.
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of Ca?* surge in ASM is mainly from intracellular sarcoplasmic
reticulum stores rather than from the extracellular Ca*" seen in
cardiac, skeletal, and vascular muscle cells. Ligands to G-ptotein
coupled receptor (GPCR), such as acetylcholine and methacholine,
induce the activation of phospholipase C (PLC), which in turn
leads to the formation of the inositol triphosphate (IP3; Chen et al.,
2012). Then, IP3 occurs to release Ca%t from sarcoplasmic retic-
ulum (SR) stores, then Ca?*t forms a calcium-calmodulin comlex,
activates MLC kinase (MLCK) which phosphorylates regulatory
MLCs (rMLCs) forming phosphorylated-MLC (p-MLC; Berridge,
2009). Finally, this mechanism occurs to the activation of actin
and myosin crossbridges resulting in shortening and contraction
(Gunst and Tang, 2000).

And the contraction is also regulated by calcium sensitivity of
myosin light chain (MLC; Kudo etal., 2012). The p-MLC is regu-
lated by MLC phosphatase (MLCP) which converts p-MLC back to
inactive MLC. MLCP is negatively controlled by Ras homolog gene
family, member A (RhoA) and its target Rho Kinase such as Rho-
associated, coiled-coil containing protein kinase (ROCK) which
phosphorylates myosin phosphatase target subunit 1 (MYPT-1).
Upregulation of the RhoA/Rho kinase signaling pathway inducing
to inhibition of MLCP would result in increased levels of p-MLC
and subsequently increased ASM contraction force. Increased
levels of RhoA protein and mRNA were found in airway hyperre-
sponsive animal models and this is probably medicated through
inflammatory cytokines, such as IL-13 and IL-17A that themselves
directly enhance the contractility of ASM (Chiba et al., 2009; Kudo
etal.,, 2012). For IL-17A, sensitized mouse conditional lacking
integrin avB8 on DCs shows attenuated reactivity against IL-17A-
induce antigen challenge. This is induced by that IL-17A itself
enhances the contractile force of ASM, through RhoA/Rho kinase
signaling change.

Airway smooth muscle cells also contribute to the inflammatory
mechanisms and airway remodeling of asthma. The proactivating
signals, including viruses and immunoglobulin E could con-
vert ASM cells into a proliferative and secretory cell in asthma.
Naureckas et al. (1999) demonstrated the presence of smooth mus-
cle mitogens in the BAL fluids from asthmatic individuals who
underwent allergen challenge. Smooth muscle proliferation is also
caused by the production of matrix metalloproteinase (MMP)-2,
which has been demonstrated to be an important autocrine fac-
tor that is required for proliferation (Johnson and Knox, 1999).
Production of MMP-2 from smooth muscle cells suggests that
ASM contributes to the extracellular matrix turnover and airway
remodeling. These cells may also participate in chronic airway
inflammation by interacting with both Thl- and Th2-derived
cytokines to modulate chemoattractant activity for eosinophils,
activated T lymphocytes, and monocytes/macrophages (Teran
etal., 1999).

In addition, recent studies demonstrated that eosinophils can
also contribute to airway remodeling during an asthma by enhanc-
ing ASM cell proliferation. Halwani etal. (2013) verified that
preventing eosinophil contact with ASM cells using specific anti-
bodies or blocking cysteinyl leukotrienes derived from eosinophils
was associated with inhibition of ASM proliferation. Moreover,
ASM-synthesized cytokines seem to direct the eosinophil dif-
ferentiation and maturation from progenitor cells, which can

promote perpetuation of eosinophilic inflammation and conse-
quently the tissue remodeling in asthma (Fanat etal., 2009). It
was also reported that TGF-f alone induces only weak mitogenic
effect on ASM cells, however, it synergistically stimulates ASM pro-
liferation with methacholine which is agonist for the muscarinic
receptor (Oenema etal., 2013). These smooth muscle cell prolif-
erations related to airway remodeling can be the target to treat
asthma.

EPITHELIAL TO MESENCHYMAL TRANSITION ON ASTHMA
As airway remodeling on asthma attracts investigators interested
in airway remodeling on asthma, EMTs are recognized to be more
important in asthma than before. EMTs are biological processes
that epithelial cells lose their polarity and cell adhesion resulted in
fragility of tight junction and gain migratory and invasive prop-
erties to change their cell formation to mesenchymal cells (Kalluri
and Neilson, 2003). It is essential for processes including meso-
derm formation and neural tube formation in the development
and recently has also been reported to involve in wound healing,
in organ fibrosis and in cancer metastasis. First, EMTs were found
in the embryogenesis. Epithelial cells are different from mesenchy-
mal cells in their phenotype. Epithelial cells connect each other,
forming tight junction. These cells have polarity in cytoskeleton
and bound to basal lamina. For mesenchymal cells, the polarity
is lost and shaped in spindle. Lately, EMTs are divided into three
subtypes, developmental (Type I), fibrosis, tissue regeneration and
wound healing (Type II), and cancer progression and metastasis
(Type III; Kalluri and Weinberg, 2009).

Type II EMT involves in wound healing, resulted that it
contributes airway remodeling in asthma after airway epithelial
injury induced by inflammation. Type II EMT indicates that
epithelial tissue can be expressed plasticity (Thiery and Sleeman,
2006). It is initiated by extracellular signals, such as connection
with extracellular matrix; collagen or hyaluronic acids and by
growth factors; TGF-f and EGE. Among those signals, TGF-f
is established how it plays important role in airway remodel-
ing and EMT (Phipps etal., 2004; Boxall etal., 2006; Hackett
etal.,, 2009). TGF-B induces the expression of a-smooth mus-
cle actin and vimentin and the downregulation of E-cadherin
expression, inducing the dissolution of polarity of the epithelial
cell and intercellular adhesion. The such physiological effects of
TGF-P signaling in the system have been shown to depend on
microenvironment. Bone morphogenesis protein (BMP)-7 fails
to attenuate TGF-P-induced EMT, however, one of the family
member BMP-4 plays the role of EMT in the airway (Molloy
etal., 2008; Hackett etal., 2009). This TGF-B-induced attenua-
tion of intercellular adhesion and wound repair in EMT can be
enhanced by the proinflammatory cytokines tumor necrosis factor
(TNF)-a (Camara and Jarai, 2010). Furthermore, it was showed
that house dust mite, through EGF receptor enhanced TGF-f-
induce downregulation of E-cadherin in the bronchial epithelial
cells (Heijink etal., 2010). And house dust mite and TGF- syn-
ergistically induced expression of mesenchymal markers vimentin
and fibronectin. In chronic house dust mite-exposure model, the
airway epithelial cells were shown to elevate TGF-$ expression
and nuclear phosphorylated Smad3. And in these cells, the tight-
junction protein was dissolved, occluding and expressed a-smooth
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muscle actin and collagen (Johnson etal., 2011). Inhaled aller-
gens might modify EMT, cooperating with cytokines which also
promote asthma.

MAST CELLS AND EOSINOPHILS

Mact cells can induce the activation of mesenchymal cells (Hol-
gate, 2000). The serine protease, tryptase which is released from
degranulating mast cells is a potent stimulant of fibroblast and
smooth muscle cell proliferation, and is capable of stimulating
synthesis of type I collagen by human fibroblasts. A major mecha-
nism involved in the regulation of fibroblast proliferation appears
to be cleavage and activation of protease activated receptor-2 on
fibroblasts (Akers etal., 2000). Mast cells may also influence the
development of airway remodeling in asthma by releasing large
amounts of plasminogen activator inhibitor typel. Moreover, Sug-
imoto etal. (2012) have shown that other mast cell proteases
regulate airway hyperreactivity. Mice lacking avB6 integrin are
protected from exaggerated airway narrowing. Mast cell pro-
teases are differentially expressed, in mouse mast cell protease 1
(mMCP-1) induced by allergen challenge in wild-type (WT) mice
and mMCP-4 increased at baseline in p6-deficient mice. MCPs
from intraepithelial mast cell and their proteolytic substrates could
be regulate airway hyperreactivity.

Eosinophils are circulating granulocytes and at relatively low
levels in the bloodstream, upto 3% of white blood cells. These are
the major cell types that can be recruited to sites of inflamma-
tory responses (Huang etal., 2009; Isobe etal., 2012; Uhm etal,,
2012). The function of eosinophils in asthma is related to their
release of toxic granule proteins, reactive oxygen species (ROS),
cytokines, and lipid mediators (Liu etal., 2006). The recruit of
eosinophils into the epithelium and eosinophilic inflammation
is involved in the pathogenesis of asthma. The proinflamma-
tory mediators derived by eosinophil are major contributors to
inflammation in asthma, including airway epithelial cell dam-
age and desquamation, airway dysfunction of cholinergic nerve
receptors, AHR, mucus hypersecretion, and airway remodeling,
characterized by fibrosis and collagen deposition (Kay, 2005; Watt
etal., 2005; Kanda etal., 2009; Walsh, 2010). Eosinophils are likely
to contribute to airway remodeling with release of eosinophil-
derived mediators such as TGF-B, secretion of cationic proteins,
and cytokines, as well as having interactions with mast cell and
epithelial cells. Those factors can directly activate epithelium and
mesenchymal cells (Venge, 2010). Moreover, recent data demon-
strated that eosinophils can also contribute to airway remodeling
with ASM cell proliferation.

EXTRACELLULAR MATRIX

The airways of asthmatic patients showed excess accumulation
of extracellular matrix components, particularly collagen, in the
subepithelial connective tissue and adventitia of the airway wall
(Kuwano et al., 1993; Gillis and Lutchen, 1999). The cellular inter-
actions in mast cells and fibroblasts through protease activated
receptor-2 may contribute an abnormal mesenchymal cell prolif-
eration, and may account for the increased number of fibroblasts
and myofibroblasts that are found in the airways of asthmatic
subjects. Fibroblasts retain the capacity for growth and regen-
eration, and may evolve into various cell types, including smooth

muscle cells that subsequently become myofibroblasts. Myofibrob-
lasts can contribute to tissue remodeling by releasing extracellular
matrix components such as elastin, fibronectin and laminin (Vig-
nola etal., 2000). It was seen that the numbers of myofibroblasts
in the airway of asthmatic subjects increased and their num-
ber appeared to correlate with the size of the basement reticular
membrane (Holgate etal., 2000). Smooth muscle cells also have
the potential to alter the composition of the extracellular matrix
environment. The reticular basement membrane thickening is a
characteristic typical feature of the asthmatic airways. It appears
to consist of a plexiform deposition of immunoglobulins, collagen
types I and III, tenascin and fibronectin (Jeffery etal., 2000), but
not of laminin.

Remodeling processes of the extracellular matrix are less known
than the thickening of the lamina reticularis. Most asthmatic sub-
jects present with an abnormal superficial elastic fiber network,
with fragmented fibers (Bousquet etal., 2000). In the deeper layer
of elastic fibers is also abnormal, the fibers often being often patchy,
tangled, and thickened. Some studies using transmission electron
microscopy have shown that an elastolytic process occurs in asth-
matic patients, and in some patients disruption of fibers has been
observed. In the case of fatal asthma, fragmentation of elastic
fiber has also been found in central airways, and was associated
with marked elastolysis (Mauad etal., 1999). These bundles are
seen to be hypertrophied as a result of an increased amount of
collagen and myofibroblast matrix deposition occurring during
exaggerated elastic fiber deposition (Carroll etal., 1997). Loss of
lung elastic recoil force has been shown in adults with persistent
asthma and irreversible expiratory airflow obstruction. Persistent
asthmatic patients have severe abnormal flow-volume curves in
expiration at both high and low lung volumes, and hyperinfla-
tion can be seen by residual volume, at forced residual capacity
and total lung capacity (Gelb and Zamel, 2000). The increased
elastolysis is part of a more complex process that regulates the
size of a submucosal network formed by elastic fibers dispersed
in a collagen and myofibroblast matrix (Chiappara etal., 2001).
These features induce changes in airway, as demonstrated by air-
way compliance, particularly in those patients who are suffering
from asthma for long period, supporting the concept that chronic
inflammation and remodeling of the airway wall may result in
stiffer dynamic elastic properties of the asthmatic airway (Brackel
etal., 2000). Furthermore, disruption of elastic fibers may con-
tribute to a reduction in the preload and afterload for smooth
muscle contraction. Though it is difficult to associate aspects of
remodeling with disease severity or degree of airways obstruction
and hyperresponsiveness (Mauad etal., 2007), some investigators
indicated that smooth muscle remodeling is related to the severity
of asthma (James et al., 2009). It has shown that the clinical expres-
sion of asthma (Brightling et al., 2002), AHR (Siddiqui et al., 2008)
and impaired airway relaxation (Slats etal., 2007) are associated
with mast cell counts in the ASM layer in asthma. The deposition
of extracellular matrix inside and outside the smooth muscle layer
in asthma also seems to be related to its clinical severity and is
altered as compared to healthy controls (Araujo etal., 2008; Kla-
gas etal., 2009). Yick etal. (2012) have shown that extracellular
matrix in ASM was related to the dynamics of airway function in
asthma.

www.frontiersin.org

September 2013 | Volume 4 | Article 263 | 10


http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive

Kudo etal.

Pathology of asthma

IMMUNE RESPONSE

ALLERGIC SENSITIZATION

Regarding to the immune system against allergy, it seems that
hygiene hypothesis would provide the reason why the number of
the patients with asthma is increasing, in relation with urban-
ization. The hypothesis is that the Thl cells polarized response
is not induced early in life leaving the body more susceptible to
developing Th2 induced disease (Strachan, 2000). First, Strachan
(1989) mentioned that the hypothesis was proposed to explain
the observation that hay fever and eczema were less common in
children from larger families, which were presumably exposed to
more infectious agents through their siblings, than in children
from small families, especially without siblings. Many bacteria and
viruses derive a Thl-mediated immune response, which down-
regulates Th2 responses. The urban-rural gradient in prevalence
has been demonstrated most strongly in children who grew up in
environments with a wide range of microbial exposures, who are
protected from childhood asthma and atopy (the predisposition
to develop IgE against common environmental allergens) in pro-
portion to their level of exposure to bacterial and fungal microbes
(Ege etal., 2011).

In association with the airway epithelium and underling
mucosa is a specialized population of antigen-presenting cells
(APCs) called DCs (Holgate, 2012). As allergen sensitization, DCs
take up the allergens and present small peptide from them. DCs
express receptors of the innate immune system and process aller-
gens into small peptides and then present them through the major
histocompatibility complexes, MHC class I and MHC class II for
recognition by T cell receptors. In allergic individuals, it is pro-
moted by interaction of the allergen with IgE attached to FceRI,
the high-affinity receptor for IgE (Sallmann etal., 2011). When
individual is born, there is no DCs in the airway. Damage to and
activation of the respiratory epithelium are the major stimuli that
initiate the ingression of immature DCs from the bone marrow
(McWilliam et al., 1994) and cause the release of C—C chemokines
which direct DCs migration toward the epithelium and under-
lying mucosa (Hammad etal., 2010). GM-CSE, which is released
from epithelial cells and immune cells in the presence of IL-4 and
TNF-a, leads to DCs maturation to a fully competent as APCs.
During initial allergen entering to airways to sensitize, Th2 lym-
phocyte differentiation from naive T cells requires IL-4 release.
The cellular source of the IL-4 is still unclear. There are some
hypotheses to explain that (Holgate, 2012). Polarization to Th2
cells subtype is also under epigenetic regulation. From the study
with mouse, microRNA-21 has been shown to exert a pivotal role
in setting a balance between Thl and Th2 responses. It works
through binding the promoter of the gene encoding IL-12 p35
and inhibiting its activation in favor of a Th2 profile. Conversely,
reduced microRNA levels lead DCs to produce more IL-12, and
allergen-stimulated T cells to produce more interferon-y (IFN-y)
and less IL-4, enhancing Th1l delayed-type hypersensitivity (Lu
etal., 2011).

DENDRITIC CELL ACTIVATION

As described above, DCs present small peptide from antigens
through MHC class I and II/ T cell receptors. Once sensi-
tized, T cells drive the allergic response in progress through

interactions with DCs (Veres etal., 2011). DCs spread their pro-
cesses into the lumen between airway epithelial cells and can
detect allergen by forming tight junctions, keeping the epithelial
barrier (Blank etal., 2011). In mouse, two distinct DC sub-
sets have been described in accordance with their expression
of the CD11c as myeloid [conventional DCs (cDCs), CD11c™]
or plasmacytoid DCs (pDCs, CD11c™; Lambrecht and Ham-
mad, 2009). Similarly, human DCs are subdivided into CD11c™
pDCs and CD11ct myeloid DCs. Induced sputum from asth-
matic airways and peripheral blood contain increased numbers
of both pDCs and c¢DCs, which further increase in number
upon allergen challenge (Dua etal., 2010). Proteolytic activi-
ties of allergens initiate to mature DCs. In a few hours after
contact with allergen, pattern-recognition receptors activation,
such as Toll-like receptors (TLRs) on DCs augments their hom-
ing capacity by upregulating chemokine receptors. It is ¢cDC
subtypes that are predominantly responsible for antigen presen-
tation. Mature DCs shape an immunological synapse with the
allergen-specific T lymphocytes to initiate a Th response (Hol-
gate, 2012). Whereas some of the Th cells make their way to
the B-cell follicle to facilitate immunoglobulin class switching
from IgM to IgE, others move back to the airway mucosa to
elicit the classical Th2 response through the secretion of the
proallergic cytokines. Pattern-recognition receptors have a cru-
cial adjuvant role in directing allergen sensitization. TLRs are key
components of the innate immune system that mediate recog-
nition and response to pathogen-associated molecular patterns
(PAMPs) in the form of microbial, fungal and viral products and
their ligands, including endotoxin which is recognized by TLR4,
lipoproteins (TLR2 and TLR6), viral double- and single-stranded
RNA (TLR3 and TLR7/8) and bacterial CpG-containing DNA
(TLRY) (Akira etal., 2006). Other pattern recognition receptors
respond to endogenously generated damage-associated molecu-
lar pattern molecules (DAMPs) produced during tissue damage.
Inflammatory DCs have been suggested to be necessary and suf-
ficient for the development of Th2 immunity to house dust mite
allergen when the first exposure occurs by inhalation. For inhaled
allergens, it is proposed that DCs amplify the Th2 immunity
through basophiles and, in part, influenced by innate signaling
through TLR4 and C-type lectin signaling on epithelial cells and
DCs (Trompette etal., 2009). A cooperation of airway epithelium
and DCs controls asthma development Th2 activation requires
DCs-mediated antigen-presentation. Then, allergic sensitization
fails to develop in the absence of DCs (Hammad etal., 2010),
while DCs remain inactive in the absence of TLR ligation (Per-
ros etal, 2009). That is, TLRs activation on epithelial cells
enhances DCs motility and antigen sampling through the produc-
tion of Th2-promoting chemokines and cytokines (IL-25, IL-33,
GM-CSF).

VIRAL INFECTION TO PREDISPOSITION

The fact that early-in-life sensitization to multiple allergens car-
ries the greatest risk for developing asthma (Simpson etal., 2010)
brings the question of what factors result in a predisposition to
this phenotype. Although infection with rhinovirus is the major
cause of acute exacerbation, in those genetically at risk of asthma,
rhinovirus-induced wheezing in the first three years in the life is

Frontiers in Microbiology | Virology

September 2013 | Volume 4 | Article 263 | 11


http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive

Kudo etal.

Pathology of asthma

also the greatest risk factor for developing asthma at 6 years of
age (Jackson etal., 2008). Impaired TLR3-mediated IFN-B and
-\ production by asthmatic epithelial cells would make suscepti-
ble to both viral infection and allergic sensitization (Wark etal.,
2005; Contoli etal., 2006; Bosco etal., 2010; Jartti and Korppi,
2011). Reduced primary IFN production by lower-airway epithe-
lial cells enables some viruses to replicate, leading to cytotoxic cell,
release of inflammatory products and enhanced viral shedding.
Such events provide a strong stimulus for recruitment of immature
DCs and their priming for allergen sensitization (McWilliam et al.,
1994, 1996). When asthmatic epithelial cells are received to dam-
age by rhinovirus infection, the cells generate increased amounts
of the pro-Th2 cytokine thymic stromal lympoietin (Uller etal.,
2010), which stimulates DCs and increases allergic inflamma-
tion, whereas exogenous IFN-b applied to asthmatic epithelium
exerts anti-Th2 as well as antiviral properties (Cakebread etal.,
2011).

CELLULAR IMMUNITY

Asthma is classically considered Th2 disease, with increased IgE
and eosinophilic inflammation caused by increased levels of Th2-
type cytokines. However, this paradigm has been challenged
because of the realization that strategies designed to suppress
Th2 function are not effective for all patients. The clinical phe-
notype of asthma is notoriously heterogeneous. It is shown that
cellular immune process in the asthmatic airways in Figure 2.
Th2 cells activation requires antigen-presentation by DCs. DCs
play a role both in the initiation and maintenance of allergic

airway inflammation and asthma, and control many aspects of
the disease, including bronchial hyperresponsiveness and goblet
cell metaplasia, by controlling the recruitment and activation of
Th2 cells (Lambrecht and Hammad, 2009; Schuijs etal., 2013).
Researches in both mouse and human, mentioned the expres-
sion of Th2-type cytokines, such as IL-4, IL-5, and IL-13, in
the allergic lung. Experimental asthma models indicate that these
cytokines, IL-13 in particular, are critical in driving key patho-
logic features of the allergic response. Moreover, Th2 blockade
is very effective in suppressing these features of allergic dis-
ease in mice (Finkelman etal., 2010). The classical asthmatic
phenotype is one of eosinophilia concomitant with high IgE
levels. However, a proportion of patients are not atopic and
do not have eosinophilic inflammation. In fact, it is estimated
that as many as 50% of adult patients are encompassed by
this non-atopic, non-eosinophilic, non-IgE-dependent subgroup
(Lloyd and Saglani, 2013). Molecular therapy data support an
overall Th2 association with phenotypes, such that they might
satisfy a definition of Th2-associated asthma. However, even
these distinctions are too simple, especially when disease sever-
ity is considered. Although children with severe asthma have
eosinophilic inflammation, high-dose steroids effectively sup-
press Th2-type cytokines, such as IL-13 and IL-5, but symptoms
remain with persistent eosinophilia (Bossley etal., 2012), thus
raising the importance of identifying other less steroidsensitive,
non-Th2 mediators driving disease. Then, it is apparent that
asthma can no longer be considered simply a Th2-mediated
disease.
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Every specific T helper cells produce its specific cytokines (Lazarevic and Glimcher, 2011). T-bet, Tbox expressed in T cells; FoxP3, forkhead box P3; ROR,

TGF-B1R+, IL-2R+

Effector CD4 cells expressing IL-17A, IL-17F were first
described in 2005 (Harrington etal., 2005; Park etal., 2005) and
were thought to represent a distinct T-cell lineage that promoted
the first revision of the Th1/Th2 paradigm of immunity. Differen-
tiation of naive effector T cells in the presence of IL-6 and TGF-p,
leading to the expression of the transcription factor RORyt, results
in IL-17 expression through the transcription factors Smad 2/3,
signal transducer and activation of transcription (STAT) 3, and
nuclear factor kB. Naive T cells can differentiate several cell types
and have specific immune response through the release of cell-
type specific cytokines (Figure 3). Thl7 cells have a role in
regulating both neutrophilic and macrophage inflammation in
autoimmune disease, and more recently they have been suggested
to be involved in asthma and corticosteroid insensitivity (Nem-
brini etal., 2009). Conversely, their differentiation is restricted
by both Thl and Th2 cytokines including IFN-vy, IL-4, and IL-
13 (Park etal., 2005). Specifically, the induction of CXCLS, a
potent neutrophil chemokine whose expression is elevated in air-
way secretions in severe asthma, has directly implicated Th17 cells
in neutrophilic airway inflammation. IL-17A itself, but not IL-17F
or IL-22, enhances the contractile force of ASM. Sensitized mice
lacking the integrin avB8 on DCs show reduced activation of this
IL-17A-linked pathway with antigen challenge. This reduction in
smooth muscle contraction in the airways is reversible by IL-17A,
indicating involvement of this cytokine on allergen-induced AHR
by acting directly on ASM (Kudo etal., 2012). Allergic induces
a strong Th17 response in association with airway neutrophilia
and hyperresponsiveness, and this response is abrogated in IL-17F
knockout mice (Yang etal., 2008). However, although a good

case can be made for IL-17A and IL-17F in mouse models of
neutrophilic and corticosteroid-refractory lung responses to aller-
gens, evidence for IL-17 involvement in human asthma is less
robust, despite some emerging genetic evidence and a potential
role for IL-17A and IL-17F in moderate-to-severe disease (Chakir
etal., 2003; Doe etal., 2010). In humans, a subset of Th2 mem-
ory and effector cells has been recognized expressing both GATA3
and RORyt and, as a consequence, producing both Th17 and Th2
cytokines (Cosmi et al., 2010). Studies have reported that the num-
ber of circulating Th17 cells as well as plasma concentrations of
IL-17 and IL-22 increase in proportion to disease severity. In a
bronchial biopsy in asthma vs. normal controls, there was no cor-
relation between IL-17A or IL-17F expression and the extent of
neutrophilia, nor any link to asthma severity (Doe etal., 2010).
The contribution of Th17 cells in human asthma has not been
established enough. It is required to clear association of Th17 cells
and subphenotype in human asthma.

CYTOKINE TARGETS

IL-4/IL-13

The key cytokines involved in Th2-type immunoreaction are those
encoded in the IL-4 gene cluster on chromosome 5q31, contain-
ing the genes encoding IL-3, IL-4, IL-5, IL-9, IL-13, and GM-CSF
(Bowen etal., 2008). The fact that the Th2 pathway is crucial to
asthma pathophysiology has been the driving force for a range
of biologics targeting the specific cytokines. The signals of Th2-
cell-associated cytokines, IL-4 and IL-13, transmit through the
IL-4Ra/IL-13Ral complex. IL-4 promotes B-cell isotype switch-
ing, the upregulation of adhesion molecules, eotaxin production,
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and the development of AHR and goblet cell metaplasia. In animal
model, IL-4 deficient mice were shown to be protected from devel-
oping asthma (Brusselle et al., 1994). IL-13 can have most of these
functions (Wills-Karp et al., 1998; Webb et al., 2000). Furthermore,
those cytokines have the potential to induce TSLP, GM-CSF, and
CCL20 production by the airway epithelium (Reibman et al., 2003;
Kato etal., 2007). Furthermore, IL-13 was shown to have direct
effect to enhance ASM, upregulating RhoA protein which stimu-
lates Rho-kinase inducing calcium sensitivity (Chiba etal., 2009).
Therefore, a good example is the IL-4 and IL-13 pathway for anti
cytokine treatment against asthma.

Given the clear evidence for IL-4 and/or IL-13 in mouse models
of disease were launched and a humanized anti-IL-4 neutralizing
antibody (pascolizumab) was introduced and showed promising
results in human-derived cell lines and monkeys (Hart et al., 2002).
However, IL-4-specific antagonists used in clinical trials have failed
(Wenzel etal., 2007). More recently, a human monoclonal anti-IL-
4Ra antibody (AMG317) has been developed but did not show
clinical efficacy (Corren etal., 2010). For IL-13, several neutral-
izing antibodies have been developed, but trials are still in their
infancy. The latter IL-13-antibody (CAT-354) has recently been
shown to be safe for use in humans in a phase I clinical trial
but its real clinical efficacy remains to be proven (Singh etal.,
2010). Attempts to validate importance of IL-13 in human asthma
revealed that only 50% of individuals with asthma had elevated
IL-13 levels in sputum, irrespective of the severity of the disease
(Berry etal., 2004). And Woodruff etal. (2009) have also shown
that only 50% of patients express IL-13-responsive genes in the
airway epithelial cells, and this is linked to a strong Th2 response
in bronchial biopsies, as opposed to in other asthmatics, whose
IL-13-responsive gene expression was almost same level from that
of normal subjects. Th2-high subjects had greater expression of
IL-13 in bronchial biopsies along with greater AHR and higher
serum IgE, blood and airway eosinophilia. It was suggested that
one IL-13 biomarker was periostin (Woodruff etal., 2009). In a
recently published trial, the monoclonal antibody (mAb) to IL-
13, lebrikizumab, when administered to patients with chronic
moderate-to-severe asthma for 12 weeks, significantly increased
baseline spirometry (5.5%). This result was enhanced in those with
elevated serum periostin (high periostin 8.2% vs. low periostin
1.2%; Corren etal., 2011).

IL-5

IL-5 is a key cytokine crucial to eosinophil growth, matura-
tion, activation, and survival whose blockade in various animal
models has a strong effect on acute and more sustained pul-
monary eosinophilia and attendant changes in lung function. It is
mainly produced by Th2-lymphocytes, mast cells and eosinophils.
Interestingly, IL-5 regulates its own receptor expression during
eosinophil ontogeny consisting of an IL-5- specific receptor o-
chain, and common B-chain. Because of its restriction to the
eosinophil/basophil lineage in humans, IL-5 therapy may atten-
uate key characteristics of allergic airway inflammation, such
as airway eosinophilia, airway remodeling, and AHR, without
affecting the function of other immune cells (Trifilieff etal,
2001; Flood-Page etal., 2003; Humbles etal., 2004). It has also
been implicated in the induction of AHR, as IL-5 inhalation by

asthmatic patients induces eosinophil influx and AHR (Leckie
etal., 2000). However, despite markedly reducing both circulating
and sputum eosinophilia, two humanized mAbs, mepolizumab
and reslizumab, when administered to patients with moderate-
to-severe asthma, had no overall effect on any asthma outcome
measures. Nonetheless, the studies of mepolizumab for patients
with severe asthma requiring oral corticosteroids and persistent
sputum eosinophilia showed a good clinical response (Haldar
etal., 2009; Nair etal., 2009), as also found in Churg-Strauss and
other hypereosinophilic syndromes (Abonia and Putnam, 2011).
Similar results have also been obtained with reslizumab (Castro
etal., 2011; Spergel etal., 2012). Efficacy of mepolizumab has also
been described in severe eosinophilic nasal polyposis in proportion
to nasal lavage IL-5 levels (Gevaert etal., 2006). A further devel-
opment of this approach has been the introduction of a highly
active mADb targeting IL-5Ra (benralizumab), which has been
defucosylated to enhance its antibody-dependent cell-mediated
cytotoxicity potential (Kolbeck etal., 2010). The studies demon-
strate that anti-IL-5 therapy is effective in reducing exacerbation
frequency in severe asthma, with highest efficacy in subgroups of
patients where eosinophils have a pathogenic role. A phase 1 study
in mild asthma has shown a strong dose-related reduction of circu-
lating eosinophils lasting 8—12 weeks after a single injection (Busse
etal,, 2010). It seems, however, that for the majority of asthmatic
patients the anti-IL-5 treatment will need to be administered in
combination with other therapies that suppress asthma features
through other mechanisms. Results of clinical trials targeting the
IL5Ra subunit to obtain long-term depletion of eosinophils and
basophils are eagerly awaited.

IL-17/1L-22

The rapid emergence and characterization of the Th17 lineage
(CD4 T cells producing IL-17 family; IL-17A, IL-17F IL-22)
refines the existing model and provides a more unified perspec-
tive of allergic inflammation by CD4+ T cell subsets. Interestingly,
some asthmatic individuals, especially those poorly responding to
steroid treatment, show airway infiltrations primarily composed
of neutrophils. These cells are probably recruited to the airways by
IL-17-producing cells that also produce IL-4 (Wang et al., 2010a).
In mice, allergic sensitization followed by challenge of the air-
ways induces a strong Th17 response and IL-17 controls bronchial
hyperresponsiveness and airway remodeling, and some of these
effects are mediated directly on bronchial smooth muscle cells
(Pichavant et al., 2008; Wang et al., 2010b; Bellini et al., 2012; Kudo
etal., 2012). Moreover, IL-17 can also induce steroid insensitivity
in bronchial epithelial cells (Zijlstra etal., 2012). IL-22 can also
be produced by Th17 cells. In mouse asthma models, IL-22 seems
to exert a dual role. Indeed, IL-22 blockade in Th2 sensitization
dramatically reduced eosinophil recruitment, Th2 cytokine and
chemokine production, AHR, and mucus production. In contrast,
IL-22 inhibition in allergen challenge induced lung inflammation
and increased Th2 cytokine production. On epithelial cells, IL-22
has the potential to induce the production of antimicrobial pep-
tides and to promote epithelial repair as well as suppressing the
production of proinflammatory chemokines and cytokines (Pen-
nino etal., 2012). Despite these studies, our knowledge of IL-22 in
asthma pathophysiology is still limited.
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Table 1| Monoclonal antibodies against IL-17 pathway clinical trials.

mAbs Description Phase Indications
Brodalumab Full human IgG2/anti I17RA Il Asthma, Ps, PsA, RA
Secukinumab Full human IgG1K/ anti [:17A I Ps, PsA, RA, AS
Il veitis
Ixekizumab Humanized, hinge-modified IgG4/anti I-17A I Ps
Il RA
| PsA
Ustekinumab Full human IgG1/anti p40 of 11-12/23 It Crohn's, PsA
Il AS, sarcoidosis, cirrhosis
Approved Ps
CNTO 1959 Full human mAb/anti p19 of 1-:23 Il PsA
MK-3222 Humanized mAb/ anti p19 of 1L-23 Il Ps
AMG 139 Full human mAb/ anti I-:23 | Crohn's, Ps
RG4934 Humanized mAb/ anti IL-17A |
NI 1401 Full human IgG1 mAb/ IL:-17A/F |
SCH 900117 Humanized mAb/ I-17A |

Ps: psoriasis; PsA: psoriatic arthritis, RA: rheumatoid arthritis; AS: ankylosing; spondylitis.

IL-17A has been considered as one of most important player
in asthma, however, clinical attempts for anti-IL-17A therapy to
asthma has just begun (Table 1). Any data in anti-IL-17A trials
for asthma are not available so far. Some clinical trials targeted
at IL-17A have conducted and substantiated importance of IL-
17A in autoimmune disorders. Phase II data on secukinumab,
ixekizumab, and brodalumab in psoriasis indicate rapid and pro-
nounced effects on measures of disease activity (Hueber etal.,
2010). Early clinical trials in psoriatic arthritis, rheumatoid arthri-
tis, and ankylosing spondylitis also support the therapeutic utility
of IL-17A inhibition.

In addition, whereas secukinumab and ixekizumab selectively
target and neutralize IL-17A, brodalumab binds the IL-17RA chain
of the heteromeric IL-17 receptor, which is shared with multiple
members of the IL-17 cytokine family and is therefore expected
to inhibit the biological activity of IL-17A and IL-17F as well as
IL-17C (Ramirez-Carrozzi et al., 2011), IL-17E (IL-25) and poten-
tially other not yet discovered IL-17 family members that utilize
IL-17RA (Papp et al.,2012). Considering with these data from clin-
ical trials for autoimmune disease, this hypothetical advantage for
IL-17A inhibitors against asthma can be expected to have clinical
benefits. We have to wait that data from asthma studies becomes
available.

IL-9

Interleukin-9 produced from CD4+ T cell (Th9) has been iden-
tified as a subset definite from the classical Th2 cells, requiring
the transcription factors IRF4, PU1, STAT6, Smad3, and Notch
signaling for development. The cells differentiate in response to
IL-4 and TGF-f and are described to promote T cell proliferation,
IgE and IgG production by B-cells, survival and maturation of

eosinophils, increasing the number of mast cell (Veldhoen etal,,
2008; Staudt etal., 2010; Kearley et al., 2011; Elyaman etal., 2012;
Goswami etal., 2012). Studies in human have also shown that
IL-9 expression increased markedly in response to allergen chal-
lenge (Erpenbeck etal., 2003) and IL-9 is highly expressed and
localized to tissue lymphocytes during intestinal parasite infection
(Faulkner etal., 1998) and to CD3+ cells in bronchial submucosa
and BAL (Shimbara etal., 2000). In studies using IL-9 transgenic
and knockout mice, direct IL-9 instillation into the lungs and
blocking mAbs, it has been shown that IL-9 drives mucus produc-
tion, both by a direct effect on airway epithelia (Bryce, 2011) and
also by interacting with IL-13 (Steenwinckel etal., 2007). Mice
with IL-9 overexpression in lung have increased airway inflam-
mation and AHR (Bisgaard etal., 2007; Gern, 2011). IL-9 is also
made by ILC2s and boosts production of IL-5 and IL-13 (Rabi-
novitch etal., 2005). Along with IL-4 and stem cell factor, IL-9 is
also a potent stimulus for mast-cell development (Kearley etal.,
2011). As IL-9 has been implicated in both inflammatory and
remodeling components in mouse models of allergic airway dis-
ease, it seems an attractive therapeutic target. Currently, clinical
data on anti-IL-9 therapeutics are modest and larger clinical tri-
als are eagerly awaited to conclude whether this form of therapy
can be used in the treatment of asthma (Shalev etal., 2011). Two
first-in-human, open-label dose-escalation trials of a monoclonal
antibody against IL-9, MEDI-528, in normal subjects and subjects
with mild asthma have been successfully completed, showing some
evidence of efficacy (Parker etal., 2011).

TNF-o
Tumor necrosis factor o, a multifunctional cytokine that exerts
a variety of effects, such as growth promotion, apoptosis,
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angiogenesis, cytotoxicity, inflammation, and immunomodula-
tion, has been implicated in several inflammatory conditions.
This cytokine is not only produced predominantly by activated
macrophages but also by other immune (lymphocytes, natu-
ral killer cells, mast cells) as well as stromal (endothelial cells,
fibroblasts, microglial cells) cells and presents in increased con-
centrations in bronchoalveolar fluid from the airways of patients
with asthma (Broide etal., 1992). Some studies mentioned a
relationship between TNF-a and severity of asthma.

The rates of death and complications are high among patients
with refractory asthma and account for a disproportionate amount
of the health resource burden attributed to asthma (Serra-Batlles
etal., 1998). The airway abnormality in severe asthma is different
from that in more mild asthma in having a more heteroge-
neous pattern of inflammatory response (Wenzel etal., 1999),
with greater involvement of neutrophilic inflammation and the
distal lung (Berry etal., 2005) and increased airway remodeling
(Busse etal., 1999). Interest in the role of TNF-a in refractory
asthma has been increased by a study showing increased con-
centrations of TNF-a in BAL from patients with more severe
asthma and by an uncontrolled study showing that treatment
with the recombinant soluble TNF-a receptor etanercept markedly
improved AHR in patients with refractory asthma (Howarth et al.,
2005). On the other hand, targeting TNF-a in severe asthma with
golimumab yields responders and non-responders (Wenzel etal.,
2009). And administration with infliximab for severe asthma also
does responders and non-responders (Taillé etal., 2013). There-
fore, controlled studies have shown controversial results and the
risk-benefit profile of TNF-blocking agents is still debated (Cox,
2009).

The studies suggest that anti-TNF-a agents might improve
the condition of a subgroup of patients severe steroid-dependent
asthma, who have life-threatening exacerbations and complica-
tions of long-term steroid therapy. In the studies, the identification
of more neutrophilic asthma that is less dependent upon Th2
mechanisms and, as a consequence, less responsive to corticos-
teroids might help identify a responsive target subpopulation.

Such patients have been shown to have high circulating TNF-a
and CXCL-8 as biomarkers (Silvestri et al.,2006). A transcriptomic
analysis applied to induced sputum has identified a unique signa-
ture with prominence of TNF-a and nuclear factor-kB pathways
(Baines etal., 2010). This stratification of asthma into pathway-
selective phenotypes is likely to be a key driver for future drug
development, as is proving so successful for cancer treatments
(Holgate, 2012).

CONCLUSION
Bronchial asthma is a world-wide common disease and charac-
terized by reversible airflow limitation, with non-specific AHR
related to airway inflammation. Airway inflammation induces not
only asthmatic symptoms which are the reversible airway obstruc-
tion and ASM contraction but also airway remodeling. Lately,
the information for airway remodeling is increasing, the number
of myofibroblasts increases in the understructure of epithelium,
the proximity of the smooth muscle layer and the lamina retic-
ularis. And it is more understood what EMT is. EMT can play
a important role in airway remodeling. These epithelial and mes-
enchymal cells cause persistence of the inflammatory infiltrate and
induce histological changes in the airway wall, increasing thick-
ness of the basement membrane, collagen deposition and smooth
muscle hypertrophy and hyperplasia. Subepithelial collagens cause
thickening and increasing density of the basement membrane.
Classically, asthma is considered as Th2 disease, relating to
increased IgE and eosinophilic inflammation in the airway. Recent
results have shown that not only Th2, but Th17 and Th9 cells sub-
set also contributed the disease, releasing their specific cytokines.
These different cytokine give different biological effect. These can
be targeted as an anti-cytokine treatment in asthma and some
monoclonal antibodies against specific cytokines or their recep-
tors are available. The results of those clinical trials have said that
trials failed to control disease, despite it was clearly confirmed that
those cytokines contributed the disease in animal model studies.
It is required that more information for subphenotype of human
asthma and its mechanism in more detail.

61-69. doi: 10.1183/09031936.0014 functions of fibrocytes from asth-
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Immunity of virus-induced asthma

etal. (2008) reported that HRV inoculation induced significantly
greater lower respiratory symptoms and lung function impairment
and increases in AHR and eosinophilic lower airway inflammation
in asthmatic individuals, compared with normal volunteers. The
virologic and clinical outcomes were strongly related to deficient
IFN-y and IL-10 responses and to augmented IL-4, IL-5,and IL-13
responses. HRV was detected in the lower airway tissue of patients
with asthma significantly more often than in non-asthmatic sub-
jects, and its presence was associated with the clinical features of
severer disease (Wos et al., 2008).

CONCLUSION

A prospective, repeated characterization of a birth cohort demon-
strated that sensitization to aeroallergens, beginning in the first
year of life, consistently predisposes children to viral wheezing
illnesses and that the converse is not true (Jackson etal., 2013;
Figure 1). Some evidence suggests virus specificity, in that allergic
sensitization specifically increased the risk of wheezing in indi-
viduals with HRV infections, but not those with RSV infections.
This sequential relationship and the plausible mechanisms by

which allergic sensitization can lead to severer HRV-induced lower
respiratory illnesses support a causal role for allergic sensitization
in this developmental pathway (Jackson etal., 2013). Subrata et al.
(2009) suggested that interactions between innate antiviral and
allergic inflammatory pathways may lead to severer viral illnesses
in atopic children. Ongoing allergic inflammation in the airways
may directly lead to impairment of the epithelial cell barrier and
the antiviral response (Figure 1). Accordingly, respiratory viral
infection in atopic children may initiate an atopy-dependent cas-
cade that amplifies and sustains airway inflammation initiated by
innate antiviral immunity via harnessing the underlying atopy-
associated mechanisms (Subrata etal., 2009). Allergic asthmatic
children had higher surface expression of FceRIa on plasmacytoid
(p) DCs and myeloid (m) DCs when compared with that seen in
nonallergic, nonasthmatic children. The percentage of FceRIa+
pDCs and mDCs in allergic asthmatic children was inversely cor-
related with HRV-induced IFN-a and IFN-21, and IFN-a produc-
tion levels, respectively (Figure 1). Following aggregation of FceR],
HRV-induced IFN-a and IFN-A1 production from peripheral
blood mononuclear cells (PBMCs) was significantly reduced

FIGURE 1 | Possible immunological mechanisms of HRV-induced
bronchial asthma in infants. Sensitization to aeroallergens, beginning in the
first year of life, consistently predisposes children to HRV-induced wheezing
illnesses. Ongoing allergic inflammation in the airways may directly lead to
impairment of the epithelial cell barrier and antiviral response. Following
aggregation of FceRI, HRV-induced IFN-a and IFN-A1 production from PBMCs
and DCs is significantly reduced compared to that by HRV stimulation alone.

Furthermore, impairment of virus-induced IFNs from epithelial cells due to
genetic variants increases virus replication. HRV infection upregulates TSLP
production in epithelial cells (Kato etal., 2007). Neonatal lung DCs express
higher baseline levels of OX40 ligand (OX40L) and lower cytoplasmic levels of
I1l-12 than lung DCs from adult lung DCs. TSLP upregulates the expression of
OX40L on DCs. Airway inflammation and AHR may be enhanced after
re-infection
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compared to that by HRV stimulation alone (Durrani etal., 2012).
These effects may explain why children with allergic asthma have
more frequent and severe HRV-induced wheezing and asthma
exacerbations. In contrast, the administration of palivizumab
prophylaxis had no effect on subsequent recurrent wheezing in
children with a family history of atopy (Simoes etal., 2010).
This finding suggests that RSV infection predisposes individuals
to recurrent wheezing through an atopy-independent mecha-
nism. Several asthmatic or wheezing phenotypes exist in children
(Fitzpatrick etal., 2011). Therefore, respiratory virus-induced
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It has been confirmed that respiratory virus infections can induce abberant cytokine
production in the host. These cytokines may be associated with both elimination of the
virus and complications in the host, such as virus-induced asthma. Representative host
defense mechanisms against pathogens, including bacteria and viruses, are mediated
by the innate immune system. Cells of the innate immune system express essential
molecules, namely pattern recognition receptors (PRRs), such as Toll-like receptors,
nucleotide-binding oligomerization domain-like receptors, and retinoic acid-inducible gene-
I-like receptors. These PRRs can recognize components of pathogens such as bacterial
lipopolysaccharide, viral antigens, and their genomes (DNA and RNA). Furthermore, PRRs
activate various signaling pathways resulting in cytokine production against pathogen
infection. However, the exact mechanisms remain unknown. In this review, we mainly
focus on the representative mechanisms of cytokine production through PRRs and
signaling pathways due to virus infections, including respiratory virus infections. In addition,
we describe the relationships between respiratory infections and virus-induced asthma.

Keywords: cytokine, signaling pathway, respiratory virus, innate immunity, virus-induced asthma

INTRODUCTION

Coordination between innate and adaptive immunity against
pathogens is indispensable in higher organisms including humans
(Medzhitov, 2007). In particular, innate immunity plays a critical
role during primary infection with various bacteria and viruses
(Barbalat etal., 2011; Jarchum and Pamer, 2011; Kumar etal.,
2011). The specific recognition of microorganisms may represent
the basis of innate immunity (Barbalat etal., 2011; Jarchum and
Pamer,2011; Kumaretal.,2011). Specific recognition systems have
gradually been clarified and the common platforms are Toll-like
receptors (TLRs), the NLR family (nucleotide-binding oligomer-
ization domain-like receptors), and the RLR family [RIG (retinoic
acid-inducible gene)-I-like receptors] (Kumar etal., 2011; Yu and
Levine, 2011). These molecules are called pattern recognition
receptors (PRRs). PRRs can recognize lipopolysaccharides (LPS),
viral antigens, and bacterial/viral genomes, leading to the activa-
tion of intrinsic signaling pathways (e.g., myeloid differentiation
factor 88; MyD88) and the production of various cytokines (Bar-
balat etal., 2011; Jarchum and Pamer, 2011; Kumar etal., 2011;
Ting Tan etal., 2013). The production of such cytokines may acti-
vate leukocytes and eliminate the infective agents (Chehadeh and
Alkhabbaz, 2013; Ting Tan etal., 2013).

At present, over 50 cytokines have been discovered. They form
networks and play pivotal roles in infectious and allergic dis-
eases (Barnes, 2008; Desai and Brightling, 2012; Holgate, 2012).
These cytokines are mainly produced by blood cells, lymphoid tis-
sues, and epithelial cells. For example, interferons (IFNs), which
are anti-viral cytokines produced by lymphocytes and epithelial
cells, are dramatically induced by various viral infections such

as influenza (Qin etal., 2011b; Hogner etal.,, 2013; Lopusnd
etal.,, 2013). This induction may contribute to the elimination of
viruses in vivo. Indeed, we use recombinant IFNs to treat chronic
viral infections such as hepatitis C (Nagao etal., 2012; Slim and
Afridi, 2012). On the other hand, aberrant induction of other
cytokines such as interleukin (IL)-4 may induce various aller-
gic diseases, such as virus-induced asthma (Baraldo etal., 2012;
Krishnamoorthy etal., 2012). In addition, aberrant induction and
an imbalance of various proinflammatory cytokines, for example,
IL-1, IL-6, and tumor necrosis factor (TNF), may induce severe
systemic inflammatory response syndrome (Watanabe et al., 2003;
Xuetal.,2012). Thus, various cytokines may be associated with the
pathophysiology of inflammation and remodeling of the airways
post-infection.

Acute respiratory illnesses (ARI) are the most common diseases
in humans. Accumulating evidence suggests that around 80% of
the causative agents of ARI may be respiratory viruses (Heymann
etal., 2004; Fujitsuka etal., 2011). The prognosis is good in most
patients with viral ARL; however, viruses causing ARI may be
responsible for more severe diseases like bronchitis, bronchioli-
tis, and pneumonia (Domachowske and Rosenberg, 1999; Sigurs,
2002; Kusel etal., 2007). Furthermore, representative respiratory
viruses such as respiratory syncytial virus (RSV) may induce bron-
chiolitis or pneumonia with wheezing in infants (Stein et al., 1999;
Sigurs etal., 2000).

To better understand host defense mechanisms against viruses,
it is important to clarify these molecular mechanisms. In this
review, we focus on cytokine production and signaling pathways
during viral infection. We also discuss the relationships between
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cytokine profiles and virus-induced asthma under the main theme
“virus-induced asthma.”

INFECTION AND INNATE IMMUNITY

Host defense mechanisms against microbial infections constitute
the main purpose of innate immunity (an archaic term mean-
ing natural resistance; Jarchum and Pamer, 2011; Kumar etal,,
2011). The main platforms of the molecular groups against the
pathogens include TLRs, the NLR family (nucleotide-binding
oligomerization domain-like receptors), and the RLR family
(RIG-I-like receptors). These molecules/receptors can recognize
various components including LPS derived from bacteria, viruses,
and fungi, viral antigens, and the pathogen genomes (Barbalat
etal., 2011; Jarchum and Pamer, 2011; Kumar etal., 2011; Yu
and Levine, 2011). Subsequent events activate innate immu-
nity involved in cytokine production in the host (Barbalat etal,,
2011; Kumar etal., 2011; Yu and Levine, 2011; Ting Tan etal,,
2013). The innate immune system initiates a different mech-
anism against each pathogen (Chehadeh and Alkhabbaz, 2013;
Kemp etal., 2013). Thus, these pathogen-associated receptors
are called “PRRs” (Kawai and Akira, 2007; Pang and Iwasaki,
2012). Schematic illustrations of these families are shown in
Figure 1.

TOLL-LIKE RECEPTORS

As already mentioned, virus infections can induce the production
of various cytokines (Yoshizumi etal., 2010; Ishioka etal., 2011;
Kato etal., 2011). TLRs may be responsible for cytokine produc-
tion in bacteria- or virus-infected epithelial cells and immune cells
(Rudd etal., 2005; Barbalat etal., 2009). In general, it is thought
that TLRs play pivotal roles in innate immunity against viral and
bacterial infections (Kawai and Akira, 2011; Mclsaac etal., 2012).
In humans, 10 types of TLRs have been identified (Akira etal.,
2006; Takeuchi and Akira, 2009; Kumar etal., 2011). TLRs pos-
sess an extracellular domain containing leucine-rich repeats and a
Toll/IL-1 receptor-like structure as the intercellular domain (TIR
domain; Janssens and Beyaert, 2003; Akira etal., 2006). TLRs can
be classified into three types: lipid ligands (TLR1, 2, 4, 6, and
10), protein ligands (TLR5), and nucleic acid ligands (TLR3 and
7-9; Janssens and Beyaert, 2003; Akira etal., 2006; Vandevenne
etal.,2010). Thus, the TLR family can recognize various biological
components derived from microorganisms (Janssens and Beyaert,
2003; Akira et al., 2006; Vandevenne et al., 2010). TLR1, 2, 4, 5, and
6 are transmembrane proteins (Janssens and Beyaert, 2003; Akira
etal., 2006; Vandevenne etal., 2010), which mainly bind to bac-
terial components such as bacterial triacylpolypeptides (TLR1),
ribopeptides (TLR2), LPS (TLR4), and the bacterial protein

TLRs family
S
TLR1 TLR2 TLRS TLR4
TLR2
TLR6
Cell membrane
TIRAP
TR TIR o
TIR TIR MyDs8 MyDas
Endosome RLRs family
] RIG-I MDAS
CARD Helicase CARD Helicase
T[R NLRs famllv Pro-caspase-1
* ASC
TIR ‘ NOD1 NALP
MyD88
TLR9 ¥ TLR7, 8 | I (T30
TLR3 VRIF CARD PYD NOD
FIGURE 1 | A schematic illustration of microbial infection and innate domain involved in the recognition of pathogens. The N-terminal domain can
immunity-related molecules. TLR, RLR, NLR are all expressed on and in a be either a CARD or a PYD domain. The NLR subfamily is characterized by an
variety of cells in host tissues that recognize a diverse range of microbial N-terminal PYD domain. ASC, apoptosis-associated speck-like protein
signatures. The ectodomain of the TLR consists of leucine-rich repeats. Upon containing caspase recruitment domain; CARD, caspase recruit domains;
ligand stimulation, all TLRs except TLR3 recruit the adaptor MyD88. TLR3 is MDA, melanoma differentiation-associated protein; MyD88, myeloid
activated via the adaptor protein TRIF (Toll/Il=1 receptor domain containing differentiation factor 88; NALR NACHT, LRR and PYD domains-containing
adaptor protein inducing interferon-18). RLRs consist of a group of cytosolic protein; NOD, nucleotide-binding oligomerization domain; PYD, pyrin domain;
RNA helicases. RIG-l and MDAb5 are composed of two amino-terminal CARD RIG, retinoic acid-inducible gene; TIR, Toll/ILl-1 receptorlike structure as
domains and a central helicase domain. In contrast to RIG-I, MDAb lacks intercellular domain; TIRAR TIR domain-containing adaptor protein; TLR, Toll
the C-terminal repressor domain. NLR are composed of a central like receptor; TRAM, TRIFrelated adaptor molecule; TRIF, TIR
nucleotide-oligomerization domain and a C-terminal leucine-rich repeat domain-containing adaptor including IFN-18.
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flagellin (TLR5; Janssens and Beyaert, 2003; Akira etal., 20065
Vandevenne etal., 2010). Interestingly, TLR4 proteins also bind to
a major viral antigen of RSV F (fusion) protein (See and Wark,
2008; Klein Klouwenberg etal., 2009). In addition, TLR3, 7, 8,
and 9 reside in the endosomes in cells (Janssens and Beyaert,
2003; Akira etal., 2006; Vandevenne etal., 2010). TLR7 and 8
can recognize single strand viral RNA molecules, while TLR3
can also recognize double strand RNA and poly I:C (polyinosinic
polycytidylic acid; Janssens and Beyaert, 2003; Akira etal., 20065
Vandevenne etal., 2010). Thus, TLR3, 7, and 8 are essential
receptors for many types of RNA viruses including paramyx-
oviruses (Sendaivirus) and orthomyxovirus (influenza viruses;
Melchjorsen et al.,2005; Hammerbeck et al., 2007; Klein Klouwen-
berg etal., 2009). Moreover, TLR9 recognizes CpG DNA (a
phosphodiester bond within cytosine and guanine; Janssens and
Beyaert, 2003; Akira etal., 2006; Vandevenne etal., 2010). Thus,
TLRs can bind to various components of microorganisms includ-
ing viruses, leading to cytokine production through activation
of signaling pathways in pathogen-infected cells (Janssens and
Beyaert, 2003; Akira etal., 2006; Vandevenne etal., 2010). An
illustrated summary is shown in Figure 2.

TLRs-ASSOCIATED SIGNALING PATHWAYS AND CYTOKINE
PRODUCTION

A summarized illustration is shown in Figure 3. TLRs possess a
common TIR domain (Janssens and Beyaert, 2003; Akira etal,
2006). The TIR domain can bind an adaptor molecule, MyD88
(Picard etal., 2011). MyD88 triggers downstream signaling path-
ways such as IRAK (IL-1 receptor-associated kinase)-1/4, TRAF6

(TNF receptor associated factor 6), IRF (interferon regulatory fac-
tor), and/or NF-kB (Akira, 2003; Takeda and Akira, 2004). These
signals may lead to the production of various cytokines such as
type I TEN (IFN-a and -1f) and proinflammatory cytokines (TNF-
a, IL-1, IL-6, and IL-8; Akira, 2003; McGettrick and O’Neill, 2004;
Takeda and Akira, 2004). Thus, the pathways are called “MyD88-
dependent pathways” (Akira, 2003; McGettrick and O’Neill, 2004;
Takeda and Akira, 2004). Signaling pathways fromTLR1, 2, 5-
10 may be dependent on MyD88 (Akira, 2003; McGettrick and
O’Neill, 2004; Takeda and Akira, 2004). However, TLR3 signaling
pathways appear independent of MyD88 (Akira, 2003; McGet-
trick and O’Neill, 2004; Takeda and Akira, 2004). TLR4-mediated
pathway may involve both MyD88-dependent and -independent
pathways. With the exception of MyD88, four types of molecules
in the cells have been confirmed as TIR domain-containing
molecules, including TIRAP (TIR domain-containing adaptor
protein), TRIF (TIR domain-containing adaptor including IFN-
18)/TICAM-1 (TIR domain containing adaptor molecule-1),
TRAM (TIRF-related adaptor molecule), and SARM (sterile alpha
motif and Armadillo motif domain-containing protein). Of these,
TIRAP may be associated with MyD88, while IFN production
by TRIF/TICAM-1 of TLR4 is independent of MyD88 (Akira,
2003; McGettrick and O’Neill, 2004; Takeda and Akira, 2004).
These results suggest that the signaling pathways of each TLR
are unique and complicated (Janssens and Beyaert, 2003; Akira
etal., 2006). Nucleic acids (DNA or RNA) derived from pathogens
induce the production of cytokines (Akira, 2003; Barbalat etal.,
2011). Thus, TLRs can induce various cytokines against infections
through activation of the signaling pathways. For example, TLR4

*LPS * Bacterial *Ribopeptides = CpGDNA
*RSV-F ftriacylpolypeptides 4

\ / e

\ ¥ k

“ TLR1 TLR2

TLR4Y ;

= ds-RNA = s5-RNA = Flagellin =Bacterial
=PolyLC = RN A viruges .- - protein
*RNAviruses Pig -
L&~ -7
- -
TLR5 TLR6 <
TLR10

TLR2

=

FIGURE 2 | A summarized illustration of TLRs and their ligands. TLR are
key initiators of inflammation during host defense. Acting as dimers, the ten
different TLRs display differential patterns of recognition of microbial
products. TLR4 detects LPS, which is specific to Gram-negative species.
TLR1/2 and TLR2/6 recognize triacylated and diacylated polypeptides,

respectively, from mycobacteria. TLR5 responds to flagellin from the flagella
of multiple bacteria. TLR7 and TLR8 detect single-stranded RNA (ss-RNA)
from viruses, and TLR9 detects CpG DNA, which is common in bacterial and
viral pathogens. TLR3 recognizes double-stranded RNA (ds-RNA) or synthetic
compounds such as Poly I:C.
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FIGURE 3 | Essential TLR-associated signaling pathways and cytokine
production. Upon ligand stimulation, all TLRs, except TLR3, recruit the
adaptor MyD88. In turn, MyD88 binds to a protein complex composed of
IRAK4, IRAK1, and TRAF6. TRAF6 undergoes self-polyubiquitination resulting
in the phosphorylation of TAK1. In turn, TAK1 activates IKK complex that leads
to the phosphorylation, ubiquitination, and degradation of [«Ba. This allows
NF-«B to translocate into the nucleus. Simultaneously, the TAK1-containing
complex activates the p38 MAP kinase pathway triggering the activation of
AP-1. Together, NF-«B and AP-1 induce the expression of pro-inflammatory
cytokines. TLR4 and TLR2, in combination with TLR1 or TLR6, recruit TIRAP
that serves as a link adaptor for the recruitment of MyD88. Moreover, TLR4
recruits a second link adaptor named TRAM that allows interaction with the

(TNF-a, IL-6, IL-8, IL-12, IL-18 )

adaptor TRIF. Upon stimulation with an agonist, TLR3 recruits TRIF
TRIF-mediated activation of NFkB and AP-1 also occurs through a
TRAF6-dependent pathway. Upon stimulation, TRIF also binds TRAF3, which
activates TBK. TBK phosphorylates IRF3 and permits its homodimerization
and nuclear translocation. IRF-3, along with NF«B and AP-1, cooperate to
induce the expression of type | IFNs. AP-1, activator protein-1; CBR, cyclic
AMP response element binding factor binding protein; IkB-a, inhibitor of
NF-«B -a; IKK, [«B kinase complex; IRF, interferon regulatory factor; IRAK, IL:1
receptorassociated kinase; NF-kB, nuclear factor kappa light chain enhancer of
activated B cells; p38MAPK, p38 mitogen activated protein kinase; TAB, TAK1
binding protein; TBK, TANK(TRAF family member NF«B activator) -binding
kinase; TAK1, TGF-1B activated kinase 1; TRAF, TNF receptor associated factor.

a ligand of F protein of RSV can activate MyD88-dependent sig-
naling pathways resulting in the production of Th1 cytokines such
as TNF-a, IL-6, IL-8, IL-12, and IL-18 (See and Wark, 2008; Klein
Klouwenberg etal., 2009). On the other hand, TLR-3 activates
MyD88 independent pathways leading to the production of IFN-
1B (Akira, 2003; McGettrick and O’Neill, 2004; Takeda and Akira,
2004).

NUCLEOTIDE-BINDING OLIGOMERIZATION DOMAIN FAMILY
AND CYTOKINE PRODUCTION

In macrophages and epithelial cells, NLRs play a pivotal role
in the recognition of bacteria and viruses as PRR molecules
(Figure 1; Wells etal., 2011). At present, about 20 types of
NLRs have been confirmed in humans (Schroder and Tschopp,
2010). The representative pathogen PRR-related NLRs are NLRP1,
NLRP3 (cryopyrin), and NLRPC4 (Schroder and Tschopp, 2010).
These molecules have both signal transduction domains in the
N-terminal and leucine-rich repeats in the C-terminal (Schroder
and Tschopp, 2010). Thus, NLRs show the properties of both PRR
molecules and signaling molecules (Schroder and Tschopp, 2010).

In addition, the N-terminal of NLRs acts as a caspase recruit-
ment domain (CARD; Schroder and Tschopp, 2010). For example,
NLRP3 binds pro-caspase-1 through activation of TLRs (TLR4)
and forms “inflammasome” (Bauernfeind and Hornung, 2013).
Activated NLRP3-pro-caspase-1 complex releases active caspase-1
(Schroder and Tschopp, 2010; Bauernfeind and Hornung, 2013).
Active type caspase-1 activates pro-IL-1f and pro-IL-18, lead-
ing to their production in the cells (Schroder and Tschopp, 2010;
Bauernfeind and Hornung, 2013).

RETINOIC ACID-INDUCIBLE GENE-I LIKE RECEPTORS FAMILY
Retinoic acid-inducible gene-I and MDA5 (melanoma differen-
tiation-associated protein 5) are localized in the cytosol and may
be able to bind to some ssRNA viruses such as RSV, influenza virus,
dengue fever viruses (DFV), and hepatitis C virus, leading to the
production of type I IFN (IFN-a/p) in fibroblasts (Breiman etal.,
2005; Loo et al., 2008; Jamaluddin et al., 2009; Bustos-Arriaga et al.,
2011). In particular, it is known that RIG-I binds to ssRNA (5'-
triphosphate RNA) derived from influenza virus and induces type
IIFN (Loo etal., 2008). Furthermore, both RIG-I and MDA5 can
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bind to DFV type 2 genome and induce the production of type I
IFN (Qin etal., 2011a). However, the roles of these molecules in
innate immunity are not known at present.

INFLAMMASOME, RLR-ASSOCIATED SIGNALING
PATHWAYS, AND CYTOKINE PRODUCTION

Inflammasome as a PRR is a concept of the inflammatory
reaction-associated protein complex (Schroder and Tschopp,
2010). It is suggested that both RIG-I and MDAS5 can bind
to an adaptor molecule, IPS-1(interferon-1f promoter stimu-
lator 1), and activate NF-kB, resulting in the production of
type I IFN (Schroder and Tschopp, 2010; Bauernfeind and
Hornung, 2013). Inflammasome is composed of some protein
complexes such as Apaf-1(apoptotic protease-activating factor
1), ASC (apoptosis-associated speck-like protein containing cas-
pase recruitment domain), NOD (nucleotide-binding domain),
and NALP (NACHT, LRR and PYD domain-containing protein;
Schroder and Tschopp, 2010; Bauernfeind and Hornung, 2013).
The complex recognizes various components of pathogens and
uric acid as “danger signals” (Schroder and Tschopp, 2010; Bauern-
feind and Hornung, 2013). After recognition of the signals, these
signals activate ASC, leading to the conversion of procaspase-1 to
caspase-1 (Schroder and Tschopp, 2010; Bauernfeind and Hor-
nung, 2013). The protease caspase-1 activates proinflammatory
cytokine precursors such as pro-IL-1p and pro-IL-18, leading
to conversion to active forms of IL-1f and IL-18 (Schroder and
Tschopp, 2010; Bauernfeind and Hornung, 2013). Interestingly,
very recent studies suggest that various inflammatory diseases
such as atherosclerosis and rheumatoid arthritis are associated
with inflammasome, although the precise mechanisms are not
known.

RELATIONSHIPS BETWEEN PRRs, SIGNALING PATHWAYS,
AND CYTOKINE PRODUCTION IN RESPIRATORY
VIRUS-INFECTED CELLS

In general, cytokine production in immunological cells such
as lymphocytes may be induced through each cytokine recep-
tor on the cells (Salek-Ardakani and Croft, 2010; Rossol etal.,
2011). Certainly, this process may occur in virus-infected cells
(He and Greenberg, 2002). As mentioned previously, cytokine
production may trigger innate immunity through PRRs including
TLRs, RLRs, and inflammasomes (NLRPs-pro-caspase-1 complex;
Figure 1; Yu and Levine, 2011). These receptors and/or intracel-
lular protein complexes induce phosphorylation of the signaling
molecules. Although the precise mechanisms are not known,
the phosphorylation cascades of the molecules lead to cytokine
production in virus-infected cells (Yu and Levine, 2011). The rep-
resentative data of virus infection-associated signaling pathways
is shown in Figure 4. Briefly, a previous report showed that RSV
infection in human fetal lung fibroblasts (MRC-5 cells) induces
various cytokines through the activation (phosphorylation) of
Akt (murine thymoma viral oncogene homolog/protein kinase
B), p38MAPK (mitogen activated protein kinase), ERK1/2 (extra-
cellular signal-regulated kinase), and IkB-a (Seki etal., 2013).
Human rhinovirus (HRV) infection in human bronchial epithe-
lium cells (BEAS-2B cells) activated p38MAPK, ERK1/2, and
NF-kB (nuclear factor kappa B protein). Human parainfluenza

virus (HPIV) infection in MRC-5 cells activated p38MAPK and
IkB-a (Yoshizumi et al., 2010). However, it is not currently known
how PRRs are associated with the production of these cytokines.

RESPIRATORY VIRUS INFECTION-ASSOCIATED CYTOKINE
PRODUCTION

The summarized data of the cytokine production profiles in some
respiratory virus-infected cells are shown in Table 1. Numerous
reports show that most respiratory virus infections can induce
the production of various types of cytokines in vitro and in vivo
(Khaitov etal., 2009; Koetzler etal., 2009; Martinez etal., 2009;
Sharma etal., 2009; Ishioka etal., 2011; Lewis etal., 2012; Seki
etal., 2013). The findings of previous in vitro studies suggest that
influenza virus type A [subtype A(HIN1) virus]-infected human
airway epithelial cells produces significant amounts of IL-1, IL-6,
and IL-8 (Hofmann etal., 1997). Production is associated with
inflammasome (NLRP3-pro-caspase-1 complex; Pothlichet et al.,
2013). HRV-infected airway epithelial cells produced IL-1, IL-6,
IL-8, RANTES (regulated on activation normal T cell expressed
and secreted), eotaxin, interferon-inducible protein (IP)-10,IL-11,
TNF-a, granulocyte macrophage colony-stimulating factor (GM-
CSF), IEN-1p, and IFN-A (Yamaya, 2012). RSV-infected airway
epithelial cells produced IL-1, IL-4, PIV-3, IL-6, RANTES, IL-
8, IL-11, GM-CSF, andTNF-a (Yamaya, 2012). HPIV-3 infected
human lung fibroblasts induced excessive expression of IL-1B,
IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-10, G-CSF, GM-CSE IFN-vy,
TNF-a, IL-8 IP-10, eotaxin, and RANTES (Yoshizumi etal.,
2010).

Previous in vitro studies have demonstrated that elevated
IL-6, IL-8, and RANTES are found in sputum and serum in
influenza virus infection (Yamaya, 2012). IL-6 and IL-8 were ele-
vated in sputum and serum in HRV infection (Yamaya, 2012).
Systemic avian influenza virus [subtype A(H5N1) virus] infec-
tion induced excessive production of proinflammatory cytokine,
namely a cytokine storm (Ramos and Fernandez-Sesma, 2012).
These results imply that cytokine production profiles may
vary. Although the detailed information of the signaling path-
ways is not yet known, these differences may be associated
with the pathophysiology of each respiratory virus infection
(Schwarze and Mackenzie, 2013).

RELATIONSHIP BETWEEN CYTOKINE PRODUCTION DUE TO
RESPIRATORY VIRUS INFECTION AND THE
PATHOPHYSIOLOGY OF VIRUS-INDUCED ASTHMA

Viral infections clearly induce inflammation at infected sites. A
variety of complicated pathophysiological events occur at these
sites. In broad terms, these events may constitute converged
cell death and regeneration (Rennard and von Wachenfeldt,
2011). The process of events has been named “remodeling”
(Al-Muhsen etal., 2011). Cytokines derived from respiratory
virus infections may be associated with airway remodeling
(Kuo etal, 2011). It is suggested that the major production
sources of cytokines are airway epithelium, fibroblasts, myofi-
broblasts, and leukocytes within infected regions (Westergren-
Thorsson etal., 2010). These cytokines may be associated
with remodeling processes following respiratory virus infections
(Holtzman etal., 2002).
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RSV
Q ﬁ ﬁa TLR4 Cytokine
/L receptor
Endosome TRAM TIRAP
TLR3 Infected cell
TRIF MyD88
TRAFG PI3K
TBK TAK1
PDK1
TAB
ERK1/2 Akt
IKK
NF-kB AP-1
CBP CBP CBP
Nucleus
IxB-a, IL-1ra, IL-10, etc Various cytokine production
FIGURE 4 | PRRs and virus infection-associated signaling pathways. and results in the induction of proinflammatory cytokines and
The innate immune response to the fusion protein of an important type | IFNs. Moreover, TLR4 is able to signal via both MyD88-dependent
respiratory pathogen of humans, RSV, is mediated by TLR4. The RSV F and -independent pathways and is able to activate a response via IRF-3,
protein induces translocation of TLR4 to the endosome together with NF«B, AP-1, ERK and IKK. These receptors recognize RSV and induce an
TRAM. TLR3 is expressed in intracellular endosomes and responds to the appropriate antiviral innate immune response in the infected cells. Akt,
presence of double-stranded RNA (dsRNA), which forms as a product of the protein kinase B; ERK1/2, extracellular signal regulating kinase1/2; PDK1,
replication of the majority of RNA viruses such as RSV. TLR3 and TLR4 phosphoinositide-dependent kinase 1; PI3K: phosphatidylinositol-3
activate TRIF-dependent signaling, which activates NF-«B and IRF-3, kinase.

Table 1 | Cytokines and chemokines induced by virus infection.

Viruses Samples and Cytokines and chemokines Reference
specimens
RSV Ab549 GM-CSF Ishioka etal. (2011)
MRC-5 IL1B, 16, TNF-a, I-1ra, IFN-y, IFN-\1a, 12, 1112, [1-4, L5, Seki etal. (2013)
IL10, 113, G-CSF, GM-CSF, eotaxin, RANTES, IL-8, IP-10,
MCP-1, MIP-1a, PDGF-bb, VEGF, FGFbasic
HEp-2 IL-1B8, MCP-1, MIP-1a, RANTES Martinez etal. (2009)
Primary BECs IFN-B, IFN-\1 Khaitov etal. (2009)
HRV Nasal aspirates IFN-y, IL-6, IL=8, IP-10, eotaxin, RANTES Lewis etal. (2012)
BEAS-2B I1:6, TNF-a, =8, IP-10 Koetzler etal. (2009),
Sharma etal. (2009)
PIV MRC-5 IL1B, 16, TNFa, IL-1ra, IFN-y, IL-2, 114, 115, I1-10, G-CSF, Yoshizumi etal. (2010)

GM-CSF, eotaxin, RANTES, IL-8, IP-10, PDGF, VEGF

RSV, respiratory syncytial virus; HRV, human rhinovirus, PIV, parainfluenza virus.
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CONCLUSION

Since the discovery of PRRs, remarkable progress has been
made toward understanding the role of innate immunity against
pathogens. However, the precise roles of PRRs, the mechanisms of
intrinsic signaling pathways, and cytokine production with regard
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Acute respiratory iliness (ARI) due to various viruses is not only the most common cause of
upper respiratory infection in humans but is also a major cause of morbidity and mortality,
leading to diseases such as bronchiolitis and pneumonia. Previous studies have shown
that respiratory syncytial virus (RSV), human rhinovirus (HRV), human metapneumovirus
(HMPV), human parainfluenza virus (HPIV), and human enterovirus infections may be
associated with virus-induced asthma. For example, it has been suggested that HRV
infection is detected in the acute exacerbation of asthma and infection is prolonged. Thus
it is believed that the main etiological cause of asthma is ARI viruses. Furthermore, the
number of asthma patients in most industrial countries has greatly increased, resulting
in a morbidity rate of around 10—15% of the population. However, the relationships
between viral infections, host immune response, and host factors in the pathophysiology
of asthma remain unclear. To gain a better understanding of the epidemiology of virus-
induced asthma, it is important to assess both the characteristics of the viruses and the host
defense mechanisms. Molecular epidemiology enables us to understand the pathogenesis
of microorganisms by identifying specific pathways, molecules, and genes that influence
the risk of developing a disease. However, the epidemiology of various respiratory viruses
associated with virus-induced asthma is not fully understood. Therefore, in this article,
we review molecular epidemiological studies of RSV, HRV, HPIV, and HMPV infection
associated with virus-induced asthma.

Keywords: molecular epidemiology, virus-induced asthma, respiratory syncytial virus, human rhinovirus, human
metapneumovirus, respiratory viruses

INTRODUCTION

Acute respiratory illness (ARI) is a major cause of morbidity and
mortality worldwide (Williams et al., 2002; Sloots et al., 2008). ARI
imposes a large burden on health, particularly in children. For
community-based care, ARI has been estimated at a cost of over
US$100 per case (Ehlken et al., 2005). The disease burden for ARI
is estimated at 94,037,000 disability-adjusted life years and 3.9
million deaths (World Health Organization, 2002). Thus, ARI has
a huge impact on health and society.

Although severe lower respiratory tract infections have been
observed, ARI is most often associated with mild upper respiratory
infection (URI). Most ARI cases in early childhood are confirmed
as URI, leading to symptoms of the common cold with coryza and
cough. In contrast, around one-third of infants with ARI develop
lower respiratory tract symptoms such as tachypnea, wheezing,
severe cough, breathlessness, and respiratory distress (Tregoning
and Schwarze, 2010). In general, viruses are the most common
causative agents of ARL. More than 200 different types of viruses
are known to cause ARI, with respiratory syncytial virus (RSV),
human rhinovirus (HRV), human metapneumovirus (HMPV),
and human parainfluenza virus (HPIV) most commonly iden-
tified in ARI patients. Indeed, together with these respiratory
viruses, human enterovirus (HEV), influenza virus (InfV), human
coronavirus (HCoV), adenovirus (AdV), and human bocavirus

(HBoV) account for around 70% of ARIs detected (Kusel etal.,
2006). Respiratory viral infections can have severe adverse out-
comes in patients with established asthma and are associated with
nearly 80% of asthma exacerbation episodes (Nicholson etal,
1993; Johnston et al., 1995; Wark et al., 2002; Heymann et al., 2004;
Grissell etal., 2005). Accumulating evidence indicates that the eti-
ology of most cases of asthma, namely virus-induced asthma,
is linked to such respiratory virus infections. In addition, RSV
and HRV are the most frequently detected pathogens and may
play an important role in viral induction and exacerbation of
asthma.

Molecular biology techniques have developed rapidly over
recent years. The application of molecular techniques to the
study of virus-induced asthma enhances epidemiologic studies by
improving our ability to classify these pathogens into meaning-
ful groups (Foxman and Riley, 2001). In this review, we focus on
molecular epidemiological studies of respiratory viruses, includ-
ing RSV, HRV, HMPYV, and HPIV infections, associated with
virus-induced asthma.

VIRAL INFECTION AND ASTHMA

In infancy, illnesses such as bronchiolitis share many clinical
features with acute asthma, including wheezing, rapid breath-
ing, prolonged expiratory phase inflammation, and respiratory
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compromise. Respiratory viruses are detected in the majority
of asthma exacerbations in both children (80-85%) and adults
(75-80%; Johnston etal., 1995; Grissell etal., 2005). In addition,
wheezing illnesses are also closely associated with respiratory viral
infections in all age groups (Gern, 2010). Fujitsuka etal. (2011)
attempted to detect various respiratory viruses in Japanese chil-
dren with acute wheezing using PCR technology and found viruses
in samples from 86.1% patients: RSV or HRV alone were detected
in 40.9 and 31.3% patients, respectively and both RSV and HRV
were detected in 12.2% patients. Other previous reports suggested
that the prevalence of RSV and HRV is similar (36 and 42%, respec-
tively) in children less than 2 years of age, but differs (27 and 66%)
in older children (Johnston etal., 1995; Grissell etal., 2005). In
addition, Fujitsuka etal. (2011) suggested that RSV was the dom-
inant species detected in patients with no history of wheezing
and/or asthma, while HRV was dominant in patients with such a
history. Thus, the main causative viral agent of asthma depends
on previous illness and age.

Around one-third of infants who have an acute wheezing illness
go on to develop recurrent wheezing, indicating that viral respira-
tory illnesses in early life promote asthma. Recently, the “two-hit”
hypothesis has been proposed, whereby viral infections promote
asthma mainly in predisposed children (Gern, 2010). Infants who
develop virus-induced wheezing episodes are at increased risk for
subsequent asthma, but most acute wheezing illnesses in infancy
resolve with no long-term sequelae. It has been recognized for
years that RSV infections often produce the first episode of wheez-
ing in children who go on to develop chronic asthma (Lemanske,
2004). Indicators of heightened risk for developing asthma include
wheezing episodes caused by HRV infections and the development
of atopic features such as atopic dermatitis, allergen-specific IgE
for foods or aeroallergens (e.g., house dust, mites, or cat or dog
dander), and blood eosinophilia (Figure 1). Once asthma has
been established, HRV infections are the most common cause of

HRV

»
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*
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\ Infection ‘
Healthy
infant
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RSV

HRV

Infection

Acute Asthma

wheezing
Atopic feature

FIGURE 1 | Relationship between respiratory viral infections and
development of asthma. Host-pathogen interactions that determine the
severity of respiratory illnesses, and risk for subsequent asthma was
increased by respiratory virus infection, especially due to RSV, in infants.
Although most acute wheezing resolves within a relatively short time, a
history of wheezing and host immunological conditions (e.g., atopic
features) heightens the risk for asthma. Once asthma is established, HRV
infections are the most common causative agents of asthma in children.

acute exacerbations, especially in children. As in infancy, atopy
is an important risk factor for acute episodes of virus-induced
wheezing (Kusel etal., 2007). Many previous reports have sug-
gested that such respiratory virus infections are deeply associated
with virus-induced asthma (Kusel etal., 2007; Pierangeli etal.,
2007; Kuehni etal., 2009; Fujitsuka et al., 2011; Kato etal., 2011).
Thus, it is entirely plausible that viral infections induction and/or
exacerbation asthma in children.

MOLECULAR EPIDEMIOLOGY OF RSV

Respiratory syncytial virus of genus Pneumovirus and family
Paramyxoviridae causes ARI in children (Vardas et al., 1999; Peter
and James, 2006). RSV infection may cause major problems in
infants less than 1 year of age and can lead to life-threatening
ARIs such as bronchiolitis and bronchopneumonia (Shay etal.,
1999; Leung et al., 2005; Yorita et al., 2007). Epidemiological stud-
ies suggest that around 70% of infants have experienced an RSV
infection by the age of 1 year, and 100% by the age of 2 years;
host response to the virus varies greatly, but includes upper res-
piratory tract infections, typical bronchiolitis, and RSV-induced
wheezy bronchitis (Cane, 2001; Kuehni etal., 2009). Long-term
prospective case-control and cohort studies have also linked RSV
bronchiolitis to the development of wheezing and asthma later in
childhood (Sigurs etal., 1995, 2005, 2010; Henderson et al., 2005).
Thus, RSV infections may be associated with the initiation and/or
exacerbation of asthma.

The RSV genome encodes 11 proteins (Peter and James, 2006).
Among these, the attachment glycoprotein (G) is a major struc-
tural protein that may be associated with both infectivity and
antigenicity (Johnson etal., 1987; Rueda etal., 1991). Molecular
epidemiological studies have shown that RSV can be classified into
two phylogenetic subgroups, RSV-A and RSV-B (Mufson etal.,
1985). The strains of subgroup A can be subclassified into eight
genotypes (GA1-GA7 and SAA1), as can those of subgroup B
(BA, GB1-GB4, and SAB1-3; Parveen etal., 2006). From phy-
logenetic analysis of the G gene of RSV, Martinello etal. (2002)
showed that RSV belonging to GA3 genotype may be associated
with greater severity of illness in, for example, bronchiolitis and
pneumonia. Although GA3 genotype has been detected in the
United Kingdom, Spain, and New Zealand, it is not the most
prevalent strain (Cane etal., 1991; Garcia etal., 1997; Matheson
etal., 2006). Martinello etal. (2002) therefore suggested that the
association between greater severity of illness and GA3 genotype
may be solely due to a transient shift in genotype-specific immune
status within the community. In addition, correlations between
certain strains and/or genotypes of RSV and slight differences in
disease severity have been described previously (Hall etal., 1990;
Walsh etal., 1997). Some genotypes such as subgroup A genotypes
GA1, GA2, GA5, GA7,and NA1 and subgroup B genotype BA have
been detected throughout the world in recent years (Zlateva etal.,
2004; Parveen et al.,2006; Zhang et al.,2007; Nakamura et al., 2009;
Rebuffo-Scheer etal., 2011). Of these, NA1 is a novel genotype
known to be genetically close to GA2 genotype, while GA2 geno-
type and BA genotype are the most common genotypes of RSV
subgroups A and B around the world and have persisted for many
years (Tran etal., 2013). Furthermore, a new genotype belonging
to RSV-A, ONI1, has been detected in some countries, including
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Canada, Korea, Malaysia, South Africa, and Japan (Eshaghi etal,,
2012; Lee etal., 2012; Khor etal., 2013; Tsukagoshi etal., 2013;
Valley-Omar etal., 2013). This genotype contains a unique tan-
dem repeat (72nt sequence duplication) in the C-terminal 3rd
hypervariable region of the G gene, and may be classified as a
subdivision of NA1 (Eshaghi etal., 2012). Some reports have sug-
gested that the severity of illness is not linked to subgroups or
genotypes, but is associated with the quantity of RSV in nasopha-
ryngeal aspirate (Sullender, 2000; Campanini et al., 2007). A larger
population study is needed to identify the different RSV genotypes
circulating in different areas to gain a better understanding of the
relationship between disease severity and RSV genotype.

The G protein is a major antigen of RSV and amino acid substi-
tutions may be related to changes in antigenicity. There are some
reports of amino acid substitutions, and some positively selected
sites in the C-terminal 3rd hypervariable region of the G gene
have been estimated (Botosso etal., 2009; Yoshida etal., 2012;
Kushibuchi etal., 2013). For example, Yoshida etal. (2012) esti-
mated some sites under positive selection in the region (Asn250Ser,
Met262Glu, Arg297Lys,and Arg297Glu substitutions in RSV-A
strains were estimated by the REL method, and Asn273Tyr and
Leu274Pro substitutions of RSV-A, as well as Leu237Pro substi-
tution of RSV-B, were estimated by the IFEL method). Botosso
etal. (2009) found 29 and 23 amino acid sites under putative
positive selection in RSV-A and RSV-B, respectively. In addition,
some unique positively selected sites were found in the G gene
(Kushibuchi etal., 2013). These amino acid variations at these
sites might play a key role in severe respiratory infection, such as
bronchiolitis (Goto-Sugai etal., 2010). Furthermore, the rate of
molecular evolution of the region might be high. For example,
Kushibuchi etal. (2013) estimated the evolutionary rate of RSV-A
at 3.63 x 1073 substitutions/site/year, while that of RSV-B was
estimated at 4.56 x 1072 substitutions/site/year. Thus, it is sug-
gested that this C-terminal 3rd hypervariable region in the G gene
of RSV-A and -B evolved rapidly (Kushibuchi etal., 2013). Based
on host immunological conditions, it is suggested that host immu-
nity such as TLR4 polymorphism is linked to symptomatic RSV
infection (Delgado et al., 2009). Thus, both the antigenicity of the
viruses and host immune conditions may play important roles in
the pathophysiology of severe respiratory infections such as bron-
chiolitis, pneumonia, and virus-induced asthma (Awomoyi et al.,
2007).

MOLECULAR EPIDEMIOLOGY OF HRV

Human rhinovirus are a group of positive-sense ssRNA viruses
belonging to genus Enterovirus in the family Picornaviridae
(Turner and Couch, 2007). Although HRVs were previously
thought to be mainly associated with the common cold caus-
ing mild respiratory symptoms, recent reports strongly suggest
that HRVs may induce and/or exacerbate asthma (virus-induced
asthma; Chung etal., 2007; Turner and Couch, 2007; Busse et al.,
2010; Gern, 2010; Khadadah etal., 2010). One report suggested
that HRV wheezing illness within the first three years of life is
significantly associated with the development of asthma at age
6 years (Jackson etal., 2008). Another report suggested that HRV's
are major agents in the induction of wheezing and exacerba-
tion of asthma (Khadadah etal., 2010). Thus, HRVs are being

re-evaluated as important agents of ARI in humans (Imakita et al.,
2000; Papadopoulos etal., 2002; Wos etal., 2008). The basis for
these lower respiratory symptoms has been a source of contro-
versy in terms of the mechanisms of HRV pathogenesis. There are
avariety of potential barriers to HRV infection of the lungs, includ-
ing temperature-sensitive replication of the virus. For this reason,
it is thought that the optimum propagation temperature of HRVs
may be 32-35°C in vitro (Papadopoulos et al., 1999; Schroth et al.,
1999). However, a recent study suggested that HRVs can propa-
gate in lower airway tissues and this may be an important factor in
the development of airway obstruction, coughing, and wheezing
that can lead to bronchiolitis and pneumonia (Mosser et al., 2005).
HRYV has been concomitantly isolated with bacterial pathogens in
24-54% of children and 10-18% of adults with pneumonia (Juven
etal., 2004; Templeton et al., 2005; Jennings et al., 2008). Thus, it is
not clear whether HRV is ever the causative agent for the disease.

Human rhinovirus were previously classified into two species,
HRV species A (HRV-A) and species B (HRV-B), containing over
100 serotypes (Turner and Couch, 2007). However, a genetically
heterogeneous third species, HRV species C (HRV-C), was discov-
ered recently (Lamson etal., 2006; McErlean etal., 2007). Recent
reports suggest that HRV-A, B, and C have a unique and wide
genetic diversity (Mclntyre etal., 2010; Simmonds etal., 2010;
Arakawa etal., 2012). HRV-A and -C appear to be mainly asso-
ciated with ARIs and virus-induced asthma, while HRV-B has
been detected in a relatively small number of patients with ARIs
(Linsuwanon et al., 2009; Wisdom et al., 2009; Smuts etal., 2011).
Our previous findings obtained from samples from children with
ARIs in Japan indicated that HRV-A and -C can be classified into
many clusters in the phylogenetic tree, with 30% nucleotide diver-
gence of the VP4/VP2 coding region (Mizuta et al., 2010a; Arakawa
etal., 2012; Kiyota etal.,, 2013). In addition, Kiyota etal. (2013)
estimated that the rate of molecular evolution of the VP4/VP2 cod-
ing region was rapid (3.07 x 1073 substitutions/site/year) in HRV-
C. These results suggest that HRV-A and -C detected in ARI cases
are the predominant strains and have varied genetic properties
(Wisdom etal., 2009; Mizuta etal., 2010a; Arakawa etal., 2012).
Thus, the association between HRV type and disease severity is
not fully understood. There may be important differences in the
susceptibility of individuals to the replication of HRV in lower
airway tissues.

Parry etal. (2000) and Gern etal. (2000) found that weak
peripheral blood mononuclear cell (PBMC) Th1 (IFN-y) response
to HRV infection is associated with increased viral shedding,
and decreased proliferative response of PBMCs to HRV is asso-
ciated with increased severity of symptoms. In addition, it was
found that weak Th1 responses (IFN-y/IL-5 mRNA ratio) in spu-
tum are also associated with greater severity of illness (Gern
etal., 2000). Furthermore, weak Thl responses to viral infec-
tion in adults with asthma have been associated with decreased
lung function and greater airway responsiveness (Brooks etal.,
2003). These results indicate that individuals with a weak Th1
response to viruses, and perhaps individuals with asthma in gen-
eral, may be more susceptible to HRV illnesses, and this association
may be strongest in those with more severe disease (Parry etal.,
2000; Gern etal., 2000; Brooks etal., 2003). Other epidemio-
logical and biological factors, such as allergy, atopic dermatitis,
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or a family history of allergy, may be related to virus-induced
asthma (Green etal, 2002; Singh etal, 2007). Recently it is
suggested that variants at the 17q21 locus were associated with
HRV induced asthma in children who had a history wheezing ill-
nesses, although associations of 17q21 variants with asthma were
restricted to children who had a history of HRV wheezing illnesses
(Caligkan etal., 2013).

MOLECULAR EPIDEMIOLOGY OF HMPV

Human metapneumovirus is a recently identified RNA virus
belonging to the Paramyxoviridae family, of genus Metapneu-
movirus (Collins and Crowe, 2007). HMPV is a major pathogen
that causes ARI in all ages (Collins and Crowe, 2007). The
first HMPV infection appears to take place within the first six
months of life, after which infections may occur repeatedly and
frequently (Schildgen etal., 2011). The nosocomial impact of
HMPYV is estimated to be as high as that for RSV. In an HMPV
outbreak in Japan, 34.8% of elderly patients who shared the
same day care room in a hospital were infected with HMPV
(Honda etal., 2006). Higher morbidity is observed in young
children, the elderly, and immunocompromised adults (Boivin
etal., 2002; Falsey etal., 2003; van den Hoogen etal., 2003; Sum-
ino etal., 2005; Williams etal., 2005; O’Gorman etal., 2006).
HMPV is classified into two genotypes (A and B) and four sub-
groups (Al, A2, B1, and B2) by phylogenetic analysis, using the
F and G genes (Biacchesi etal., 2003; van den Hoogen etal,
2004). Subgroup A2 has been subdivided into two lineages, sub-
group A2a and A2b (Huck etal., 2006). It has been suggested
that these genotypes circulate in variable proportions in some
areas (Gerna etal., 2005; Mackay etal., 2006). Although the
molecular epidemiological information on HMPV has gradually
accumulated, the detailed epidemiology remains unclear (Mizuta
etal., 2010b; Pitoiset etal., 2010; Omura etal., 2011). HMPV
infections can occur throughout the year, but seasonality has
been described in several studies, with the epidemiological peak
occurring several months later than that observed for RSV epi-
demics (Robinson etal., 2005; Wilkesmann etal., 2006; Madhi
etal., 2007; Aberle etal., 2008, 2010; Heininger etal., 2009). It
remains unclear whether different HMPV subgroups are asso-
ciated with differences in the clinical course of disease. Several
groups have suggested that HMPV subgroup A might be asso-
ciated with more severe clinical disease (Martinello etal., 2002;
Kaida etal., 2006; Vicente etal., 2006; Arnott etal., 2013), while
others have reported that subgroup B may cause more severe ill-
ness (Esper etal., 2004; Pitoiset et al., 2010), and still other groups
have found no evidence for differential severity caused by dif-
ferent HMPV lineages (Agapov etal., 2006; Manoha etal., 2007;
Larcher etal., 2008; Xiao etal., 2010). Previous reports suggested
that the substitution rates for the G gene (3.5 x 1072 substi-
tution/site/year) and the F gene (7.1 x 107* to 8.5 x 10~*
substitution/site/year) are high, and some positively selected sites
have been found in the latter (de Graaf etal., 2008; Yang etal.,
2009). It may be that there is a correlation between some posi-
tively selected epitopes and disease severity. Thus, the association
between HMPV subgroup and disease severity is controversial. To
gain a better understanding of host responses that may contribute
to differences in clinical severity between HMPV subgroups, a

more detailed analysis that includes host immunological status is
needed.

MOLECULAR EPIDEMIOLOGY OF HPIV
Human parainfluenza virus belong to the Paramyxoviridae family.
There are two genera of HPIV, Respirovirus (HPIV-1 and HPIV-3)
and Rubulavirus (HPIV-2 and HPIV-4; Karron and Collins, 2007).
HPIV is classified into four serotypes (HPIV1-4), all of which
can cause various ARI in humans such as URI, croup, bronchitis,
asthma, and pneumonia (Henrickson, 2003; Karron and Collins,
2007). Although HPIV type 4 (HPIV4) is rarely reported, HPIV1-3
are important causes of various ARI, including the common cold,
croup, bronchitis, bronchiolitis, and pneumonia in children, and
they commonly re-infect both children and adults. While such
infections are generally mild in healthy persons, they may cause
serious diseases in children, such as asthma (Henrickson, 2003;
Karron and Collins, 2007). Although fewer HPIV strains have
been detected compared with other respiratory viruses such as
RSV, HRV, and HMPYV, previous reports suggest that HPIV1 and 3
are the dominant viruses in children with ARI (Reed etal., 1997).
Indeed, serological surveys indicate that at least 60% of children
have been infected with HPIV3 by 2 years of age, approximately
80% have been infected by age 4, and at least 75% have been
infected with HPIV1 by 5 years of age (Parrott etal., 1959, 1962).
HPIV1 and 3 show high prevalence and are associated with up to
12% of acute lower respiratory tract infections in adults (Azevedo
etal.,2003; Matsuse et al., 2005). HPIV1 and HPIV3, may be major
agents of ARI throughout the world, along with other viruses such
as RSV, HRV, and HMPV (Laurichesse etal., 1999; Iwane etal.,
2004; Monto, 2004; Do etal,, 2011). In addition, it is suggested
that HPIV is a major causative agent of virus-induced asthma
(Henrickson and Savatski, 1997). Several previous studies have
reported that HPIV1 infections demonstrate clear outbreaks in
autumn, mostly in September and November, every 2 years (Knott
etal., 1994; Hall, 2001; Counihan etal., 2001). Other studies have
reported that HPIV3 causes yearly outbreaks around the globe,
mainly in the spring-summer season (Knott etal., 1994; Couni-
han etal., 2001; Hall, 2001; Mizuta etal., 2013). A recent study
suggested that four different types of HPIV cause similar clinical
manifestations in patients, and the clinical presentation of HPIV
infection may differ depending on patient age (Liu etal., 2013).
Henrickson and Savatski (1996) analyzed the longitudinal evo-
lution of the HN coding region in 13 strains of HPIV1 isolated in
the USA. These results showed that the antigenic and genetic sub-
groups are very stable. In addition, Mizuta etal. (2011) suggested
that the evolution of the HN gene in the present HPIV1 isolates
was relatively slow and that the gene is highly conserved. Only a
few reports on the molecular epidemiology of HPIV1 are available
and it appears that the molecular epidemiology of HPIV is poorly
understood. Larger and more detailed studies on the association
of HPIV with asthma are needed.

MOLECULAR EPIDEMIOLOGY OF OTHER VIRUSES

HEV68 was recently detected in asthmatic patients (Hasegawa
etal, 2011). HEV68 was found to be relatively acid resistant and
thus could be distinguished from acid-sensitive HRV87 (Schieble
etal., 1967; Kapikian etal., 1971). HRV87 was recently reclassified
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as HEV68 based on phylogenetic analysis and neutralization
test, and some laboratories have confirmed its acid sensitivity
(Blomgvist et al., 2002; Ishiko etal., 2002; Savolainen etal., 2002).
Distinguishing between HRV and HEV based on the acid sensitiv-
ity of isolates is therefore not appropriate for HEV68. The number
of reports of an association between respiratory disease and
HEV68 infection has recently increased. One report of the phy-
logenetic analysis of HEV68 based on partial VP1 gene sequences
indicates wide genetic diversity (Linsuwanon etal., 2012). In addi-
tion, Tokarz etal. (2012) showed the presence of multiple clades
among the circulating strains, and that all strains are spreading
rapidly worldwide and contributing to the prevalence rates of res-
piratory diseases. In addition, asthmatic individuals infected with
HEV68 also have the propensity to develop unstable asthma or an
acute attack (Hasegawa etal., 2011).

Influenza virus is also a major causative agent of ARI in both
children and adults. Furthermore, asthmatic patients were found
among children and adults hospitalized with seasonal InfV (Dao
etal., 2010; Dawood etal., 2010). Although it is recognized that
viral infections such as RSV or HRV may induce and/or exacerbate
asthma, the effect of InfV on asthma remains arguable (Johnston
etal,, 1995). Although one study suggested that A(HIN1)pdm09
viruses impose greater risk factors on children than seasonal InfV
(Tran etal., 2012), InfV vaccine was available before the influenza
season since InfV causes more severe illness than other respi-
ratory viruses. Therefore, it is suggested that InfV vaccine be
recommended for children with asthma (Kloepfer etal., 2012).

Although the level of detection of HCoV, HBoV, or AdV is rela-
tively low, these infections are also detected in children with acute
wheezing (Chung etal., 2007; Jartti etal., 2007). Further studies
are needed to clarify the clinical roles of HCoV, HBoV, or AdV
infections and those of other respiratory viruses. In particular, the
prevalence of HCoV, HBoV, or AdV infection in healthy control
subjects, assessment of disease severity by other clinical variables,
and the immunological effects should be investigated.

MOLECULAR EPIDEMIOLOGY OF CO-INFECTION

Infants with severe bronchiolitis have an increased risk of devel-
oping recurrent wheezing later in life (Chung etal., 2007). HRV
may be detected concurrently with other viruses such as RSV,
HMPV, InfV, or HCoV (Richard etal., 2008; Fujitsuka et al., 2011).
Considering their ubiquity, it is interesting that the number of
respiratory viruses detected concurrently with HRV strains is rel-
atively low (Lambert etal., 2007; Mackay, 2007), supporting the
concept that HRVs have a direct role in the clinical outcome of
infection (Miller et al., 2007). In fact, HRV strains are co-detected
with other pathogens in reproducible, but clinically undefined,
patterns (Brunstein etal., 2008). The HRV partnership with host
immunity may be a mutualistic one, inadvertently imparting an
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Respiratory viruses other than RSV and multiple viral infec-
tions may contribute to the severity of bronchiolitis and asthma.
Indeed, it was reported that dual infections of HMPV and RSV or
HRV and RSV confer a 5- to 10-fold increase of severe disease in
children admitted to pediatric intensive care units (Papadopou-
los etal., 2002; Semple etal., 2005). In contrast, other studies
reported that co-infection with two respiratory viruses was not
significantly associated with disease severity (van Woensel etal.,
2006; Wolf et al., 2006). Thus, there is no consensus on the effects
of co-infection on disease severity. The effect of dual infection
may depend upon which viruses co-infect together. For exam-
ple, although there was no increase in severity when HRV and/or
AdV were detected during RSV infection, co-infection with both
HMPV and RSV increased the rate of intensive care unit admis-
sions (Aberle et al., 2005; Semple et al., 2005). Thus, although dual
infections and reinfections have been well documented in children,
chronic infection with the development of quasispecies cannot
be ruled out without obtaining more complete data using high
performance detection methods (Hall and McCarthy, 1996).

CONCLUSION

Respiratory viral infections are a major cause of virus-induced
asthma in early life. Although antiviral therapy is not yet avail-
able for patients infected with respiratory viruses, the detection
and identification of these viruses could help to explain serious
respiratory illness, provide guidance for medical care, and prevent
unnecessary treatment with antibiotics. Based on the results of
many related studies, we propose a two-step hypothesis of asthma
development in children. The first step is mainly due to RSV
infection: when RSV infects bronchial cells, the bronchial cells
produce various cytokines and chemokines. These responses cause
hyperresponsiveness in the bronchial cells. In other words, RSV
infection might create a preparatory step as the first step in the
development of asthma. HRV infection might then bring about
the second step in the development of asthma. An infant with
a history of wheezing caused by RSV infection may develop the
heavy wheezing of asthma due to HRV infection followed by RSV
infection. To understand the cause of asthma, we need to examine
the larger complex picture of genetic susceptibility, immune com-
ponents, environmental exposures, and the interactions between
these elements.

ACKNOWLEDGMENTS

This study was supported in part by Research on Emerging and
Re-emerging Infectious Diseases, Labour, and Welfare Programs
from the Ministry of Health, Labour, and Welfare, Japan.

Aberle, S. W., Aberle, J. H., Sand-
hofer, M. J., Pracher, E., and
Popow-Kraupp, T. (2008).
nial spring activity of human

Agapov, E., Sumino, K. C., Gaudreault-
Keener, M., Storch, G. A., and Holtz-
man, M. J. (2006). Genetic variability
of human metapneumovirus infec-
tion:

Bien-

Austria. evidence of a shift in viral

versus dual respiratory virus infec-
tions in hospitalized infants: impact
on clinical course of disease and
interferon-gamma response. Pediatr.

Popow-Kraupp, T. (2010). Human
metapneumovirus subgroup changes
and seasonality during epidemics.
Pediatr. Infect. Dis. ]. 29,1016-1018.

metapneumovirus  in
Pediatr. Infect. Dis. ]J. 27, 1065—
1068. doi: 10.1097/INE.0b013e31817
ef4fd

genotype without a change in ill-
ness. J. Infect. Dis. 193, 396—403. doi:
10.1086/499310

www.frontiersin.org

September 2013 | Volume 4 | Article 278 | 42


http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://dx.doi.org/10.3389/fmicb.2013.00278
http://dx.doi.org/10.3389/fmicb.2013.00278
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/journal/10.3389/fmicb.2013.00391/abstract
http://www.frontiersin.org/people/u/81422
http://community.frontiersin.org/people/NaokiShimojo/125779
mailto:yuzaburo@chiba-u.jp
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://dx.doi.org/10.3389/fmicb.2013.00391
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/Virology/10.3389/fmicb.2013.00293/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=DaisukeKurai&UID=86977
http://community.frontiersin.org/people/TakeshiSaraya/112909
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=HaruyukiIshii&UID=110778
http://community.frontiersin.org/people/HajimeTakizawa/112911
mailto:kuraida@aol.com
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://dx.doi.org/10.3389/fmicb.2013.00293
http://dx.doi.org/10.3389/fmicb.2013.00293
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/Journal/10.3389/fmicb.2014.00226/abstract
http://community.frontiersin.org/people/u/112909
http://community.frontiersin.org/people/u/86977
http://community.frontiersin.org/people/u/110778
http://community.frontiersin.org/people/u/159138
http://community.frontiersin.org/people/u/159198
http://community.frontiersin.org/people/u/159539
http://community.frontiersin.org/people/u/78396
http://community.frontiersin.org/people/u/159101
http://community.frontiersin.org/people/u/112911
mailto:hajime@ks.kyorin-u.ac.jp
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://dx.doi.org/10.3389/fmicb.2014.00226
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/journal/10.3389/fmicb.2013.00307/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=MasatsuguObuchi&UID=86259
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=YuichiAdachi&UID=100274
http://community.frontiersin.org/people/TakenoriTakizawa/115469
http://community.frontiersin.org/people/TetsutaroSata/115641
mailto:masatsugu.obuchi@pref.toyama.lg.jp
mailto:masatsugu.obuchi@pref.toyama.lg.jp
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://dx.doi.org/10.3389/fmicb.2013.00307
http://dx.doi.org/10.3389/fmicb.2013.00307
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/journal/10.3389/fmicb.2013.00346/abstract
http://www.frontiersin.org/people/u/16510
http://www.frontiersin.org/people/u/17329
http://www.frontiersin.org/people/u/14964
mailto:aryo@yokohama-cu.ac.jp
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://dx.doi.org/10.3389/fmicb.2013.00346
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/Journal/10.3389/fmicb.2014.00208/abstract
http://community.frontiersin.org/people/u/97815
http://community.frontiersin.org/people/u/78396
http://community.frontiersin.org/people/u/103720
http://community.frontiersin.org/people/u/17329
http://community.frontiersin.org/people/u/14964
mailto:aryo@yokohama-cu.ac.jp
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive



http://www.frontiersin.org/Virology/
http://www.frontiersin.org/Virology/archive



http://dx.doi.org/10.3389/fmicb.2014.00208
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Virology/archive

	Cover

	Frontiers Copyright Statement

	Pathophysiology and epidemiology of virus-induced asthma

	Table of Contents

	Pathophysiology and epidemiology of virus-induced asthma
	References

	Pathology of asthma
	Introduction
	Histopathology of asthmatic airway
	Airway epithelium
	Airway smooth muscle
	Epithelial to mesenchymal transition on asthma
	Mast cells and eosinophils
	Extracellular matrix
	Immune response
	Allergic sensitization
	Dendritic cell activation
	Viral infection to predisposition
	Cellular immunity

	Cytokine targets
	IL-4/IL-13
	IL-5
	IL-17/IL-22
	IL-9
	TNF-α

	Conclusion
	References

	Cellular and humoral immunity of virus-induced asthma
	Introduction
	Interaction between viral illness and genetic variants in patients with asthma
	Cellular immunity of virus-induced asthma
	Humoral immunity of virus-induced asthma
	Relationship between innate immune response to infection with rsv and/or hrv and rsv- and/or hrv-induced asthma
	Conclusion
	Acknowledgments
	References

	Cytokine production and signaling pathways in respiratory virus infection
	Introduction
	Infection and innate immunity
	Toll-like receptors
	Tlrs-associated signaling pathways and cytokine production
	Nucleotide-binding oligomerization domain family and cytokine production
	Retinoic acid-inducible gene-i like receptors family
	Inflammasome, rlr-associated signaling pathways, and cytokine production
	Relationships between prrs, signaling pathways, and cytokine production in respiratory virus-infected cells
	Respiratory virus infection-associated cytokine production
	Relationship between cytokine production due to respiratory virus infection and the pathophysiology of virus-induced asthma
	Conclusion
	References

	Molecular epidemiology of respiratory viruses in virus-induced asthma
	Introduction
	Viral infection and asthma
	Molecular epidemiology of rsv
	Molecular epidemiology of hrv
	Molecular epidemiology of hmpv
	Molecular epidemiology of hpiv
	Molecular epidemiology of other viruses
	Molecular epidemiology of co-infection
	Conclusion
	Acknowledgments
	References

	Epidemiology of virus-induced wheezing/asthma in children
	Introduction
	Phenotypes of virus-induced wheezing
	Viral species causing wheezing
	Rsv
	Hrv
	Hmpv
	Influenza viruses

	Risk factors for the development of virus-induced wheezing
	Behavioral or environmental factors
	Host immunological features
	Genetic factors

	Association between virus-induced wheezing and the development of asthma, and effective types of intervention to prevent the subsequent development of asthma
	Limitations of epidemiology studies
	Future prospective
	Conclusion
	Acknowledgment
	References

	Virus-induced exacerbations in asthma and COPD
	Introduction
	Pathophysiology of asthma and COPD
	Differences and similarities between asthma and COPD
	Virus-induced exacerbations in asthma and COPD
	Virus-induced exacerbations in asthma
	Definitions of acute exacerbation of asthma
	Epidemiology
	Diagnosis of viral infection: diagnostic methods and sample collection
	Causes of acute asthma exacerbations
	Mechanisms of viral-induced asthma exacerbations
	Virus-associated clinical symptoms and exacerbations of asthma
	Treatment


	Virus-induced exacerbations in chronic obstructive pulmonary disease
	Definition of exacerbation in COPD
	Clinical importance of exacerbation
	Frequency of exacerbations
	Causes of exacerbations
	Roles of respiratory viral infection in COPD exacerbations
	HRV
	RSV
	Influenza virus

	Are patients with COPD susceptible to respiratory viral infections?
	Differences in viral and non-viral exacerbations
	Mechanisms of virus-induced COPD exacerbations
	Treatment of stable and exacerbation states

	Summary at a glance
	References

	Epidemiology of virus-induced asthma exacerbations: with special reference to the role of human rhinovirus
	Introduction
	Clinical virology of human rhinovirus
	Virus-induced colds and their natural course among the general population
	HRV infection among asthmatics: in vivo or in vitro experimental studies
	HRV and asthma exacerbations: clinical findings
	Pathogenesis of HRV-associated asthma exacerbations
	Attachment to airway epithelial cells
	The innate immune response
	HRV infection and airway remodeling

	Impacts of viral infection on asthma exacerbation: preliminary data from the kyorin cohort study
	Treatment
	Inhaled corticosteroid
	Leukotriene receptor antagonist
	Anti-IgE therapy
	Anti-viral treatment
	Macrolide therapy
	Other agents

	Summary
	References

	Influenza A(H1N1)pdm09 virus and asthma
	Introduction
	Influenza A(H1N1)pdm09 virus
	A(H1N1)pdm09 viral infection and asthma
	Utility of influenza vaccines and antiviral drugs in patients with asthma
	Closing remarks
	Acknowledgments
	References

	Development of oligomannose-coated liposome-based nasal vaccine against human parainfluenza virus type 3
	Introduction
	Materials and methods
	Construction of wheat cell-free expression vector
	Cell-free protein synthesis and purification
	Preparation of liposomes
	Immunization of mice
	Enzyme-linked immunosorbent assay
	Immunoblotting
	Quantitative real-time PCR

	Results
	Generation of oml vaccine against HPIV3-HN
	Immunization of mice with OML-HN
	Epitope mapping of induced antibodies
	Effect of oml-hn vaccine on hpiv3 infection in vitro

	Discussion
	References

	Wheat germ cell-free system-based production of hemagglutinin-neuraminidase glycoprotein of human parainfluenza virus type 3 for generation and characterization of monoclonal antibody
	Introduction
	Materials and methods
	Construction of wheat germ cell-free expression vector
	Cell-free protein synthesis and purification
	Immunizations and generation of hybridomas
	Elisa
	Immunoblotting
	Immunoprecipitation
	Immunofluorescence
	Flow cytometry
	Epitope mapping and specificity of MAbs using AlphaScreen assay
	Proteomic analysis

	Results
	Production of MAbs
	Immunoblotting analyses of MAbs
	Immunofluorescent analysis
	Immunoprecipitation
	Flow cytometry analysis
	Epitope mapping of MAbs
	Specificity of MAb
	Proteomic analysis

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




