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Bronchiolitis is a lower respiratory tract infection of young children.
Clinical features include expiratory wheezing, tachypnea, and hypoxia
caused by obstruction of the small airways [1]. It has been suggested that the
diagnosis of bronchiolitis would apply only to infants, but the use of the
diagnosis varies greatly. In many clinical studies, all wheezing illnesses other
than asthma in children younger than 3 years of age have been diagnosed as
bronchiolitis. Asthma is a chronic inflammation of the airways, and
clinically an acute asthma attack mimics bronchiolitis. The diagnosis of
asthma should be used only after recurrent reversible wheezing episodes [2].

In the United States alone, an estimated 3% of all children are
hospitalized for bronchiolitis in their first year of life, which is equivalent
to more than 100,000 hospitalizations annually. Retrospective, hospital
record—based studies have found that the prevalence of bronchiolitis
increased in the 1980s and 1990s [3.,4]. The prevalence of asthma also has
increased—from 3.6% to 6.2% from 1980 to 1996. From 1997 to 2000, the
prevalence of asthma attacks has remained unchanged, however, suggesting
that the burden from childhood asthma may have plateaued [5].

The relationship between bronchiolitis and the development of asthma
and atopy (ie, immediate-type hypersensitivity) has been studied for many
years. The development of atopy is particularly interesting because the
persistent form of asthma is mainly atopic. It has been estimated that 50%
of children with bronchiolitis have recurrent wheezing (assessed by the
parents) or asthma (diagnosed by a physician) during the following 2
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decades of life. The association between bronchiolitis and atopy defined as
specific IgE antibodies or a positive skin prick test has been weak [6,7].

Genetics and environmental influences, such as respiratory viral infec-
tions and allergen exposure, are associated closely with airway hyperreac-
tivity. Respiratory viral infections predisposing to chronic asthma occur
during infancy when immunologic maturation has not yet developed fully. It
is crucial to understand how these different factors may contribute to the
onset of asthma (Fig. 1). It is well established that respiratory syncytial virus
(RSV) bronchiolitis is associated strongly with recurrent wheezing and
asthma, at least during the first decade of life [7,8]. Preliminary findings
suggest that rhinovirus-induced bronchiolitis is an even stronger risk factor
and may be the first sign of asthma [9].

Viral etiology of bronchiolitis and asthma

Many respiratory viruses can cause bronchiolitis (Table 1). Many studies
from the 1970s and 1980s have shown that RSV is the dominant causative
agent, and it is virtually the only agent inducing epidemics. RSV infection
has been detected in 50% to 70% of patients with bronchiolitis [10,12,14].
RSV is a rare pathogen in older hospitalized children [10,14] because nearly
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Fig. 1. Multifactorial influences on the development of asthma. BHR, bronchial hyperreac-
tivity. (From Openshaw PJ, Yamaguchi Y, Tregoning JS. Childhood infections, the developing
immune system, and the origins of asthma. J Allergy Clin Immunol 2004;114:1276; with
permission.)



Table 1
Studies on viral etiology of bronchiolitis

Viral identification rates (%)

Wheezing
Year of episodes/ Age Parainfluenza  Influenza Total
study® control subjects (mo) RSV Rhinovirus Enteroviruses virus virus Adenovirus  Coronavirus hMPV  positive
1999 [10] 22/17 <24  68/0 41/41° 1/0 0/1 0/1 82
2000 [11] 84 <12 54 19 12 0 0 13 0 74
2002 [12] 118 <18 53 21 3 3 8 3 74
2003 [9] 81 <24 26 33 12 14 5 0 73
2004 [13,14]° 71 312 55 18 14 6 3 1 1 11 90

179/17 3-36 36 21/04 21/04 5 2 5 2 7 87

Abbreviations: hMPV, human metapneumovirus; RSV, respiratory syncytial virus.

# Including studies using polymerase chain reaction with a sampling period of >1 year.
® With polymerase chain reaction; 23/25 using culture only.

¢ New subgroup analysis.

4 Nontypable rhino-enterovirus: 15/18.
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all children have been infected with RSV within the first 2 years of life, and
a child’s initial RSV infection is typically the most severe. RSV epidemics
usually begin yearly in the late fall and peak in November to March. In
some countries, such as Finland, RSV infections occur in double-humped
outbreaks in 2-year cycles [1,14].

Studies using polymerase chain reaction (PCR) techniques have shown
a prominent role for rhinovirus and enteroviruses in the etiology of acute
bronchiolitis. Rhinovirus has been detected in 20% to 40% and enter-
oviruses in 10% to 20% of cases [10,14]. Rhinovirus bronchiolitis often
occurs during RSV epidemics. The clinical value of positive picornavirus
PCR test has been questioned because RNA of these viruses has been
detected in 20% to 40% of asymptomatic children [10,13]. The authors have
found that the degree of picornavirus PCR positivity markedly decreases
over 2 to 3 weeks and disappears over 5 to 6 weeks after an acute wheezing
episode, suggesting that positive picornavirus PCR is related to an acute
symptomatic infection [13]. Rhinovirus outbreaks occur during the fall and
spring, and enterovirus outbreaks usually occur only during the fall [14].

Viral respiratory infections commonly are associated with acute asthma
(Table 2). Rhinovirus is the main trigger of exacerbations, associated with
30% to 80% of cases. The community study of Johnston et al [15] reported
picornaviruses by PCR in half of the cases with decreased peak expiratory
flow. Of these, 57% were confirmed as rhinovirus by culture. Two studies
have focused on viral etiologies in young children with acute asthma [14,16].
Rhinovirus was found as an important viral agent in this patient group with
a recovery rate of 27% to 44%.

In the authors’ study, enteroviruses, which according to their name
replicate most prolifically in the gastrointestinal tract, were related to acute
asthma in 38% of the cases [14]. This finding is in agreement with the report
of Rawlinson et al [17], who found enteroviruses by PCR in 29% of young
children with well-documented asthma occurring in summer. Coronavirus
has been found in 2% to 13% of children with acute exacerbations of
asthma [10,14-16]. Other viruses account for 10% or less of the cases.
Influenza viruses, which yearly circulate in the community, are less
important. RSV is a rare causative agent of acute asthma in children older
than age 2 years.

Pathogenesis of bronchiolitis

The major risk factors for bronchiolitis include young age, passive smoke
exposure, small lung size, a chronic underlying condition, and having older
siblings [18,19]. Genetic background also may influence the response to RSV
infection because factors such as the polymorphisms of interleukin (IL)-8,
IL-4, and its receptor and the surfactant protein D have been implicated in
disease susceptibility and severity [20-23].



Table 2
Studies on viral etiology of acute asthma

Viral identification rates (%)

Wheezing

Year of episodes/ Parainfluenza Influenza Total
study® control subjects Age (y) RSV Rhinovirus Enteroviruses virus A/B virus Adenovirus Coronavirus hMPV  positive
1995 [15] 161 9-11 4 50° 7 7 13 80°
1999 [10]¢ 48/42 2-16 6/0  71/36° 2/0 2/0 2/0 6/0 83
1999 [16] 71 <2 24 44 10 4f 107 5 5 86

61 >2 18 51 77
2003 [17] 179 0.1-17 7 79 1 2 2 88
2004 [13,14]*  49/17 043 22 27/0 33/0 4 4 12 0 0 90

65/25 3-16 8 31/0" 38/0" 9 2 2 2 0 91

Abbreviations: hMPV, human metapneumovirus; RSV, respiratory syncytial virus.
% Including studies using polymerase chain reaction with a sampling period of >1 year.

® Number is for picornaviruses, of which 57% were rhinoviruses, the remaining viruses could not be cultured and were classified as rhinoviruses because

most enteroviruses culture easily.
¢ In reported falls in peak expiratory flow.

4 Children with wheezing were included. Excluded were children with bronchopulmonary dysplasia or using corticosteroids within the previous week.

¢ With polymerase chain reaction; 18/24% using culture only.

T Information not available of different age groups.

€ New subgroup analyses.

" Nontypable rhino-enterovirus: 12/18 in children age <3y and 17/12 in children age >3 y.
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The viral infection begins with viruses infecting airway epithelial cells,
which are the primary site of replication. Numerous cytokines and chemo-
kines are produced, which recruit and activate inflammatory cells. Innate and
adaptive immune responses are triggered. The damaged airway together with
an antiviral response causes epithelial edema and increased mucus produc-
tion and vascular permeability. These events lead to narrowing of small
bronchioles and consequent airway dysfunction and wheezing.

RSV infection activates signaling pathways in airway epithelium through
a toll-like receptor 4 and by the generation of oxidative stress [24,25]. Host
cell recognition of viral RNA produced by viral replication initiates antiviral
and proinflammatory responses within the cell. When newly synthesized
viruses are released into the airway, the antiviral response is enhanced by
mononuclear cells. Monocytes, macrophages, and probably dendritic cells
secrete proinflammatory cytokines, such as IL-1, IL-8, tumor necrosis factor
(TNF)-a, and interferon (IFN)-a, which further activate other cells and
induce adhesion molecules. Because most recruited cells are neutrophils, it
has been suggested that neutrophils and their activation products are
important in the causation of airway obstruction. A few recruited cells are
mononuclear cells and eosinophils. Lymphocytes also are recruited into the
airways during the early stages of infection and are probably important in
limiting the extent of infection and clearing virus-infected cells. Th1 and Th2
type responses have been implicated in infants with RSV bronchiolitis [26].

Most rhinoviruses are recognized by the intercellular adhesion molecule
1 (ICAM-1) [27,28]. The rhinovirus-induced antiviral response, as in the
case in RSV infection, is considered to be responsible for the clinical symp-
toms. The antiviral response to rhinovirus infection includes type 1 inter-
ferons and nitric oxide and the production of cytokines and chemokines,
such as IL-la/B, IL-8, IL-10, TNF-a, granulocyte-macrophage colony-
stimulating factor, epithelial neutrophil-activating protein-78, RANTES
(regulated on activation, normal T cell expressed and secreted), eotaxin 1/2,
macrophage-inflammatory proteins, and leukotrienes, which influence the
subsequent innate and specific immune response. Interferons are especially
important in antiviral response because they are potent activators of
antiviral effector cells as natural killer cells, CD8 T lymphocytes, and
macrophages. The cellular response is mainly neutrophilic, but mast cells
and ecosinophils also infiltrate the infection site. Bronchial mucosal
eosinophilic infiltrates have been found in biopsy specimens from healthy
and asthmatic volunteers during an experimental rhinovirus infection [29].
The accumulation of eosinophils is influenced by IL-5, granulocyte-
macrophage colony-stimulating factor, IL-8, RANTES, and ecotaxin [27].
All of these except IL-5 have been produced by airway epithelial cells in
vitro after a rhinovirus infection.

So far, only one report has been published comparing virus-specific
inflammatory cell responses in bronchiolitis patients age younger than 2
years. According to Korppi et al [30], children with rhinovirus infection
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compared with children with RSV infection were older and presented more
often with atopic dermatitis and blood eosinophilia. The groups did not differ
in total serum IgE. Similarly, the authors have found a mean peripheral
blood eosinophil count of 0.11 x 10°/L and a neutrophil count of 3.48 x
10°/L in children age younger than 2 years with the first wheezing attack
induced by RSV, whereas in children with picornavirus bronchiolitis, the
corresponding counts were 0.42 x 10°/L and 5.87 x 10°/L (unpublished
findings). Although it is impossible to determine whether these differences are
due to the virus, or whether they are related to a preexisting inflammation,
there are great cellular differences in the courses of rhinovirus and RSV
bronchiolitis. Eosinophilia and even neutrophilia in the peripheral blood are
associated more clearly with rhinovirus bronchiolitis than RSV bronchiolitis.

Genetics of airway hyperreactivity

A parental history of childhood respiratory problems is an important risk
factor for infantile lower respiratory tract illnesses. In the Tucson Children’s
Respiratory Study, the greatest risk was early onset of the parental illness
[31]. A parental history of asthma or bronchiolitis with onset before age 3
years was associated with wheezing illnesses in offspring. The continuation
of wheezing from early life until age 6 years also has a clear association with
a maternal history of asthma and atopy [18]. Although these findings
suggest a familial component in childhood wheezing, epidemiologic studies
do not answer the question whether the risk is inherited genetically.

Since the 1990s, significant progress has been made in identifying the
genes responsible for the development of asthma and atopy [32-34]. There
are probably many susceptibility genes that act either alone or in
combination with other genes increasing the risk of the disease [35]. Genetic
studies are confounded by influences of genetic heterogeneity, heteroge-
neous phenotypes of asthma among the studied subjects, incomplete or low
penetrance (despite a relatively high prevalence), and genotype-environment
and gene-gene interactions [32,36].

Reviews of genetic association studies have linked 60 genes to asthma
[33,34]. Of these, more than 30 have been replicated at least once, but less than
10 have been replicated in five or more studies. Many previous studies of the
genetics of asthma have been criticized for being underpowered in view of the
relatively modest effects of the individual genes. Nonreplicated studies may
represent false-positive findings. Four interesting candidate genes have been
highlighted in asthma, however. A role has been suggested for ADAM33 in
airway remodeling and smooth muscle reactivity; for PHFI1, in immunoreg-
ulation, especially that of B lymphocytes; for DPPI0, in cytokine processing,
especially in T cells; and for GPRA, in bronchial epithelial and smooth muscle
surface receptor functions. Although it is difficult to separate atopy and
bronchial hyperreactivity because of similarities in their regulatory networks,
a definite genetic effect occurs in the two diseases.
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Genetic predisposition to strong proinflammatory or weak anti-in-
flammatory capacity may increase the risk for atopic diseases. Regulatory T
cells, which mediate their effects through anti-inflammatory cytokines, such
as IL-10 and transforming growth factor-B, are able to suppress Thl and
Th2 cells [37]. Lower levels of IL-10 and transforming growth factor-f have
been reported in asthmatic and atopic individuals [38,39], whereas
proinflammatory cytokines, such as the IL-la genotype, have been more
frequent in atopic subjects [40]. The matter is still controversial, however
[41]. TL-10 responses have been highly influenced by viral infections in
atopic asthmatics, and the responses in infants also seem to be different from
responses in adults [42,43].

Environmental influences on the immunopathogenesis of atopic asthma

Atopy and asthma may not be explained simply by the Thl/Th2
paradigm or abnormal proinflammatory or anti-inflammatory capacity, as
suggested in a report by Heaton et al [36]. These investigators showed mixed
Th1/Th2 immune responses in wheezing children. Although they confirmed
that allergic diseases and asthma are associated with Th2 production (IL-5,
eosinophilia, IgE production), they also showed that IFN-y was associated
with increased immediate skin test reactivity and with airway hyperreactiv-
ity [36]. These findings are in agreement with findings from a mouse model,
suggesting that Thl responses could increase the severity of allergic diseases
and asthma [44]. IL-10 has been found to have a protective effect inhibiting
immediate skin test reactions, as also stated earlier, but it also is associated
with airway hyperreactivity in children without allergies and may increase
the severity of airway disease in these subjects. The diversity of these
responses may indicate that atopy is influenced not only by genetic
heterogeneity, but also environmental effects, such as infections or exposure
to allergens, which occur with varying intensities in different individuals [45].

Since 1989, the scope of the hygiene hypothesis has extended to
environmental microbial burdens in general and the regulation of the
pattern of immune responses in early life [46,47]. Exposure to various
environmental factors may influence inherited susceptibility to asthma and
allergies by either increasing or decreasing the penetrance of predisposing
genes. Interaction of viral infections in early life may be particularly
important because RSV has been found to be an independent risk factor for
the development of asthma [7,8,48], and a preliminary report suggests that
this risk may be reduced by postponing the first RSV infection with RSV
immunoglobulin [49]. IL-4 producing T cells responding to RSV and cat
antigens have been reported to be more frequent in 7- and 8-year-old
children with a history of RSV bronchiolitis [50], suggesting that early viral
infection may affect Th2 polarization.

Repeated exposure to allergens may lead to the development of manifest
atopy in early life, especially in immunologically susceptible individuals.
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Exposure to allergen during the first 2 years of life has predicted asthma
better than exposure later in childhood [51]. A prophylactic reduction of
exposure to house dust mite from birth has reduced the risk for wheeze and
subsequent sensitization at school age [52]. It has been suggested that no
other major factors independent of atopic status determine persistent
childhood asthma, defined as bronchial hyperreactivity [18,53]. In these
children, symptoms can be produced with inhalation of allergen and
reduced by moving the child to an allergen-free environment [54]. Respi-
ratory viral infections are frequent triggers of acute bronchospasm also in
allergic individuals, however [55]. Respiratory viral infections have been
found to be more important seasonal triggers of exacerbations of asthma
than pollen or spore counts [56].

Immunologic immaturity of infants

Human neonates exhibit decreased or aberrant innate, cellular, and
humoral immune responses compared with adults. Many of the cells of the
immune system are not intrinsically immature, but they lack the proper
environmental influences to mount adult-type responses. The size of
lymphocyte subpopulations shows marked changes during early life. The
absolute number of B lymphocytes increases immediately after birth and
remains unchanged until 2 years of age, then gradually decreases toward
adult age. T lymphocytes increase after birth and decrease from 2 years to
adulthood. Thymic involution starts at the age of 1 year and continues with
a yearly loss of 3% [57]. The number of natural killer cells decreases over the
first 2 months of life, then remains unchanged [58]. Cord blood has
a decreased frequency of antigen-presenting dendritic cells, which present
immunophenotypically with a higher degree of immaturity than adult
dendritic cells [59]. Cord blood dendritic cells have a reduced ability to
attain the mature adult phenotype and a reduced ability to activate naive
CD4" T cells to produce IFN-y, suggesting that they are intrinsically
preprogrammed against the generation of Thl immune response [60].

Functionally, neonatal T cells proliferate poorly in response to antigenic
and allogeneic stimulation. Human neonatal T cells produce lower levels of
Th1 and Th2 cytokines than adult cells. It is well established that cord blood
cells respond more with Th2 cytokines (IL-4, IL-5, IL-9, IL-13) and less with
Thl cytokines (IFN-v, IL-2, IL-12, TNF-a). Poor production of IFN-y may
be attributed to decreased production of IL-12 [61]. Neonatal CD8 T cells
produce high levels of IL-13, which may account for the type 2 bias [62]. It
was reported that compared with adults, neonates have immature IL-10 and
IFN-v responses [63]. The neonatal Thl response may not always be poorer
than the adult Thl response, but also can be dependent on the antigen [64].

During the first year of life, maternal IgG is replaced by neonatal IgM,
IgG, and IgA. Many studies have shown that the primary T cell-dependent
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antibody response in the neonatal period is weak. Clinically, it is seen as
a poor response to polysaccharide antigens. In a large study of 23-valent
pneumococcal polysaccharide vaccine, poor antibody responses and no
clinical protection were detected in children younger than 6 months of age
[65]. A poor response to polysaccharide antigens coincides with the lack of
marginal-zone CD21" B cells and a high rate of cells coexpressing IgM and
IgD [66].

Postnatal development of human immune responses is inadequately
studied, but several single observations support the view that the human
immune response mainly matures to the adult level during the first 2 years of
life. B lymphocytes produce immunoglobulin levels close to adult levels, and
the levels of lymphocyte subpopulations stabilize. The response to
polysaccharide antigens can be detected in children older than age 2 years,
and at the same age the histologic structure of the spleen is adult-type
[66,67]. By 1 year of age, almost all V31 T cells in blood have activated and
changed to memory T cells, reflecting immunologic maturation [68].
Mucosal immunity, immature at birth, usually develops fully in the first
year of life [69]. It was reported that the recruitment of inflammatory cells to
the nose is at full potential at age 2 years. The number of nasal Th2 driving
(IL-4) and regulatory (IL-10) cytokine-positive cells has been found to
decrease over the first 24 months of life [70].

All these observations support the view that the immune system is
immature for the first 1 to 2 years of life and may be susceptible to delayed
or permanent change induced by environmental factors, such as viral
infections. It has been suggested that delayed maturation of immune
responses may be a risk factor for allergies and asthma [71].

A neonatal mouse model has supported this hypothesis, showing that age
at the first RSV infection determines the pattern of disease during
reinfection in adulthood. The strongest Th2 responses were seen in mice
primed at 1 day of age. Neonatal priming was followed by severe disease
and an increased inflammatory cell response during reinfection at 12 weeks.
Delayed priming led to less severe disease and enhanced IFN-y production.
RSV infection at a very young age has the potential to cause long-term
alterations in the immune system [72]. It has been suggested further that
chronicity or persistence of pathogens in the lung may perpetuate the
inflammation, which is exacerbated by new infections [73]. This persistent
inflammation drives the airway reactivity characteristic of asthma.

Development of recurrent wheezing and asthma after bronchiolitis

Long-term prospective studies have shown a link between bronchiolitis
and asthma (Table 3). In a study from the United Kingdom, Noble et al [82]
monitored a cohort of 101 hospitalized infants with acute bronchiolitis
(66% RSV positive) and 47 control infants. Abnormal pulmonary function
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still was found 9 to 10 years after hospitalization. Forced expiratory flow in
1 second (FEV,) and peak expiratory flow were 5% to 9% lower than in
controls. Two to three times more episodes of wheeze and diagnosed asthma
were reported in index children than in controls. The history of bronchiolitis
was the only variable related to wheezing and diagnosis of asthma. Virus-
specific (RSV positive or negative) analysis was not reported. No differences
were found in histamine challenge and skin prick tests.

The Tucson Children’s Respiratory Study followed a large cohort of
children from birth to 13 years of age [7]. Although bronchiolitis was not
confirmed by a physician in all cases, RSV lower respiratory tract illnesses
were associated with an increased risk of frequent wheeze by age 6. The risk
decreased markedly with age and was not significant by age 13. The index
cases had a lower FEV, than controls, but no difference was seen in the
bronchodilator response. RSV lower respiratory tract illness was not related
to atopic status on the basis of skin prick tests or serum IgE concentrations.

In a Swedish study, 47 hospitalized RSV-positive infants were followed
for 13 years, and the last interim analyses were performed at age 7 years
[8,48]. The cumulative prevalence of asthma was 10 times higher, and the
cumulative prevalence of any wheezing was almost twice more common in
index cases than in controls at age 7 years. Allergic sensitization also was
found almost twice more common in RSV children than in control subjects.
At age 13 years, the occurrence of symptoms over the previous 12 months
for asthma or recurrent wheezing was still more than five times higher in the
RSV group than among the controls. RSV bronchiolitis had the highest
independent risk ratio for current asthma. At this age, only borderline
significance was found for sensitization to common inhaled allergens,
however. Any positivity in skin prick tests or specific serum IgE concen-
trations did not show any difference, whereas dander-specific or pollen-
specific tests showed a significant difference.

The longest prospective follow-up period of 19 years was reported in
a Finnish study, which included 54 children hospitalized for bronchiolitis
and 45 controls [85]. Two definitions for asthma were used: physician-
diagnosed asthma and previously diagnosed asthma with recent asthmatic
symptoms (physician-diagnosed asthma included). By these two definitions,
asthma was present in 30% and 41% in the bronchiolitis group and in 11%
in the control group. Lower baseline pulmonary function (ie, FEV,, FEV,/
forced vital capacity, midexpiratory flow at 25% and 50% of forced vital
capacity) was found in index cases, but no difference was seen on
methacholine inhalation challenge. No significant difference was found in
the prevalence of positive skin prick test reactions to common inhalant
allergens. Sensitization to cat and dog dander was more than twice more
common, however, in the bronchiolitis group than in the control group. The
earlier studies reported a link between bronchiolitis and physician-defined
asthma and abnormal pulmonary function occurring for 19 years [85]. For
RSV bronchiolitis only, the link has been found to last for 13 years for



Table 3

Important long-term studies of the link between bronchiolitis and reactive airway disease

End points and results: patients versus controls (odds ratio, 95% CI P value)

No. . .
First patients/ Age on W Follow-up  Recurrent Physician-diagnosed Abnormal pulmonary
author® Year Design controls entry (mo) RSV Other time (y) wheezing asthma function test Atopy®
Sims [74] 1978  Ret 35/35 <12 100° 8 51% vs 3% PEF 237 L/mm vs NS
(P < .001)¢ 265 L/min (P < .02)
Pullan [75] 1982 Ret 130/111 <12 100° 10 42% vs 19% NS Exercise test or NS
(mean 4) (P < 001)¢ histamine challenge
positive 25%
vs 7% (P < .001)
Mok [76] 1982  Ret 200/200 <12 50° 7 47% vs 17% 9% vs 2.5% FEV; 91% vs 95%
(mean 4) (P < 01 (P < .05)¢ predicted (P < .005),
11% vs 1% >10% fall after
(P < .01 exercise 53% vs 37%
(P < .05)
McConnochie 1984  Ret 59/177 <24 8 44% vs 14% 25% vs 1%
77 (P < 0.001)° (P < 0.001)4,
19% vs 4%
(P < 0.001)°
McConnochie 1985 Ret 25/25 <24 8-12 FEF,5 ;5 baseline 64%
[78] vs 75% predicted
(P = .04), after cold
air —9.0% vs
—15.7% (P = .04)
McConnochie 1989  Ret S51/102 <24 13 NS NS
[79]
Carlsen [80] 1987 Pro 51/24 <1 61 6" 2 No. episodes, NS

median 3 vs 0
(P < .01)
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Table 3 (continued)

End points and results: patients versus controls (odds ratio, 95% CI P value)

No. . .
First patients/  Age on Viral etiology (%) Follow-up  Recurrent Physician-diagnosed ~ Abnormal pulmonary
author” Year Design controls  entry (mo) RSV Other  time (y) wheezing asthma function test Atopy®
Sigurs [8,48] 2000  Pro 47/93 <12 100° 7 Year 7: 68% vs Year 13: 37% Year 13: baseline FEV,/  Year 7: 41%
2004 (mean 4) 13 34% (P < .001)¢ vs 5.4% FVC 85% vs 88% vs 22%
Year 13: NS (P < .001)%, predicted (P = .001), (P =.039)
28% vs 3.3% after Br-agonist 88% Year 13:
(P < .001)° vs 89% predicted NSk
(P = .043), fall in
FEV, after dry air
hyperventilation
6.1% vs 4.6%
(P = .047),
reversibility NS
Piippo- 2004  Pro 54/45 Median 10 19 30% vs 11% Abnormal pulmonary NSk
Savolainen (range (3.4, 1.1-10.1)>" function 36% vs 11%
[85] 1-24) (4.5, 1.5-13.2)!

Abbreviations: FEF,s 75, forced expiratory flow at 25-75% range; FEV, forced expiratory flow in 1 second; IRR, incidence rate ratio; NS, nonsignificant; PEF, peak expiratory flow;

Pro, prospective; Ret, retrospective; RSV, respiratory syncytial virus.

# Only the last positive reports are included of studies with many interim analyses.

® Confirmed by specific IgE antibodies or skin prick test.
¢ Inclusion criteria.

4 Cumulative.

¢ Currently or previous year.

f Parainfluenza n = 2 (4%), rhinovirus n =1 (2%).

¢ Parainfluenza n = 68 (14%), other viruses n = 68 (14%) (including adenovirus, influenza virus, cytomegalovirus, rhinovirus, bacterial and mixed infections), negative test n = 129

(27%).
" Including [75,76,79,86].
! Rhinovirus 7 = 20 and virus negative n = 14.
¥ Between rhinovirus-positive and rhinovirus-negative cases.
X For any test positive.
! Comparison included pneumonia group, which is not shown.
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physician-defined asthma [8]. No studies have reported a convincing link
between bronchiolitis and current atopy after age 7 years.

Only two studies have evaluated the role of bronchiolitis induced by
other viruses. Kotaniemi-Syrjanen et al [9] compared the development of
asthma after RSV and rhinovirus bronchiolitis. An average of 6 years later,
asthma was present in 10% of the RSV group subjects compared with 60%
of the rhinovirus group subjects [9]. Although no significant difference was
found, probably owing to small sample size, the difference was significant
between rhinovirus-positive and rhinovirus-negative cases. The authors
have confirmed the finding in a 1-year follow-up of hospitalized children
after their first bout of bronchiolitis. Asthma (ie, three physician-verified
wheezing attacks within 12 months) was diagnosed in 21% of children after
an RSV infection and in 64% of children after rhinovirus infection [87].
These findings encourage a more critical approach to the earlier study of
Stein et al [7]. They reported that RSV lower respiratory tract illness is an
independent risk factor for the subsequent development of wheezing up to
age 11 years, but not age 13. Stein et al [7] also reported, but did not
adequately discuss, the finding that at age 13 years there still was a significant
link between bronchiolitis and asthma in the groups of children with other
virus or with negative microbiology. At age 11 years, the negative group also
had lower FEV; values. Rhinoviruses were not searched for by PCR
techniques, and most of them probably were missed.

In addition to limited viral diagnostics, none of the aforementioned
studies used or reported eosinophilia, which predicts the development of
asthma, as an inclusion criterion or end point [88,89]. Further limitations of
earlier studies include the variable diagnostic criteria for bronchiolitis and
asthma. Six studies have extended the age range of bronchiolitis over 12
months. The older the children are, the more likely they are to exhibit
characteristics predisposing for persistent wheezing, such as eosinophilia,
atopy, and rhinovirus infection [30]. The most common end points were
recurrent wheezing reported by the parents and clinically diagnosed asthma,
which are not reliable assessments and may overestimate lung impairment
[2,90]. Objective measurement of pulmonary function and physician-
confirmed recurrent episodes of wheeze with a bronchodilator response
are necessary for the diagnosis of asthma. Although baseline pulmonary
function on follow-up is slightly decreased in the bronchiolitis groups of
many studies, only two studies have shown evidence for bronchial
hyperreactivity, characteristic of asthma [75,78]. When considering the
results of earlier studies and their limitations, a clear association can be seen
between bronchiolitis and recurrent wheezing, but the association between
bronchiolitis and atopic asthma is not yet convincing [91].

Rhinovirus-induced bronchiolitis may be a first sign of asthma, as
suggested by Kotaniemi-Syrjanen et al [9]. In a cross-sectional emergency
department study, rhinovirus-induced wheezing was associated most
strongly with atopy and eosinophilia [10]. Children with rhinovirus
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bronchiolitis also have higher blood eosinophil counts than children with
RSV, as discussed earlier [30,89]. Immunologic events related to Th2
polarization seem to be important predisposing factors not only to the
development of asthma, but also to rhinovirus-induced bronchiolitis. The
link between these diseases is more likely to be attributable to this suggested
immunologic anomaly that precedes or is induced by rhinovirus bronchio-
litis rather than to structural damage to the airway as a result of
bronchiolitis [19]. The hypothesis that airway inflammation before virus
inoculation may be a risk factor for an adverse response to rhinovirus is
supported by findings from an experimental rhinovirus infection in young
adults with mild asthma. The study of Zambrano et al [92] has shown that
subjects with high levels of IgE had greater lower respiratory tract symptom
scores during the initial 4 days of the infection than the low IgE group.
These subjects also had higher total blood cosinophil counts at baseline,
increased eosinophil cationic protein in their nasal washes, and higher levels
of expired nitric oxide at baseline and during peak cold symptoms. In
agreement, another study has shown that on histamine challenge after
experimental rhinovirus infection, allergic adult subjects show higher airway
reactivity than healthy controls [93].

Why is rhinovirus infection such a common trigger of asthma
exacerbations? First, the answer may be related to the expression of
ICAM-1 by epithelial cells. ICAM-1 mediates viral binding, host infection,
and antiviral response, and it is up-regulated by airway inflammation,
including the rhinovirus infection itself [94]. Because Th2 cells predominate
within the asthmatic airways, Bianco et al [95] addressed the question by
studying the effects of Th2-associated and Thl-associated cytokines and
experimental rhinovirus infections on ICAM-1 expression in epithelial cells
in vitro. Th2-associated cytokines (IL-4, IL-5, IL-10, and IL-13) increased
the ICAM-1 expression of uninfected and rhinovirus-infected cells, and
these effects were dominant over the effects of IFN-v. Second, a rhinovirus
infection generates various inflammatory mediators, which probably
enhance the ongoing inflammatory response in asthmatic airways at least
in some circumstances [96]. Many studies have shown that rhinovirus
infection can enhance lower airway histamine responses and eosinophil
recruitment after allergen exposure [24]. Third, and probably most
important, a defective IFN-y response may not be able to limit the extent
of the infection to upper airways. Peripheral blood mononuclear cells from
atopic asthmatics have produced lower levels of IFN-y and higher levels
of IL-4 and IL-10 in response to rhinovirus infection than the cells
from healthy subjects [42]. An experimental rhinovirus infection in atopic
subjects has shown an inverse relationship between precold rhinovirus-
induced IFN-vy secretion from peripheral blood mononuclear cells and peak
virus shedding after inoculation [97]. Similarly, stronger Thl responses in
sputum cells (higher IFN-vy-to-IL-5 mRNA ratio) during induced colds have
been found to be associated with milder cold symptoms and more rapid
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clearance of the virus [98]. Finally, the generation of IFN-y has correlated
directly with lung function [99]. These results together could explain why
individuals with airway inflammation characterized by Th2 polarization and
consequently by eosinophilia show increased susceptibility to and morbidity
from rhinovirus infections and the associated exacerbation of asthma
symptoms. The elevated secretion of IL-10 owing to rhinovirus infection
may reduce partially the effectiveness of inflammatory mechanisms
necessary for viral clearance and exacerbate airway inflammation and
increase hyperreactivity.

Do viral infections contribute to sensitization to allergens? This is
another important question, which cannot be answered exhaustively.
Animal studies using experimental influenza virus, parainfluenza virus,
and RSV infections have provided evidence that respiratory viral infections
increase allergic sensitization to inhaled allergens and subsequently enhance
airway inflammation, responsiveness, and obstruction [100—103]. Respira-
tory viral infections have been shown to prevent tolerance induction and
enhance IgE-mediated allergic sensitization to inhaled allergens when
infection and sensitization have coincided. The possible mechanisms involve
increased permeability of airway mucosa to allergens and the recruitment
of dendritic cells to the respiratory epithelium. Consequently the sensitiza-
tion could be facilitated by increased antigen uptake and more effective
antigen presentation. It has been suggested that T cells, especially CD8*
T cells, IL-4, IL-5, and eosinophils are important regulators triggering
airway hyperresponsiveness. Similarly, certain human respiratory viral in-
fections may increase the risk of allergic sensitization by providing a local
IL-4-high environment, as RSV studies show [50]. Recurrent respiratory
viral infections with allergen exposure may contribute significantly to the
onset of atopic asthma, but the full extent of these effects in humans remains
to be evaluated.

Summary

Respiratory viral infections are closely related to bronchiolitis and acute
asthma. RSV is the major causative agent of bronchiolitis in young infants,
whereas rhinovirus is an important trigger of asthma exacerbations, but
also is recognized increasingly in slightly older children with bronchiolitis.
Bronchiolitis is followed by recurrent wheezing or asthma in 5% to 50% of
children during the first 2 decades of life. Preliminary data indicate that
rhinovirus bronchiolitis is a more potent risk factor for school-age asthma
than RSV bronchiolitis. The authors hypothesize that an important link
between bronchiolitis and asthma is a person’s susceptibility to certain lower
respiratory tract viral infections, especially to rhinovirus infection. This
susceptibility probably is related to the strong genetic component of atopy
and possibly to eosinophilic airway inflammation response, which are likely
not only to increase susceptibility, but also to exacerbate rhinovirus
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infection. The immature immune system of children age 1 to 2 years may
increase susceptibility to respiratory viral infections, and their immature
immune system may be vulnerable to permanent change induced by
environmental factors, such as viral infections. Recurrent respiratory viral
infections, especially with allergen exposure, may contribute markedly to
airway inflammation, airway hyperreactivity, and inception of atopic
asthma. Lower respiratory tract rhinovirus infection in early life may be
a first sign of asthma by identifying individuals with an underlying
immunologic anomaly that predisposes to the development of asthma.
Further studies are, needed to confirm this hypothesis.
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