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Over the past two decades, increasing evidence has shown that, in patients with chronic airways disease, viral infection is the
most common cause of exacerbation. This review will examine the evidence for viral-induced exacerbations of asthma and
chronic obstructive lung disease and the potential mechanisms by which viruses cause exacerbations. Attention will be focused
on rhinovirus, the most common cause of respiratory exacerbations. Exacerbations due to rhinovirus, which infects relatively few
cells in the airway and does not cause the cytotoxicity of other viruses such as influenza or respiratory syncytial virus, are particularly
poorly understood.While the innate immune response likely plays a role in rhinovirus-induced exacerbations, its precise role, either
adaptive or maladaptive, is debated. Because current treatment strategies are only partially effective, further research examining
the cellular and molecular mechanisms underlying viral-induced exacerbations of chronic airways diseases is warranted.

1. Introduction

Readers of this paper who care for patients with asthma
will be familiar with the following scenario. A patient with
recurrent cough and wheeze presents to the clinic for evalua-
tion. The patient states that the only time she has respiratory
symptoms is fall, winter, and spring following “colds.” She
has no symptoms in the summer, or between colds. She
denies she has asthma and does not feel the need to take
inhaled steroids even though she has been prescribed them
in the past. My response to this patient, and the premise
of this review, is that many patients have asthma which is
only triggered by viral upper respiratory tract infections.
Nevertheless, the role of viral infections in the exacerbation
of asthma, chronic obstructive disease (COPD), and other
chronic airways diseases was almost completely ignored until
the late 1990s, whenmore sensitivemethods of viral detection
were developed. While the emphasis of allergic sensitization
in the pathogenesis in asthma is strongly justified, serious
exacerbations of this disease are more likely to relate to viral
infection rather than allergen exposure (Table 1).

Exacerbations constitute the major cause of morbidity
and mortality in asthma and COPD, and therefore vigorous
attention towards the problem of exacerbations is warranted.

What is the evidence for viral-induced exacerbations of
asthma and COPD, and why was the role of viral infection
ignored for so long? It was once thought that rhinovirus and
other cold viruses did not infect the lower airway. Before
the advent of polymerase chain reaction (PCR), viruses
were rarely cultured from the bronchoalveolar secretions
of immunocompetent individuals, even after experimental
infection [1]. Early studies showed that replication of human
rhinovirus (RV), the most prevalent respiratory virus, was
temperature restricted, with optimal growth below body
temperature, at 33∘–35∘C [2–4]. Exacerbations of chronic air-
ways disease following upper respiratory tract infectionswere
explained by theories linking nasal (upper respiratory tract)
and bronchial (lower respiratory tract) disease. The most
common explanation was that nasal blockage and mouth
breathing lead to inspiration of cold, dry, and unfiltered air,
triggering an asthma attack. However, other workers in the
field blamed a nasal-bronchial reflex mechanism involving
trigeminal and vagal nerves (first proposed in 1919). [5–8].
(This theory was also used to explain how nasal allergies
promote asthma.) More recently, release of proinflammatory
mediators from the nose and bone marrow into the circula-
tion has been proposed [9].
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Table 1: Causes of asthma exacerbation.

(1) Viral infection (most commonly rhinovirus)
(2) Allergen exposure (tree, grass, and weed pollens; mold;
animal dander; dust mites; and cockroach particles)
(3) Exercise
(4) Irritants including environmental tobacco smoke exposure,
smoke from wood-burning appliances or fireplaces, strong odors
from perfumes, cleaning agents, air pollution, and occupational
dust or vapors
(5) Medications (aspirin and other anti-inflammatory drugs, and
beta blockers)
(6) Changes in weather (cold air, changes in temperature, and
humidity)
(7) Gastroesophageal reflux
(8) Sinusitis

2. Evidence That Viral Infections Cause
Exacerbations of Asthma and COPD

In contrast to the study showing temperature restriction,
subsequent studies showed that many RV strains replicate
at body temperature. [4, 10]. For that matter, the tempera-
ture of the lower airways may decrease to 33–35∘C during
periods of increasedminute ventilation (i.e., exercise) or cold
temperature [11]. However, it was the advent of PCR for the
detection of respiratory viruses which really changed the
understanding of exacerbations. PCR-based studies exam-
ining the prevalence of virus identification among various
cohorts of patients with chronic airways disease consistently
show a higher prevalence of viral infection during exac-
erbations. Outpatient children who are sick with asthma
exacerbations show anywhere from 62–81% positivity for
viral infection versus only 12–41% of children who are well
[12, 13]. Picornaviruses (primarily RV) were detected in 65%
of cases, coronaviruses in 17%, influenza and parainfluenza
viruses in 9%, and RSV in 5% [12]. Similar studies have been
performed in hospitalized children, adult outpatients, and
hospitalized adults [14–21]. Adults seem to show a slightly
lower prevalence of viral infection during exacerbations.
Finally, 22 to 64% of patients with COPD exacerbations have
virus identified by PCR versus 12 to 19% of nonexacerbating
subjects [22–26]. Across all of these studies, RV makes up
approximately 50% of the viruses isolated (Table 2). The
prevalence of rhinovirus may be even higher depending on
the time of year. A recent study detected on RV in 82% of
all children admitted to an emergency room for acute asthma
between January and July [27]. Together, these studies suggest
that viral infections cause exacerbation of asthma andCOPD.

Additional information that viruses indeed cause attacks
of chronic airways disease comes from an analysis of emer-
gency department presentations for asthma and COPD over
the course of a calendar year. Exacerbations of asthma in
children peak after school return from summer vacation (in
North America, the first week of September), consistent with
an infectious cause [28].This “epidemic” of asthma exacerba-
tions in children is primarily associated with fall rhinovirus

Table 2: Respiratory viruses.

Human rhinovirus
Coronavirus
RSV
Influenza virus
Adenovirus
Parainfluenza
Human metapneumovirus
Bocavirus
Enterovirus

infection. Interestingly, exacerbations of asthma in adults also
show elevated risk after school return and around December
25th (the Christmas holiday inWesternized countries), likely
due to social interactions with children. Epidemic peaks
of COPD exacerbations in adults are observed around the
Christmas holiday inWesternized countries, again suggesting
an infectious cause such as viral infections transmitted from
family members.

It is now clear that rhinovirus can indeed infect the
lower airways. Following experimental infection, RV has
been detected in the lower airways by immunostaining, PCR,
and in situ hybridization for positive-strand viral RNA [29–
32]. A study from the University of Wisconsin [30] was
highly instructive. These investigators infected adult control
and asthmatic subjects with RV16 and then stained biopsy
tissue for RV16 capsid protein by immunohistochemistry.
RV staining was clearly seen in the cytoplasm of cells in
the epithelium (Figure 1). However, staining was patchy
and in some samples only 1 or 2 cells were positive. Other
investigators have similarly noted that RV infects relatively
few cells in the airway [33, 34]. Researchers from Imperial
College, London [31] performed in situ hybridization of
biopsies from experimentally infected patients and found
positive-strand viral RNA in the epithelium. Interestingly,
there was also sparse staining of cells in the subepithelial layer
(there was insufficient detail to determine cell type).

Until recently there was little evidence that rhinovirus
replication occurred in the lower airways. However, the
Wisconsin group [35], examining sputum of experimentally
infected controls and adults, showed persistence of viral RNA
up to 14 days after infection; this duration of infection could
only occur with viral replication. (Nevertheless, the amount
of viral replication in the airways remains uncertain.) Also,
patients with asthma who had an exacerbation following
experimental infection had higher levels of viral RNA in their
sputum compared to asthmatics that did not experience an
exacerbation, further evidence that viruses do indeed cause
exacerbations.

3. Mechanism of Viral-Induced Exacerbations

If indeed viral infections do cause exacerbations of asthma
and COPD (and the preponderance of evidence suggests
that this is so), what is the proposed mechanism by which
viruses cause exacerbations? Rhinovirus, unlike influenza
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Table 3: Fold regulation of mouse lung genes following infection
with human rhinovirus. Ten most upregulated genes are shown.
Eighty-six total genes encoding chemokines, chemokine recep-
tors, interleukins, interleukin receptors, other cytokines, and other
cytokine receptors were monitored by PCR array (SABiosciences,
Valencia, CA, USA).

Gene Fold regulation
Cxcl10 41.4574
Ccl7 20.7436
Cxcl5 18.1904
Ccl2 11.5655
Cxcl11 9.2016
Ccl12 8.8608
Ccl8 6.0771
Tlr2 5.6126
Ccl4 5.2671
Cxcl2 4.3805

and other viruses, causes minimal cytotoxicity [36, 37]. Also,
the amount of epithelial damage does not correlate with
the severity of the symptoms, suggesting that symptoms are
produced by processes independent of the severity of direct
virus-induced damage to the epithelium. While selected
studies have demonstrated cytotoxicity in various cell culture
models [38], epithelial cell death is considered unlikely to
contribute in vivo to RV-induced exacerbations of chronic
airways disease.

The current explanation is that rhinovirus infection indu-
ces the release of chemokines from airway epithelial cells,
thereby attracting inflammatory cells to the airways. In
patients with preexisting airway inflammation, the influx of
additional inflammatory cells caused by RV infection would
lead to additive or synergistic effects and an exacerbation of
airways disease.

There is ample evidence that rhinovirus infection indu-
ces airway epithelial cells to express proinflammatory chem-
okines. Many studies of cultured airway epithelial cells show
that RV increases expression of neutrophil-, eosinophil-,
and T-cell-attracting chemokines, including CXCL8, CCL5,
CCL11, and CXCL10 [10, 39–47].

A recent study by Proud and colleagues [48] examined
the effect of experimental rhinovirus infection on nasal
epithelial cell gene expression in situ. The most highly
upregulated genes were those encoding chemokines (CCL2,
CCL8, CXCL11, CXCL10, CXCL13, CXCL9, and CCL20). We
have obtained similar results in the lungs of RV-infected
mice (Table 3). Consistent with these results, experimental
infections of asthmatic subjects have consistently shown
increased number of airway neutrophils, lymphocytes and
eosinophils [37, 49–51]. A number of clinical studies suggest
that RV potentiates preexisting allergic inflammation [16, 37,
52–55].

However, the notion that viral infection simply augments
asthmatic airway inflammation may not explain why asth-
matics suffer manifestations of lower airways disease after
colds while normal individuals do not. Could asthmatics
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Figure 1: Images of bronchial epithelium from an adult subject
without asthma who was experimentally infected with rhinovirus-
16. (a) Hematoxylin and eosin stain shows an intact epithelium. (b)
Tissuewas stained for RV16 capsid protein (red) andDAPI, a nuclear
stain. Note that some cells are stained with RV and others are not.
(c) Tissuewas stainedwithmouse IgG, a negative control, andDAPI.
Note the absence of red staining. Antibody against RV16 and tissue
blocks were generously provided by Wai-Ming Lee, Nizar Jarjour,
and Jim Gern (University of Wisconsin).

have a qualitatively different response to rhinovirus infection
than controls? Putting another way, does prior allergen
sensitization, as occurs in allergic asthma, alter the response
to rhinovirus infection?

Recent studies suggest that the innate immune response
to viral infection may be altered in patients with asthma.
Why might asthmatics have a different response to RV
infection or viral infection in general compared to controls?
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Figure 2: A mechanism to explain defective innate immunity in asthma.The differentiation ofTh1 andTh2 T-helper cell lineages is mutually
antagonistic. Th2 cells produce IL-4 which blocks Th1 differentiation and Th1 cells produce IFN-𝛾 which blocks Th2 differentiation. Thus,
individuals with an immune system skewed towards Th2 tend not to produce eosinophils and IgE-producing B cells, but not Th1 cells. The
relative lack of IFN-𝛾 limits the antiviral response.

Airway epithelial damage [56, 57] and mucus metaplasia,
both of which occur in asthma, may provide rhinovirus with
increased access to more readily infected basal cells [58] and
goblet cells [59], thereby increasing viral replication.

Interferon responses, which have been shown to affect the
outcome respiratory viral infections in animal models, may
also be deficient in patients with asthma. How might this
be the case? It is well known that many allergic asthmatics
show a skewing of their T cell differentiation towards the
Th2 phenotype. Since the differentiation of Th1 and Th2
T-helper cell lineages is mutually antagonistic (e.g., IL-4
blocks Th1 differentiation) [60], allergic asthmatics with
Th2 polarization may have a deficiency in their interferon
response (Figure 2). During induced colds, asthmatic subjects
with strong peripheral blood monocytes and sputum cell
interferon gamma responses showed milder cold symptoms
and more rapid viral clearance [61, 62]. Also following
experimental rhinovirus infection, viral clearance and airway
function correlate with blood and bronchoalveolar (BAL)
CD4 cell interferon gamma production [63]. Epithelial and
BAL cells from asthmatic subjects show reduced type I and
type III interferon responses to rhinovirus infection ex vivo
[64, 65]. Together, these data suggest that asthmatics may be
more susceptible for RV infection.

On the other hand, other investigators have not found dif-
ferences in interferon expression or viral clearance between
controls and asthmatics. Two groups have failed to show
reduced interferon responses in cultured airway epithelial
cells from subjects with asthma [66, 67]. Perhapsmost impor-
tantly, a difference in viral copy number or titer between
controls and asthmatics has not been demonstrated following
experimental RV infection [35].

To address the question of whether preexisting allergic
airways disease alters the response to viral infection, and
whether the interferon response to rhinovirus is required

for viral clearance (or part of a maladaptive response to a
relatively innocuous infection), we developed amousemodel
of humanRV infection [68–73]. Before describing thismodel,
however, I like to say a little bit about the basic biology
of rhinovirus. RV is an RNA virus from the Picornaviridae
family. Rhinovirus is composed of a single strand of positive-
sense RNA enclosed in a small icosahedral capsid. There are
greater than 100 known serotypes of rhinovirus. The major
subgroup (88 serotypes) utilizes ICAM-1 as a receptor [74];
the minor group (11 serotypes) uses the family of low density
lipoprotein receptors (LDL-R, VLDL-R, and LDL-R related
protein) [75]. Other surface molecules, including TLR2, may
serve as a coreceptor and also be required for viral responses
[76]. Rhinoviruses may also be classified not only on the
basis of their host receptor but according to their resistance
to antiviral drugs. According to this classification, there are
74 type A viruses and 25 type B viruses [77]. A third group
of rhinoviruses, type C, has recently been discovered [78–
80]. Rhinoviruses have also been classified according to their
genome sequences [81]. Interestingly, RV16, a major group
virus commonly used for experimental human infection, and
RV1, which has been used in animal models of rhinovirus
infection (see below), are closely related. At this time, the
only cell type conclusively shown to be infected by RV in
humans is the airway epithelial cell. Typically, RV infects
small clusters of cells in the epithelial layer [30]. Rhinovirus
is internalized by clathrin-mediated endocytosis [82–85].
The endosome acidic pH triggers viral uncoating and RNA
insertion. RV replication occurs entirely in the cytoplasm.
During viral replication, negative sense RNA and double-
stranded RNA intermediates are formed. dsRNA produced
during viral infection represents an important stimulus for
the host innate immune response. dsRNA is recognized
and engaged by three pattern recognition receptors, toll-like
receptor (TLR)-3, localized to the endosomal and plasma
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Figure 3: A mouse model of RV-induced asthma exacerbation.
(a) Mature mice were sensitized with ovalbumin (OVA) and alum
given intraperitoneally. This was followed by intranasal challenge
with additional ovalbumin. One day after the last OVA challenge,
animals were infected with RV1B, a minor group virus capable
of infecting mouse cells. (b) Ovalbumin and RV1B have synergis-
tic effects of airways responsiveness. Airways responsiveness was
assessed by measuring changes in respiratory system resistance in
response to increasing doses of nebulizedmethacholine. Respiratory
system resistance was measured in anesthetized and endotracheally
intubated mice using a computerized ventilator (Scireq, Montreal,
Quebec, Canada).

membranes, and cytoplasmic proteins RIG-I, and MDA-5
which are intracellular receptors for viral dsRNA [86, 87].

Returning to the problem of animal models, major group
viruses do not bind to murine cells, owing to a lack of
homology between the human andmouse ICAM-1. However,
it was subsequently shown that minor group viruses infect
LA-4 mouse tracheal epithelial cells [88]. We [68–72, 89] and
others [90] therefore infected mice with a minor group virus,
RV1B, by the intranasal route. Because of as-yet undefined
factors which limit viral replication in the mouse, infection is
followed by a steady reduction in viral copy number and titer.
However, careful studies of viral copy number show a spike in
positive-strand vRNA approximately 24 hours after infection
and a small amount of negative-strand vRNA indicating
viral replication. We also found a robust interferon response
to infection, implying viral replication. Immunofluorescence
showed infection of airway epithelial cells and, interestingly,

occasional subepithelial cells resemblingmonocytes. Airways
of infected mice showed neutrophilic inflammation which
decreased with time, as well as subsequent lymphocytic infil-
tration, a pattern classically associated with viral infection.
When we examined respiratory system resistance changes
in response to methacholine administration, we found a
small but significant increase in airways responsiveness
in rhinovirus-infected mice which persisted at least four
days after infection. Interestingly, mice infected with UV-
irradiated replication-deficient virus showed modest airway
inflammation and responsiveness one, but not four, days after
infection. These data suggest that rhinovirus could induce a
state of airways hyperresponsiveness without viral replication
in the lungs, at least under some circumstances. Consistent
with this, UV irradiation inhibits but does not abolish major
group RV-induced IL-8 release in cultured airway epithelial
cells [43, 91, 92].

We next set out to develop a model of viral-induced
asthma exacerbation [72]. We employed a commonly used
model of allergic airways disease. Mice were treated with
intraperitoneal and intranasal ovalbumin and then infected
with rhinovirus. Mice treated with ovalbumin alone demon-
strated a significant increase in airways responsiveness, with
respiratory system resistances higher than those obtained
after rhinovirus infection. When we combined ovalbu-
min and rhinovirus treatments, airways hyperresponsiveness
increased significantly over that generated by either oval-
bumin or rhinovirus alone (Figure 3). This state of airways
hyperresponsiveness persisted at least 4 days after infection.
When we examined airway inflammation, we found additive
or synergistic increases in airway neutrophils, eosinophils,
macrophages, lymphocytes, and chemokines such as CCL11
and CCL2.We also found that the combination of ovalbumin
and rhinovirus caused additive increases in theTh2 cytokines
IL-4 and IL-13.

When we performed immunohistochemistry to look
for the source of CCL11 production, we expected to find
CCL11 expression in rhinovirus-infected airway epithelial
cells. However, to our surprise, we found that the main
source of CCL11 was airway mononuclear cells. When we
performed fluorescence microscopy using labeled antibodies
against rhinovirus, CCL11 and CD68, a macrophage surface
marker, we confirmed ample colocalization of RV1B, CCL11,
and CD68, indicating CCL11 expression by CD68-positive
macrophages. While most cells were in the subepithelium,
we also found CD68-positive macrophages in the epithelial
layer and the airway lumen. In follow-up studies, we also
found colocalization of CD68, RV1B, and IL-4 in subep-
ithelial cells. Several studies have examined the infection of
monocytic cells by rhinovirus in vitro [93–98]. However, the
former data represent the first demonstration of rhinovirus
infection of monocytes in vivo. At this point, we do not
know whether colocalization represents replicative infection
of airway macrophages, or simple phagocytosis of the virus.
A small amount of viral replication has been noted in RV-
infected peripheral blood monocyte-derived macrophages,
but not in BAL-derived macrophages [93, 94].

To address this further, we isolated bronchoalveolar
lavage macrophages from control and ovalbumin-sensitized
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and -challenged mice and infected them with rhinovirus
ex vivo. Macrophages from control mice showed ample Th1
cytokine (TNF-𝛼, IL-12p70) expression in response to RV
infection, but little or no Th2 cytokine (IL-4, IL-13, CCL11)
production. In contrast, BAL cells fromovalbumin-sensitized
and -challenged mice showed brisk Th2 responses to ex
vivo infection, but decreased Th1 responses. This pattern of
cytokine expression was consistent with a change in phe-
notype from M1 to alternatively activated M2 macrophages
[99]. We confirmed this by measurement of M2 markers
such as arginase-1, YM-1, and MGL-2. Furthermore, flow
cytometry showed high levels of CD11b expression, indicative
of exudative macrophages found after lung infection or
injury. To determine the requirement of these macrophages
for the observed airways hyperresponsiveness of rhinovirus-
infected and ovalbumin-sensitized and -challenged mice,
we depleted the macrophages using clodronate liposomes.
Administration of clodronate decreased the number of air-
waymacrophages, but not neutrophils or lymphocytes. How-
ever the lungs of mice receiving clodronate showed reduced
levels of CCL11, eosinophils, IL-13, and airways respon-
siveness, demonstrating that macrophages are responsible
for RV-induced airway responses in mice with preexisting
allergic airways disease. The production of Th2 cytokines by
lung macrophages is consistent with recent work showing
that, in addition to Th2 helper T cells, innate immune
cells may contribute to the production of Th2 cytokines
in asthma [100–107]. Finally, our unpublished experiments
indicate that, under certain circumstances, M1-polarized
macrophages may also be targeted by RV infection. Taken
together, our data suggest that, rather than causing epithe-
lial infection or damage, RV elicits asthma exacerbations
by infecting inflammatory cells, in particular cells of the
monocyte/macrophage lineage.

But is there any evidence that rhinovirus infects inflam-
matory cells in humans? With the help of Jim Gern, Nizar
Jarjour, and others from theUniversity ofWisconsin, we have
begun to address this question. We obtained biopsy spec-
imens from control and asthmatic subjects experimentally
infected with rhinovirus. Early unpublished results indicate
colocalization of RV and CD68 in epithelial and subepithelial
cells.

Returning to the question of antiviral innate immunity
in asthma, we also employed our animal model to address
this issue. Does the inflammatory response to rhinovirus pro-
mote viral clearance and prevent more severe viral-induced
disease? Or is the inflammatory response to rhinovirus a
maladaptive response to an innocuous stimulus, leading to
exacerbations of lower airways disease?These questions have
important ramifications for treatment. One often hears the
statement that individuals “need to boost their immune
response” to fight off colds or cold-induced asthma attacks.
The Imperial College group has championed the idea that the
interferon response is deficient in asthmatics [64, 65], thereby
explaining viral-induced exacerbations. In this case, boosting
of the immune response with interferons might be helpful.

To test the hypothesis that the immune response to
rhinovirus may be counterproductive, we infected mice
with defects in TLR and MDA-5 [89], molecules which

recognize double-stranded RNA on the cell surface or in
the cell cytoplasm, respectively. As noted above, these sig-
naling pathways are responsible for double-stranded RNA-
stimulated interferon production. Our previous work showed
that MDA-5, an RNA helicase, is required for rhinovirus-
induced interferon production in cultured airway epithe-
lial cells [73]. TLR3 knockout mice had normal interferon
responses to rhinovirus infection. However, MDA5 knockout
mice showed a delay in type I interferon responses and a
significant and persistent reduction in type III interferon
lambda production. However, despite these deficiencies,
MDA5 knockout mice showed only small increases in RV
vRNA and titer. Further, RV-infected knockout mice showed
less, rather than more, airway inflammation. Similar results
were found in rhinovirus-infected ovalbumin-sensitized and
-challenged knockout mice. These data call into question the
interferon requirement for RV clearance and suggest that the
proinflammatory response to rhinovirus infection is indeed
maladaptive. Indeed, a recent study found that interferon-
lambda concentrations were higher in rhinovirus-infected
infants with wheezing compared to those without wheezing
[108].

4. Viral-Induced COPD Exacerbations

What about viral-induced COPD exacerbations? Since
COPD differs from asthma in several key respects, the
pathogenesis of virus induced exacerbations may be different
in this disease. COPD differs from asthma in at least the
following ways. The key trigger for COPD is cigarette smoke
rather than aeroallergens, air pollutants, or infection. COPD
encompasses two distinct processes, chronic bronchitis, and
emphysema, which result in structural changes that limit
airflow. The COPD airway epithelium undergoes squamous
metaplasia. In COPD, macrophages and CD8-positive cell
play key roles rather than Th2 cells, eosinophils, or mast
cells. COPD pathogenesis appears to be dominated by TGF-
𝛽, TNF-𝛼, IL-1𝛽, and IL-6. The lower airways of 25 to 50%
of patients with COPD are colonized by bacteria, particu-
larly Haemophilus influenzae, Streptococcus pneumonia,and
Moraxella catarrhalis. [109, 110]. Finally, oxidative stress
resulting either from inhaled oxidants or inflammatory cells
plays a significant role. As mentioned above, about one half
of COPD exacerbations are associated with viral infections,
the majority of which are due to RV [22–26]. COPD exac-
erbations may also be associated with the isolation of the
new bacterial strain [110]. Thus, interactions between virus,
bacteria, and host may play a role in the pathogenesis of
COPD exacerbations.

Recent studies by the Imperial College London, in which
patients with COPD were experimentally infected with rhi-
novirus [111], have provided new information about RV-
induced exacerbations in these patients. Compared to con-
trols, COPD patients show increased sputum neutrophils
in response to experimental RV infection. Other inves-
tigators have shown increased neutrophils, eosinophils,
macrophages, and lymphocytes in the airways of COPD
patients experiencing exacerbations [112–118]. Unlike asthma
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patients, COPD patients experimentally infected with RV
show increased sputum viral copy number versus con-
trols, and viral load correlates with sputum neutrophils
and interleukin-8 levels [111]. BAL cells from patients with
COPD show reduced interferon-alpha and -beta responses
to rhinovirus infection ex vivo. Together, these results pro-
vide ample evidence of altered innate immunity against
viruses. These data reinforce in vitro data showing that
exposure of lung cells to cigarette smoke extract reduces
CXCL10, interferon-beta, and RIG-I expression in response
to influenza virus infection [119].

Viral infectionmay also attenuate the antibacterial innate
immune response in COPD. For example, rhinovirus expo-
sure impairs immune responses to bacterial products in
human alveolar macrophages. We have shown that RV
infection of mucociliary-differentiated airway epithelial cells
cultured at air-liquid interface causes barrier dysfunction
which allows translocation of Haemophilus influenzae across
the epithelium [69]. We have also shown that elastase- and
LPS-treated mice with a lung phenotype similar to COPD
show delayed clearance of rhinovirus in vivo, similar to
humans with COPD [71].

Cystic fibrosis is a chronic airways disease with similar-
ities to asthma and COPD. CF may also be exacerbated by
viral infection. For example, viruses were detected in 46%
of patients with exacerbations of cystic fibrosis, compared
to only 18% of patients in stable condition [120]. RV has
been identified in 13 to 58% of cystic fibrosis patients with
acute respiratory illness and was associated with increased
respiratory symptoms, worse airway function and secondary
bacterial infection, compared to uninfected patients [120–
123].

5. Rhinovirus-Associated Wheezing in Early
Infancy: Exacerbations of Preexisting
Airways Disease or a Factor in Asthma
Development?

Over the past decade, data from a birth cohort of high-
risk infants with a positive family history of asthma (nick-
named the Childhood Origins of ASThma, or COAST) have
shown that wheezing-associated illness with RV is the most
important risk factor for asthma development [124, 125]. The
relative risk of asthma development in infants with wheezing
associated with rhinovirus infection was far higher than
that of infants with allergen sensitization or RSV infection
alone. Also, in infants hospitalized for respiratory infection-
associated wheezing, infection with RV was associated with
asthma development [126] in contrast to respiratory syncytial
virus (RSV), which was negatively associated [127]. Together,
these data suggest two possibilities, either that RV infection
causes asthma, or that RV infections may simply reveal a pre-
existing tendency for asthma. More recent data suggest that
the latter is likely; prospective characterization of the COAST
birth cohort demonstrated that allergic sensitization precedes
HRV wheezing and that the converse is not true [128]. Also,
it was recently shown that children developing asthma by age
seven had a lung function deficit and increased bronchial

responsiveness as neonates [129], suggesting that asthma
precedes RV infection. If this is the case, then wheezing-
associated illnesses due to rhinovirus are essentially viral-
induced asthma exacerbations.

Is it possible that, under the right circumstances, for
example, the appropriate genetic background and allergen
exposure, rhinovirus infection in early life modulates the
immune response, increasing the likelihood of asthma devel-
opment? A positive family is a known risk factor for asthma
development, and it has recently been found that infants
of mothers with asthma are more likely to have severe
respiratory tract infections with RV [130]. To address this
possibility, we infected baby mice with rhinovirus at 2 to 3
days of life. Unlikematuremice, rhinovirus-infected neonatal
mice showed mucus metaplasia and airways hyperrespon-
siveness which lasted for one month after infection [131].
This is reminiscent of data from Washington University St.
Louis in mature mice following infection with Sendai virus
[132]. However, the finding of a developmental difference
in response to rhinovirus, an infection that does not cause
cytotoxic effects, warrants further investigation. Studies using
neutralizing antibody and an IL-4 receptor knockout mouse
showed that the effect of RV was dependent on IL-13. We
also found increased production of IL-13 by invariant natural
killer T (iNKT) cells.

The notion that early rhinovirus infection could mod-
ulate future immune responses, leading to allergic airway
inflammation, has been bolstered by the discovery of novel
epithelial-derived cytokines which promote Th2 differentia-
tion.These cytokines, thymic stromal lymphopoietin (TSLP),
IL-25, and IL-33, play a key role in the maturation of Th2
cells via dendritic cell (DC) activation [133–138], as well as
the activation of mast cells and iNKT cells [139]. Moreover,
TSLP, IL-25, and IL-33 induce IL-13 production by two novel
innate effector leukocytes that mediate Th2 immunity—type
2 innate lymphoid cells (also called natural helper cells or
nuocytes)[100–106] and type 2 myeloid cells [107].

6. Conclusions

Respiratory viral infections cause exacerbations of asthma
and COPD. This is evidenced by the increased identification
of viruses in the respiratory tract during exacerbations com-
pared to stable periods. Also, epidemic cycles of asthma and
COPD exacerbations occur after school return and around
the Christmas holiday, consistent with an infectious cause.
It has also been well demonstrated that viruses infect and
replicate in the lower airways. Finally, the severity of viral-
induced exacerbations correlates with viral load. Viral infec-
tion of the epithelium increases expression of chemokines,
leading to influx of inflammatory cells and increased airway
inflammation. Innate immunity to viral infection may be
decreased in asthma, owing to epithelial damage, mucus
metaplasia, and immune system polarization towards a Th2
phenotype. Disease exacerbation in asthmatics (rather than
a simple cold) may be explained in part by infection of
airway inflammatory cells, which are increased in patients
with preexisting airways disease. As with asthma, viral-
induced COPD exacerbations are associated with increased



8 Scientifica

airway neutrophils, eosinophils, and lymphocytes. Patients
with COPD demonstrate clear evidence of impaired antiviral
innate immune responses. Finally, in COPD, viral infection
may suppress antibacterial responses and increase translo-
cation of bacteria across the airway epithelium, leading to
exacerbation and perhaps disease progression.
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[50] C. L. Ordoñez, T. E. Shaughnessy, M. A. Matthay, and J.
V. Fahy, “Increased neutrophil numbers and IL-8 levels in
airway secretions in acute severe asthma. Clinical and biologic
significance,” American Journal of Respiratory and Critical Care
Medicine, vol. 161, no. 4, pp. 1185–1190, 2000.

[51] K. Grünberg, R. F. Sharon, J. K. Sont et al., “Rhinovirus-
induced airway inflammation in asthma. Effect of treatment
with inhaled corticosteroids before and during experimental
infection,” American Journal of Respiratory and Critical Care
Medicine, vol. 164, no. 10, pp. 1816–1822, 2001.

[52] R. F. Lemanske, E. C. Dick, C. A. Swenson, R. F. Vrtis, and
W. W. Busse, “Rhinovirus upper respiratory infection increases
airway hyperreactivity and late asthmatic reactions,”TheJournal
of Clinical Investigation, vol. 83, no. 1, pp. 1–10, 1989.

[53] W. J. Calhoun, E. C. Dick, L. B. Schwartz, and W. W. Busse, “A
common cold virus, rhinovirus 16, potentiates airway inflam-
mation after segmental antigen bronchoprovocation in allergic
subjects,”The Journal of Clinical Investigation, vol. 94, no. 6, pp.
2200–2208, 1994.

[54] J. E. Gern, W. Calhoun, C. Swenson, G. Shen, and W. W.
Busse, “Rhinovirus infection preferentially increases lower air-
way responsiveness in allergic subjects,” American Journal of
Respiratory and Critical Care Medicine, vol. 155, no. 6, pp. 1872–
1876, 1997.

[55] J. de Kluijver, K. Grünberg, D. Pons et al., “Interleukin-1𝛽
and interleukin-1ra levels in nasal lavages during experimental
rhinovirus infection in asthmatic and non-asthmatic subjects,”
Clinical and Experimental Allergy, vol. 33, no. 10, pp. 1415–1418,
2003.

[56] P. K. Jeffery, A. J. Wardlaw, F. C. Nelson, J. V. Collins, and A.
B. Kay, “Bronchial biopsies in asthma: an ultrastructural, quan-
titative study and correlation with hyperreactivity,” American
Review of RespiratoryDisease, vol. 140, no. 6, pp. 1745–1753, 1989.

[57] A. Barbato, G. Turato, S. Baraldo et al., “Epithelial damage and
angiogenesis in the airways of children with asthma,” American



10 Scientifica

Journal of Respiratory and Critical Care Medicine, vol. 174, no. 9,
pp. 975–981, 2006.

[58] B. Jakiela, R. Brockman-Schneider, S. Amineva,W.-M. Lee, and
J. E. Gern, “Basal cells of differentiated bronchial epithelium are
more susceptible to rhinovirus infection,” American Journal of
Respiratory Cell and Molecular Biology, vol. 38, no. 5, pp. 517–
523, 2008.

[59] M. E. Lachowicz-Scroggins, H. A. Boushey, W. E. Finkbeiner,
and J. H. Widdicombe, “Interleukin-13-induced mucous meta-
plasia increases susceptibility of human airway epithelium to
rhinovirus infection,” American Journal of Respiratory Cell and
Molecular Biology, vol. 43, no. 6, pp. 652–661, 2010.

[60] J. J.O’Shea,A.Ma, andP. Lipsky, “Cytokines and autoimmunity,”
Nature Reviews Immunology, vol. 2, no. 1, pp. 37–45, 2002.

[61] D. E. Parry, W. W. Busse, K. A. Sukow, C. R. Dick, C. Swenson,
and J. E. Gern, “Rhinovirus-induced PBMC responses and
outcome of experimental infection in allergic subjects,” The
Journal of Allergy and Clinical Immunology, vol. 105, no. 4, pp.
692–698, 2000.

[62] J. E. Gern, R. Vrtis, K. A. Grindle, C. Swenson, and W. W.
Busse, “Relationship of upper and lower airway cytokines to
outcome experimental rhinovirus infection,” American Journal
of Respiratory and Critical Care Medicine, vol. 162, no. 6, pp.
2226–2231, 2000.

[63] S. D. Message, V. Laza-Stanca, P. Mallia et al., “Rhinovirus-
induced lower respiratory illness is increased in asthma and
related to virus load andTh1/2 cytokine and IL-10 production,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 105, no. 36, pp. 13562–13567, 2008.

[64] P. A. B. Wark, S. L. Johnston, F. Bucchieri et al., “Asthmatic
bronchial epithelial cells have a deficient innate immune
response to infection with rhinovirus,” Journal of Experimental
Medicine, vol. 201, no. 6, pp. 937–947, 2005.

[65] M. Contoli, S. D. Message, V. Laza-Stanca et al., “Role of defi-
cient type III interferon-𝜆 production in asthma exacerbations,”
Nature Medicine, vol. 12, no. 9, pp. 1023–1026, 2006.

[66] N. Lopez-Souza, S. Favoreto, H. Wong et al., “In vitro suscep-
tibility to rhinovirus infection is greater for bronchial than for
nasal airway epithelial cells in human subjects,” The Journal of
Allergy and Clinical Immunology, vol. 123, no. 6, pp. 1384.e2–
1390.e2, 2009.

[67] Y. A. Bochkov, K. M. Hanson, S. Keles, R. A. Brockman-
Schneider, N. N. Jarjour, and J. E. Gern, “Rhinovirus-induced
modulation of gene expression in bronchial epithelial cells from
subjectswith asthma,”Mucosal Immunology, vol. 3, no. 1, pp. 69–
80, 2009.

[68] D. C. Newcomb, U. S. Sajjan, D. R. Nagarkar et al., “Human
rhinovirus 1B exposure induces phosphatidylinositol 3-kinase-
dependent airway inflammation in mice,” American Journal of
Respiratory and Critical Care Medicine, vol. 177, no. 10, pp. 1111–
1121, 2008.

[69] U. Sajjan, Q. Wang, Y. Zhao, D. C. Gruenert, and M. B. Her-
shenson, “Rhinovirus disrupts the barrier function of polarized
airway epithelial cells,” American Journal of Respiratory and
Critical Care Medicine, vol. 178, no. 12, pp. 1271–1281, 2008.

[70] D. R. Nagarkar, Q. Wang, J. Shim et al., “CXCR2 is required
for neutrophilic airway inflammation and hyperresponsiveness
in a mouse model of human rhinovirus infection,” Journal of
Immunology, vol. 183, no. 10, pp. 6698–6707, 2009.

[71] U. Sajjan, S. Ganesan, A. T. Comstock et al., “Elastase- and LPS-
exposedmice display altered responses to rhinovirus infection,”

American Journal of Physiology, vol. 297, no. 5, pp. L931–L944,
2009.

[72] D. R. Nagarkar, E. R. Bowman, D. Schneider et al., “Rhinovirus
infection of allergen-sensitized and -challenged mice induces
eotaxin release from functionally polarizedmacrophages,” Jour-
nal of Immunology, vol. 185, no. 4, pp. 2525–2535, 2010.

[73] Q. Wang, D. R. Nagarkar, E. R. Bowman et al., “Role of double-
stranded RNA pattern recognition receptors in rhinovirus-
induced airway epithelial cell responses,” Journal of Immunol-
ogy, vol. 183, no. 11, pp. 6989–6997, 2009.

[74] J. M. Greve, G. Davis, A. M. Meyer et al., “The major human
rhinovirus receptor is ICAM-1,” Cell, vol. 56, no. 5, pp. 839–847,
1989.

[75] F. Hofer, M. Gruenberger, H. Kowalski et al., “Members of the
low density lipoprotein receptor family mediate cell entry of a
minor-group common cold virus,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 91, no.
5, pp. 1839–1842, 1994.

[76] B. L. Unger, A. N. Faris, S. Ganesan, A. T. Comstock, M.
B. Hershenson, and U. S. Sajjan, “Rhinovirus attenuates non-
typeable Hemophilus influenzae-stimulated IL-8 responses via
TLR2-dependent degradation of IRAK-1,” PLOS Pathogens, vol.
8, no. 10, Article ID e1002969, 2012.

[77] K. Andries, B. Dewindt, J. Snoeks et al., “Two groups of
rhinoviruses revealed by a panel of antiviral compounds present
sequence divergence and differential pathogenicity,” Journal of
Virology, vol. 64, no. 3, pp. 1117–1123, 1990.

[78] S. K. P. Lau, C. C. Y. Yip, H.-W. Tsoi et al., “Clinical features
and complete genome characterization of a distinct human
rhinovirus (HRV) genetic cluster, probably representing a pre-
viously undetected HRV species, HRV-C, associated with acute
respiratory illness in children,” Journal of Clinical Microbiology,
vol. 45, no. 11, pp. 3655–3664, 2007.

[79] S. R. Dominguez, T. Briese, G. Palacios et al., “Multiplex
MassTag-PCR for respiratory pathogens in pediatric nasopha-
ryngeal washes negative by conventional diagnostic testing
shows a high prevalence of viruses belonging to a newly
recognized rhinovirus clade,” Journal of Clinical Virology, vol.
43, no. 2, pp. 219–222, 2008.

[80] P.McErlean, L. A. Shackelton, E. Andrews et al., “Distinguishing
molecular features and clinical characteristics of a putative new
rhinovirus species, Human rhinovirus C (HRV C),” PLoS ONE,
vol. 3, no. 4, Article ID e1847, 2008.

[81] A. C. Palmenberg, D. Spiro, R. Kuzmickas et al., “Sequencing
and analyses of all known human rhinovirus genomes reveal
structure and evolution,” Science, vol. 324, no. 5923, pp. 55–59,
2009.

[82] H. P. Grunert, K. U. Wolf, K. D. Langner, D. Sawitzky, K.
O. Habermehl, and H. Zeichhardt, “Internalization of human
rhinovirus 14 into HeLa and ICAM-1-transfected BHK cells,”
Medical Microbiology and Immunology, vol. 186, no. 1, pp. 1–9,
1997.

[83] L. DeTulleo and T. Kirchhausen, “The clathrin endocytic
pathway in viral infection,” The EMBO Journal, vol. 17, no. 16,
pp. 4585–4593, 1998.

[84] M.Huber,M. Brabec,N. Bayer,D. Blaas, andR. Fuchs, “Elevated
endosomal pH in HeLa cells overexpressing mutant dynamin
can affect infection by pH-sensitive viruses,” Traffic, vol. 2, no.
10, pp. 727–736, 2001.

[85] L. Snyers, H. Zwickl, and D. Blaas, “Human rhinovirus type
2 is internalized by clathrin-mediated endocytosis,” Journal of
Virology, vol. 77, no. 9, pp. 5360–5369, 2003.



Scientifica 11

[86] M. Yoneyama, M. Kikuchi, T. Natsukawa et al., “The RNA
helicase RIG-I has an essential function in double-stranded
RNA-induced innate antiviral responses,” Nature Immunology,
vol. 5, no. 7, pp. 730–737, 2004.

[87] J. Andrejeva, K. S. Childs, D. F. Young et al., “The V proteins of
paramyxoviruses bind the IFN-inducible RNA helicase, MDA-
5, and inhibit its activation of the IFN-𝛽 promoter,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 101, no. 49, pp. 17264–17269, 2004.

[88] T. J. Tuthill, N. G. Papadopoulos, P. Jourdan et al., “Mouse res-
piratory epithelial cells support efficient replication of human
rhinovirus,” Journal of General Virology, vol. 84, no. 10, pp.
2829–2836, 2003.

[89] Q. Wang, D. J. Miller, E. R. Bowman et al., “MDA5 and
TLR3 initiate pro-inflammatory signaling pathways leading to
rhinovirus-induced airways inflammation and hyperrespon-
siveness,”PLoS Pathogens, vol. 7, no. 5, Article ID e1002070, 2011.

[90] N.W.Bartlett, R. P.Walton,M.R. Edwards et al., “Mousemodels
of rhinovirus-induced disease and exacerbation of allergic
airway inflammation,” Nature Medicine, vol. 14, no. 2, pp. 199–
204, 2008.

[91] T. Suzuki, M. Yamaya, K. Sekizawa et al., “Bafilomycin A
1

inhibits rhinovirus infection in human airway epithelium:
effects on endosome and ICAM-1,” American Journal of Phys-
iology, vol. 280, no. 6, pp. L1115–L1127, 2001.

[92] D. C. Newcomb, U. Sajjan, S. Nanua et al., “Phosphatidylinositol
3-kinase is required for rhinovirus-induced airway epithelial
cell interleukin-8 expression,” The Journal of Biological Chem-
istry, vol. 280, no. 44, pp. 36952–36961, 2005.

[93] J. E. Gern, E. C. Dick, W. M. Lee et al., “Rhinovirus enters but
does not replicate inside monocytes and airway macrophages,”
Journal of Immunology, vol. 156, no. 2, pp. 621–627, 1996.

[94] V. Laza-Stanca, L. A. Stanciu, S. D. Message, M. R. Edwards, J.
E. Gern, and S. L. Johnston, “Rhinovirus replication in human
macrophages induces NF-𝜅B-dependent tumor necrosis factor
alpha production,” Journal of Virology, vol. 80, no. 16, pp. 8248–
8258, 2006.

[95] D. J. Hall, M. E. Bates, L. Guar, M. Cronan, N. Korpi, and
P. J. Bertics, “The role of p38 MAPK in rhinovirus-induced
monocyte chemoattractant protein-1 production bymonocytic-
lineage cells,” Journal of Immunology, vol. 174, no. 12, pp. 8056–
8063, 2005.

[96] N. L. Korpi-Steiner, M. E. Bates, W.-M. Lee, D. J. Hall, and
P. J. Bertics, “Human rhinovirus induces robust IP-10 release
by monocytic cells, which is independent of viral replication
but linked to type I interferon receptor ligation and STAT1
activation,” Journal of Leukocyte Biology, vol. 80, no. 6, pp. 1364–
1374, 2006.

[97] S. L. Johnston, A. Papi, M.M.Monick, and G.W. Hunninghake,
“Rhinoviruses induce interleukin-8mRNAandprotein produc-
tion in human monocytes,” Journal of Infectious Diseases, vol.
175, no. 2, pp. 323–329, 1997.

[98] M.R.Khaitov,V. Laza-Stanca,M.R. Edwards et al., “Respiratory
virus induction of alpha-, beta- and lambda-interferons in
bronchial epithelial cells and peripheral blood mononuclear
cells,” Allergy, vol. 64, no. 3, pp. 375–386, 2009.

[99] F. O. Martinez, L. Helming, and S. Gordon, “Alternative activa-
tion of macrophages: an immunologic functional perspective,”
Annual Review of Immunology, vol. 27, pp. 451–483, 2009.

[100] K.Moro, T. Yamada,M.Tanabe et al., “Innate production of T
𝐻

2
cytokines by adipose tissue-associated c-Kit+Sca-1+ lymphoid
cells,” Nature, vol. 463, no. 7280, pp. 540–544, 2010.

[101] D. R. Neill, S. H. Wong, A. Bellosi et al., “Nuocytes represent a
new innate effector leukocyte that mediates type-2 immunity,”
Nature, vol. 464, no. 7293, pp. 1367–1370, 2010.

[102] Y.-J. Chang, H. Y. Kim, L. A. Albacker et al., “Innate lymphoid
cells mediate influenza-induced airway hyper-reactivity inde-
pendently of adaptive immunity,” Nature Immunology, vol. 12,
no. 7, pp. 631–638, 2011.

[103] J. M. Mjosberg, S. Trifari, N. K. Crellin et al., “Human IL-25-
and IL-33-responsive type 2 innate lymphoid cells are defined
by expression of CRTH2 and CD161,” Nature Immunology, vol.
12, pp. 1055–1062, 2011.

[104] H. Y. Kim, Y. J. Chang, S. Subramanian et al., “Innate lymphoid
cells responding to IL-33 mediate airway hyperreactivity inde-
pendently of adaptive immunity,” The Journal of Allergy and
Clinical Immunology, vol. 129, no. 1, pp. 216.e6–227.e6, 2012.

[105] J. L. Barlow, A. Bellosi, C. S. Hardman et al., “Innate IL-13-
producing nuocytes arise during allergic lung inflammation and
contribute to airways hyperreactivity,”The Journal of Allergy and
Clinical Immunology, vol. 129, no. 1, pp. 191.e4–198.e4, 2012.

[106] T. Y. Halim, R. H. Krauss, A. C. Sun, and F. Takei, “Lung natural
helper cells are a critical source of Th2 cell-type cytokines
in protease allergen-induced airway inflammation,” Immunity,
vol. 36, no. 3, pp. 451–463, 2012.

[107] B. C. Petersen, A. L. Budelsky, A. P. Baptist, M. A. Schaller,
and N. W. Lukacs, “Interleukin-25 induces type 2 cytokine pro-
duction in a steroid-resistant interleukin-17RB+ myeloid popu-
lation that exacerbates asthmatic pathology,” Nature Medicine,
vol. 18, pp. 751–758, 2012.

[108] E. K. Miller, J. Z. Hernandez, V. Wimmenauer et al., “A mecha-
nistic role for type III IFN-𝜆1 inAsthma exacerbationsmediated
by human rhinoviruses,” American Journal of Respiratory and
Critical Care Medicine, vol. 185, no. 5, pp. 508–516, 2012.

[109] V. Bandi, M. A. Apicella, E. Mason et al., “Nontypeable
Haemophilus influenzae in the lower respiratory tract of
patients with chronic bronchitis,” American Journal of Respira-
tory and Critical Care Medicine, vol. 164, no. 11, pp. 2114–2119,
2001.

[110] S. Sethi, N. Evans, B. J. B. Grant, and T. F. Murphy, “New strains
of bacteria and exacerbations of chronic obstructive pulmonary
disease,”TheNewEngland Journal ofMedicine, vol. 347, no. 7, pp.
465–471, 2002.

[111] P. Mallia, S. D. Message, V. Gielen et al., “Experimental rhi-
novirus infection as a humanmodel of chronic obstructive pul-
monary disease exacerbation,” American Journal of Respiratory
and Critical Care Medicine, vol. 183, no. 6, pp. 734–742, 2011.

[112] A. Bhowmik, T. A. R. Seemungal, R. J. Sapsford, and J.
A. Wedzicha, “Relation of sputum inflammatory markers to
symptoms and lung function changes in COPD exacerbations,”
Thorax, vol. 55, no. 2, pp. 114–120, 2000.

[113] Y. Qiu, J. Zhu, V. Bandi et al., “Biopsy neutrophilia, neutrophil
chemokine and receptor gene expression in severe exacer-
bations of chronic obstructive pulmonary disease,” American
Journal of Respiratory and Critical Care Medicine, vol. 168, no.
8, pp. 968–975, 2003.

[114] S. Gompertz, C. O’Brien, D. L. Bayley, S. L. Hill, and R. A.
Stockley, “Changes in bronchial inflammation during acute
exacerbations of chronic bronchitis,”European Respiratory Jour-
nal, vol. 17, no. 6, pp. 1112–1119, 2001.

[115] S. W. Crooks, D. L. Bayley, S. L. Hill, and R. A. Stockley,
“Bronchial inflammation in acute bacterial exacerbations of
chronic bronchitis: the role of leukotriene B4,” European Res-
piratory Journal, vol. 15, no. 2, pp. 274–280, 2000.



12 Scientifica

[116] S. D. Aaron, J. B. Angel, M. Lunau et al., “Granulocyte inflam-
matorymarkers and airway infection during acute exacerbation
of chronic obstructive pulmonary disease,” American Journal of
Respiratory and Critical Care Medicine, vol. 163, no. 2, pp. 349–
355, 2001.

[117] M. Saetta, G. Turato, P. Maestrelli, C. E. Mapp, and L.M. Fabbri,
“Cellular and structural bases of chronic obstructive pulmonary
disease,” American Journal of Respiratory and Critical Care
Medicine, vol. 163, no. 6, pp. 1304–1309, 2001.

[118] P. F. Mercer, J. K. Shute, A. Bhowmik, G. C. Donaldson, J. A.
Wedzicha, and J. A. Warner, “MMP-9, TIMP-1 and inflamma-
tory cells in sputum from COPD patients during exacerbation,”
Respiratory Research, vol. 6, article 151, 2005.

[119] W. Wu, K. B. Patel, J. L. Leland Booth, W. Zhang, and J.
P. Metcalf, “Cigarette smoke extract suppresses the RIG-I-
initiated innate immune response to influenza virus in the
human lung,” American Journal of Physiology, vol. 300, no. 6,
pp. L821–L830, 2011.

[120] D. Wat, C. Gelder, S. Hibbitts et al., “The role of respiratory
viruses in cystic fibrosis,” Journal of Cystic Fibrosis, vol. 7, no.
4, pp. 320–328, 2008.

[121] A. R. Smyth, R. L. Smyth, C. Y. W. Tong, C. A. Hart, and D. P.
Heaf, “Effect of respiratory virus infections including rhinovirus
on clinical status in cystic fibrosis,” Archives of Disease in
Childhood, vol. 73, no. 2, pp. 117–120, 1995.

[122] J. Collinson, K. G. Nicholson, E. Cancio et al., “Effects of upper
respiratory tract infections in patients with cystic fibrosis,”
Thorax, vol. 51, no. 11, pp. 1115–1122, 1996.

[123] B. E. van Ewijk, M. M. van der Zalm, T. F. W. Wolfs et
al., “Prevalence and impact of respiratory viral infections in
young children with cystic fibrosis: prospective cohort study,”
Pediatrics, vol. 122, no. 6, pp. 1171–1176, 2008.

[124] R. F. Lemanske, D. J. Jackson, R. E. Gangnon et al., “Rhinovirus
illnesses during infancy predict subsequent childhood wheez-
ing,” The Journal of Allergy and Clinical Immunology, vol. 116,
no. 3, pp. 571–577, 2005.

[125] D. J. Jackson, R. E. Gangnon, M. D. Evans et al., “Wheezing
rhinovirus illnesses in early life predict asthma development in
high-risk children,”American Journal of Respiratory andCritical
Care Medicine, vol. 178, no. 7, pp. 667–672, 2008.

[126] A. Kotaniemi-Syrjänen, R. Vainionpää, T. M. Reijonen, M.
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