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Background: Data on the link between atopy and viral wheeze are
limited. Aim: To evaluate the association between IgE sensitization and
viral infection in wheezing children. Methods: This is an observational
study in hospitalized wheezing children (n = 247; median age 1.6 ;
interquartile range 1.1, 2.9). Eighteen respiratory viral infections were
studied using all available methods. A specific immunoglobulin E (IgE)
sensitization for common food and aeroallergens and other atopy-
related variables including total IgE, blood and nasal eosinophils,
exhaled nitric oxide, eczema and atopic eczema, parental allergy and
asthma, number of wheezing episodes, positive asthma predictive index
or asthma and use of inhaled corticosteroid were correlated with specific
viral etiology. Results: Atopy was closely associated with sole rhinovirus
etiology (n = 58) but not with sole respiratory syncytial virus, sole
enterovirus, sole human bocavirus, sole other virus, mixed viral, or virus
negative etiology. The number of sensitizations was particularly asso-
ciated with sole rhinovirus etiology (odds ratio 4.59; 95% confidence
interval 1.78, 11.8; adjusted to age and sex), followed by aeroallergen
sensitization (respectively; 4.18; 2.00, 8.72), total IgE level (2.06; 1.32,
3.21), food allergen sensitization (2.02; 1.08, 3.78), and nasal eosinophil
count (1.52; 1.08, 2.13). Conclusions: According to our data, allergic
sensitization is positively linked to rhinovirus-, but not other virus-,
associated wheezing and calls attention for studies to test rhinovirus-
associated wheezing as a part of asthma risk indices.
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Acute wheezing in children is almost exclusively
associated with respiratory viral infections (1).
Respiratory syncytial virus (RSV) dominates in
infants. Otherwise, respiratory picornaviruses,
mainly human rhinovirus (HRV) but also ente-
roviruses, are the most common viral findings.

Abbreviations: API, asthma predictive index; CI, confidence
interval;, HBoV, human bocavirus; HMPV, human metapneu-
movirus; HRV, human rhinovirus; ICAM-1, intercellular
adhesion molecule 1; IgE, immunoglobulin E; OR, odds ratio;
PCR, polymerase chain reaction; PIV, parainfluenza virus;
RSV, respiratory syncytial virus.
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Human bocavirus (HBoV) has also been a
common viral agent in this patient group with
the prevalence of up to 19% (1, 2).

Rhinovirus has gained interest during recent
years because it has been recognized as an
important risk factor for asthma among young
wheezing children (3—7). The susceptibility to this
common cold virus appears to be linked to
atopy-related factors (6, 8, 9). The link between
RSV or other viral infections and atopy has not
been fully established (6, 8, 9). The past studies
have not detected several recently discovered
viruses.



Atopy, especially aeroallergen sensitization, is
an important risk factor for chronic childhood
asthma (10). Aeroallergen sensitization, however,
develops slowly, and it is rare during early
life. Thereby, it does not offer much help in the
early identification of high-risk children (10, 11).
On the contrary, respiratory viral infections
are common already in young infants (12).
The understanding of the link between atopy
and respiratory viral infections is likely to give
clinically highly relevant information that could
help in designing early prevention and treatment
strategies for asthma. Therefore, in this observa-
tional analysis, we studied the link between
allergic sensitization/several other atopy-related
factors and respiratory viral infections (detected
by all available modern molecular and conven-
tional methods) in hospitalized wheezing chil-
dren.

Methods
Subjects

We used a previously well-described cohort of
293 hospitalized wheezing children (13). Children
aged 3 months to 16 years took part in a clinical
trial (VINKU-study) evaluating the efficacy of
systemic corticosteroids for the treatment of
virus-induced wheezing, which was the primary
goal of the study (5, 11, 14). The study was
carried out in the Department of Pediatrics,
Turku University Hospital (Turku, Finland)
from September, 2000 to May, 2002 (study
breaks were June—July, 2001 and Christmas week
2001). To this analysis, we included all children
(n = 247) with complete virology performed
(Fig. S1). The pre-defined inclusion criterion
was acute wheezing necessitating hospitalization.
Pre-defined exclusion criteria included systemic
corticosteroid treatment in the preceding
4 weeks, chronic disease (other than atopy-
related disease), intensive care unit treatment,
or previous participation in this study. The study
was commenced only after obtaining written
informed consent from the parents. The study
protocol was approved by the Ethics Committee
of the Turku University Hospital.

Definitions

Atopy was defined as positive immunoglobulin
(Ig) E antibodies to any of the common aller-
gens (cut-off level 0.35 kU/I for codfish, cow’s
milk, egg, peanut, soybean, wheat, cat, dog,
horse, birch, mugwort, timothy, Cladosporium
herbarum, and Dermatophagoides pteronyssinus;
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fluoro-enzyme immunoassay, CAP FEIA,
Phadiatop Combi®, Phadia, Uppsala, Sweden).
Aeroallergen sensitization was defined as positive
IgE antibodies to any of the latter 8 allergens.
Perennial aeroallergen sensitization was defined
as positive IgE antibodies to the dog, cat, or
Dermatophagoides pteronyssinus. Birch, mug-
wort, timothy, and Cladosporium herbarum were
considered as seasonal aeroallergens. We slightly
modified the asthma predictive index (API)
according to the criteria for initiating daily
long-term control therapy for asthma in children
aged 04 as suggested by the Heart, Lung and
Blood Institute of USA, i.e., 24 wheezing epi-
sodes within the past year of which at least one
confirmed by a physician, or prolonged symp-
toms lasting >6 weeks and requiring symptom-
atic treatment >2 times per week, and in
addition to either symptom criteria, =1 major
risk factors (physician diagnosed atopic eczema
or parental asthma) or =2 minor risk factors
(allergic rhinitis, wheezing apart from colds or
blood eosinophil count >0.40 x 10°/1) originally
introduced by Castro-Rodriguez et al. (2000) (15,
16). Eczema (ever) was clinical diagnosis by a
physician. It was defined as atopic eczema (ever)
if specific sensitization (>0.35 kU/I) was found.
Data on clinical food allergies or food challenges
were not collected.

Sample collection and analysis

On admission, a nasopharyngeal aspirate sample
was obtained using a standardized procedure
(13). Blood samples were collected on admission
and 2-3 weeks later. Virus antigen detection and
virus culture were analyzed using fresh samples
by the Department of Virology, University of
Turku, and the samples obtained for polymerase
chain reaction (PCR) assays were stored in
—70°C before processing. Blood counts and
allergy tests were analyzed using fresh samples
by the Central Laboratory or the Turku Univer-
sity Hospital. Otherwise, sera were stored in
—70°C before processing.

Virus culture was performed for adenovirus,
influenza A and B viruses, parainfluenza virus
(PIV) types 1-3, RSV, enteroviruses, HRV, and
human metapneumovirus (HMPV) (13). Viral
antigens were detected for adenovirus, influenza
A and B viruses, PIV 1-3, and RSV. Levels of
IgG antibodies specific for adenovirus, influenza
A and B viruses, PIV 1/3, RSV, and HBoV were
analyzed in paired serum samples, in addition to
IgM antibodies for enteroviruses and HBoV (1,
2, 13, 17). PCR was used for the detection of
HRV, enteroviruses, RSV, coronaviruses (229E,
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0C43, NL63 and HKUI1), HMPV, HBoV,
influenza A and B viruses, adenovirus, PIV 1-
4, and WU- and KI-polyoma viruses. Moreover,
formerly non-typable picornavirus and entero-
virus samples were reanalyzed by RT-qPCR
with improved identification of HRV-C strains
(18). Of available samples, 0/13 non-typable
picornavirus samples and 1/19 (5%) enterovirus
samples were HRV-C positive. HRV samples
were not retested for HRV-C. Non-typable
picornavirus samples (rhino—enterovirus PCR
positive samples that could not be typed by
hybridization) were classified as rhinoviruses
because all 12 such samples, which were avail-
able for sequence analysis, showed rhinoviruses.
Exhaled nitric oxide was measured as previously
described (11).

Statistics

The association analyses were performed by
univariable and multivariable (adjusted to age
and sex) logistic regression models. Statistical
significance was established at the level of
p < 0.05. We used SAS/STAT(r) software (Ver-
sion 9.1.3 SP4 of the SAS System for Windows,
SAS Institute Inc., Cary, NC, USA).

Results
Study subjects
Of the 293 enrolled children, 247 had complete

virology performed and were included in the
analysis (Fig. S1). The median age of the 247

children were aged <3 ; 44 children were aged
3-6; and 14 children were aged > 6 years).
Patient characteristics in sole virus, mixed virus,
and virus-negative groups are partly shown in
Table 1 (full details are shown in Table S1).

Atopic characteristics and sole rhinovirus infection

Allergen-specific IgE sensitization was closely
associated with sole HRV etiology (n = 58;
Fig. 1a). Log;oNumber of sensitizations were
particularly associated with sole HRV etiology
(odds ratio 4.59; adjusted to age and sex),
followed by aeroallergen sensitization (respec-
tively, 4.18), total IgE level (2.06), food allergen
sensitization (2.02), and nasal eosinophil count
(1.52) (p < 0.05 for all, Fig. 1b, Table S2).

As allergic sensitization is rare during early
life, we further tested these associations in
children aged <1 (n = 57; 8 children had sole
HRV infection) and <2 years (n = 146; 28
children had sole HRV infection). In children
aged <1 years, the associations were either non-
computable because of small sample sizes or non-
significant (data not shown). In children aged
<2 years, total IgE level (odds ratio 2.36; 95%
confidence interval 1.23, 4.57; p = 0.010; after
adjustments to age and gender, 2.01; 1.00, 4.05;
p = 0.051), any sensitization (respectively, 3.14;
1.28, 7.71; p = 0.013), and food allergen sensi-
tization (3.30; 1.34, 8.16; p = 0.010) were posi-
tively associated with sole HRV etiology. The
latter two associations did not persist after
adjustments to age and gender. No other signif-

children was 1.6 years (range 0.25, 15; 189  Icant associations were found.
Table 1. The characteristics of patients
Sole Sole Sole Sole Sole

rhinovirus RSV enteroviruses bocavirus other virus >7 viruses No virus
Factor n =58 n=35 n=234 n=12 n=_8 n =287 n=13
Age, (years) 2.2 (1.2, 3.6) 0.9 (0.5, 1.5) 28(17,58) 14(11,22) 06(05 28 15(1.1,25 1.1(08,19)
Male, No. 38 (66%) 19 (54%) 25 (74%) 9 (75%) 6 (75%) 62 (72%) 6 (46%)
Any sensitization, No.* 36 (62%) 4/34 (12%) 18/33 (55%) 5 (42%) 1(13%) 27 (31%) 2 (15%)
Number of sensitizations, No. 110, 3) 0(0, 0) 10, 3) 00, 1) 0(0, 0) 0(0,1) 0(0, 0)
Total IgE level, kU/IT 58 (22, 298) 8 (3, 28) 86 (36, 160) 24 (15, 98) 14 (10, 79) 18 (5, 113) 31 (3, 47)
Blood eosinaphils, x 10%/I 0.4(0.2,05) 0.0 (0.0, 0.1) 05(03,07 03(02 05 00(0.0,03 02(0.1,05 0.1(0.1,0.3)
Nasal eosinophils, 4-point scale 0-3% 110, 2) 0(0,0) 21(0,2) 10, 1) 0(0,1) 0(0,1) 0(0,0)
Exhaled nitric oxide, ppb 6.5 (5.1, 8.3) 39(3.2,5.2) 6.8 (5.4,11) 48(41,12) 6.1(54,98 58(4.0,84) 42(20,6.0)
Atopic eczema, No. 18/56 (32%) 3/34 (9%) 12/33 (36%) 1(8%) 0 (0%) 17 (20%) 0 (0%)

Values are medians (interquartile range), unless otherwise noted.
IgE, immunoglobulin E; ppb, parts per billion; RSV, respiratory syncytial virus.

*Any sensitization was defined as positive immunoglobulin (Ig) E antibodies to any of the common allergens (cut-off level 0.35 kU/I for codfish, cow’s milk, egg,
peanut, soybean, wheat, cat, dog, horse, birch, mugwort, timothy, Cladosporium herbarum and Dermatophagoides pteronyssinus;, fluoro-enzyme immunoassay, CAP

FEIA, Phadiatop Combi®, Phadia, Uppsala, Sweden).

+Data available: rhinovirus (n = 57), RSV (n = 34), enteroviruses (n = 32), bocavirus (n = 12), other virus (n = 8), =2 viruses (n = 83) and no virus (n = 13).
1Data available: rhinovirus (n = 53), RSV (n = 33), enteroviruses (n = 32), bocavirus (n = 11), other virus (n = 7), >2 viruses (n = 77) and no virus (n = 11).
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Fig. 1. a. The association between any sensitization (cut-off
level 0.35 kU/1 for common food and aeroallergens; fluoro-
enzyme immunoassay, CAP FEIA, Phadiatop Combi®,
Phadia, Uppsala, Sweden) and sole rhinovirus [human rhi-
novirus (HRV); n = 58], sole respiratory syncytial virus
(RSV; n = 35), sole enterovirus (EV; n = 34), sole human
bocavirus (HBoV; n = 12), sole other virus (n = §8), mixed
virus (n = 87) and non-virus (n = 13) associated wheezing
in hospitalized children. b. The association between
Log;oNumber of sensitizations and sole HRV, sole RSV,
sole EV, sole HBoV, sole other virus (only child was sen-
sitized; not computable), mixed virus and non-virus asso-
ciated wheezing in hospitalized children. Only significant
associations are shown in detail (adjusted to age and sex).
See online tables for more details. CI, confidence interval.

Atopic characteristics and sole respiratory syncytial virus
infection

Levels of eosinophils, exhaled nitric oxide, and
total IgE and number of wheezing episodes were
negatively associated with sole RSV etiology
(n = 35). LogjoExhaled nitric oxide level was
particularly associated with sole RSV etiology
(odds ratio 0.028; adjusted to age and sex),
followed by blood eosinophil count (respectively,
0.046), number of wheezing episodes (0.095),
nasal eosinophil count (0.13), and Log;yTotal
IgE level (0.37) (p < 0.05 for all, Table S3).

As allergic sensitization is rare during early
life, we further tested these associations in
children aged 21 (n = 190; 17 children had sole
RSV infection) and >2 years (n = 101; 8 chil-
dren had sole RSV infection). In children aged
>1 year, any sensitization (odds ratio 0.14; 95%
confidence interval 0.031, 0.63; p = 0.011; after
adjustments to age and gender, respectively, 0.19;

Atopy and viral wheeze

0.039, 0.93; p = 0.040) and nasal eosinophil
count (0.086; 0.013, 0.58; p = 0.012; after
respective adjustments, 0.084; 0.012, 0.59;
p = 0.013) were negatively associated with sole
RSV etiology. In children aged >2 years, any
sensitization was negatively associated with sole
RSV etiology (0.087; 0.010, 0.76; p = 0.027;
statistical significance did not persist after respec-
tive adjustments). Otherwise, the associations
were either non-computable because of small
sample sizes or non-significant (data not shown).

Atopic characteristics and sole enterovirus infection

Eosinophil counts and use of inhaled corticoste-
roid at study entry were positively associated
with sole enterovirus etiology (n = 34). Blood
eosinophil count was particularly associated with
sole enterovirus etiology (odds ratio 3.52;
adjusted to age and sex), followed by nasal
eosinophil count (respectively, 1.96) and use of
inhaled corticosteroid at study entry (2.73)
(p < 0.05 for all, Table S4). In children aged
<2, there were 12 sole enterovirus infections.

Atopic characteristics and other viral etiology

The sizes of sole HBoV group (n = 12), sole
other virus group (n = 8, which included: PIV,
n = 3; HMPV = 2; adenovirus, n = 1, influ-
enza virus,n = 1, coronavirus,n = 1), and virus
negative group (n = 13) were small. No signifi-
cant associations were found between atopic
characteristics and these groups (Table S5-S7).

Atopic characteristics were not associated with
mixed viral group (i.e., >1 viruses found per
patient; 87 patients; Table S§). The following
viruses were found in mixed viral infections:
HRV (n = 41), HBoV (n = 34), RSV (n = 31),
enteroviruses (n = 30), PIV (n = 18), adenovi-
rus (n = 16), polyomaviruses (n = 10), influ-
enza virus (n = 6), HMPV (n = 2), and
coronavirus (n = 2).

Discussion

We show here that specific IgE sensitization,
particularly aeroallergen sensitization, is linked
to HRV-induced acute wheezing, but not to
acute wheezing induced by other viruses. This
finding is in agreement with three previous
studies that have connected HRV-associated
wheezing to specific sensitization, nasal and
systemic eosinophilia, and clinically diagnosed
atopic eczema in separate reports (6, 8, 9).
Moreover, Hyvirinen et al. (2005) (19) found
HRY infection to be dependent on atopy-related
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markers when assessing 1l-year outcome of
bronchiolitis. On the contrary, Jackson et al.
(1999) (7) found HRV-associated wheezing dur-
ing the third year of life to be independent risk
factor for asthma at age 6, and HRV was
eightfold stronger risk factor than aeroallergen
sensitization. Although Rakes et al. (1999) (8)
found link between eosinophils and HRYV infec-
tion that they also reported that HRV-negative
wheezing children had more often specific sensi-
tization than HRV-positive wheezing children.

HRYV diagnostics are based almost exclusively
on PCR. Considering the tremendous sensitivity
of PCR-based HRYV assay, does it detect true
acute infections or likely remnants from past
distant infections? HRV has been detected in up
to 40% in asymptomatic children (8). It may
represent a low-level infection without associated
symptoms, although it is difficult to prove that a
young child is totally asymptomatic. There is also
evidence that positive HRV PCR finding may
also represent the first sign of a developing
clinical illness in about 14% to 38% of asymp-
tomatic cases (12, 20). There are three other
arguments suggesting that HRV PCR is likely to
detect true infections, whether symptoms are
present or not, and argue against the suggestion
that viruses detected by PCR are likely to be
residual nucleic acids left over from distant
infections. First, the proportion of persistent or
recurrent viral infections with same HRV strain
is <5% even in immunocompromised subjects
(12, 21). Second, although HRV detection rates
are high in asymptomatic subject, HRV, any
virus and mixed viral etiology has correlated with
illness severity (12). Third, HRV PCR findings
have correlated with systemic cytokine responses
(22).

There are several mechanisms that could
explain the link between atopy and HRYV infec-
tion. First, atopic inflammation may increase the
expression of the major HRV receptor, ICAM-1
(intercellular adhesion molecule 1) (23). The
increased receptor levels are likely to lead to
more severe HRV infections. In agreement,
atopic individuals have shown more severe
illnesses after experimental HRV inoculation,
although there are also contradictory reports (23,
24). This mechanism does not apply to minor
HRYV group. Second, T helper, (Th,) cell-polar-
ized immune responses counteract Th; responses
such as interferon-gamma, which belongs to non-
specific defense mechanisms against viral infec-
tions (23, 24). Subjects with low interferon
production have had greater susceptibility to
HRYV infections. Third, a recent in vitro study
showed that disrupted airway epithelium
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favoured HRV replication (25). Interestingly,
damaged airway epithelium opened the way to
deeper cell layers where HRV replicated the most
and also increased the number of its own
receptor ICAM-1. Airway epithelium could be
damaged by allergic inflammation, repeated
respiratory infections, and/or by air pollution.
Fourth, high genetic diversity is a particular
feature of HRV and makes it special from other
viruses. Today, 99-101 HRYV serotypes and over
150 different HRV genotypes have been found
(23, 26). Rhinoviruses elicit serotype-specific
immunoresponses and are able to infect repeat-
edly with different strains. Naturally, the high
diversity and prevalence of HRV increase the
odds that they could be associated with acute
wheezing without causality. Fifth, HRV-associ-
ated wheezing increases with age as does atopy.
Thus, the interaction between them is likely to be
stronger by increasing age. Therefore, we spec-
ulate that at young ages, when sensitization has
not yet developed, the link may be more stronger
between eosinophil levels and HRV infection. Of
note, the close association between enterovirus
infection and eosinophilia may be explained by
their phylogenetic similarity to HRV.

The negative association between RSV-
induced wheezing and certain atopy-related
markers, such as nasal and blood eosinophils,
exhaled nitric oxide, and total IgE, is in agree-
ment with three previous reports which have
shown no association between RSV-induced
bronchiolitis and sensitization status, eosinophil
levels or presence of atopic eczema (6, 8, 9).
Moreover, in two long-term follow-up studies, a
history of RSV-induced bronchiolitis or lower
respiratory tract infection has been unrelated to
atopy status at ages 7, 11, and 18-20 (27-29).
One study even reported a reduction in skin prick
test positivity at the age of 6-10 in children with
a history of hospitalization for RSV-induced
lower respiratory tract infection when compared
to matched controls (30). On the contrary, only
one study has shown an increased association
between RSV-induced bronchiolitis and sensiti-
zation to common allergens compared to
matched controls at the age of 13 (31). The
negative/no association could be explained by
several ways. First, RSV-affected children are
typically young, median of 11 months in our
study, and sensitization rates and eosinophil
levels are very low during infancy. Second,
RSV may not be truly linked to atopy in contrast
to HRV, because we did not find positive link
between sole RSV infection and atopic charac-
teristics even in older children. Third, eosinophils
may be protective against RSV infection as



shown by Domachowske et al. (1998) (32). RSV
and HRV were prominent viruses in the mixed
virus group and probably had opposite effects
within the group.

The strength of the study was detailed virology
and careful assessment of atopy status. There are
also limitations. The power may not have been
optimal for HBoV etiology. The association
between exhaled nitric oxide level and HBoV
showed an interesting positive tendency, and
there were also wide confidence limits in the
associations between sensitization variables and
HBoV infection. However, including also mixed
viral infections (n = 46 for sole/mixed hBoV
infections), atopy was not associated with HBoV
infection (data not shown). Statistical power was
also low for the other sole virus and virus-
negative groups. One could argue that many
other factors that are associated with either
wheezing or susceptibility viral infections could
confound our results. However, passive smoking
(p > 0.4), day-care attendance (p > 0.4), num-
ber of siblings (p > 0.2), or presence of pets
(p > 0.3) did not confound the HRV- or RSV-
related results (data not shown). We have no
data on the duration of breast feeding.

In conclusion, susceptibility to the common
cold virus, HRV, associated wheezing is likely to
be an early manifestation of biased immune
functions and atopic airway inflammation. As
atopy was not associated with none of the other
viral, non-viral nor mixed viral infections, our
observations together with previous long-term
follow-up studies strengthen the role of HRV
infection in wheezing children as an important
tool for early identification of asthma-prone
children and call attention for studies to include
rhinovirus as a part of asthma risk indices (33,
34).
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