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ABSTRACT

BACKGROUND: Bronchiolitis is a lower respiratory tract infection caused by a
virus and often leading to hospitalisation, especially in the youngest infants.
Recurrent wheezing episodes are common in the years following the contraction of
bronchiolitis, and long-term follow-up studies have shown that children infected as
infants are at high risk of developing asthma, which may be persistent at least until
early adulthood. Established risk factors for post-bronchiolitis asthma include atopic
predisposition, exposure to tobacco smoke in infancy, blood eosinophilia during
bronchiolitis and rhinovirus as a causative agent of bronchiolitis. However, these risk
factors do not fully explain the differences in individual outcomes. Variations in
innate immunity, such as Toll-like receptors (TLRs), may alter the susceptibility to
infectious and allergic diseases and, thus, contribute to a person’s outcome. The
function of TLRs is genetically determined, and the encoding genes are highly
polymorphic.

AIMS: This study had five aims. The first was to investigate the incidence of asthma
and related allergic diseases at 11-13 years of age after bronchiolitis in infancy. The
second was to compare the prevalence of asthma, allergic rhinitis and atopic eczema
in the original bronchiolitis group and age- and sex-matched control group. The third
was to evaluate the clinical factors in early childhood and at preschool age that could
have value in predicting the long-term prognosis. The fourth objective was to
evaluate the role of single nucleotide polymorphisms (SNPs) of TLR 3, 4, 5, 7, 8, 9
and 70 genes in the post-bronchiolitis outcome at 5-7 years of age. The fifth and
final aim was to confirm the associations between the SNPs of TI.R7 and TL.R70
genes and post-bronchiolitis asthma at 11-13 years of age.

MATERIAL AND METHODS: In all, 166 children hospitalised for bronchiolitis
under 6 months of age were invited to a follow-up visit at 11-13 years of age, and
138 of them attended. Earlier follow-up visits were arranged at 1.5 and 5-7 years of
age. In addition, a control group of 112 children, matched with age and gender and
with no history of bronchiolitis in infancy, were recruited for the follow-up study of

11-13-year-olds. Data on current and past doctor-diagnosed asthma and allergies



were collected by structured questionnaires identical for both groups. Also, the
questionnaire collected data on asthma medications, asthma presumptive symptoms
and early-life exposures to tobacco smoke. Lung function was tested with flow-
volume spirometry and a bronchodilation test. Blood samples for genetic studies
were available only for the bronchiolitis group as the samples were obtained during
earlier phases of this cohort study.

RESULTS: The prevalence of asthma was 13.0% in the bronchiolitis group and
10.7% in the control group at 11-13 years of age. Thus, the prevalence of asthma
was rather similar in both groups, as was the prevalence of allergic rhinitis and atopic
eczema. Early-life tobacco smoke exposure was significantly more common among
the former bronchiolitis patients than in the control group, but it was not associated
with the later asthma risk. Respiratory syncytial virus (RSV) was the major causative
agent of bronchiolitis, but viral aetiology was not significantly associated with the
long-term outcome. Maternal asthma was a significant early-life risk factor for post-
bronchiolitis asthma (adjusted odds ratio (OR) 3.45, 95% confidence interval (95%
CI) 1.07-11.74). Allergic rhinitis and skin prick test (SPT) positivity, which is an
indicator of allergic sensitisation, were risk factors at preschool age (adjusted ORs
4.06, 95% CI 1.35-12.25, and 5.01, 95% CI 1.47-17.10, respectively). The TI.R70
rs4129009 variant genotype was significantly associated with current asthma at 5-7
years of age (adjusted OR 4.30, 95% CI 1.30-14.29) and, supporting this finding,
with both current inhaled corticosteroid (ICS) use and persistent asthma at 11-13
years of age (adjusted ORs 7.02, 95% CI 1.56-31.53, and 7.69, 95% CI 1.35-43.95,
respectively). In addition, the TILR7 rs5743168 variant genotype was marginally
associated with current ICS use at 11-13 years of age (adjusted OR 4.04, 95% CI
0.99-16.54).

CONCLUSIONS: In those children 11-13 years of age who were hospitalised for
bronchiolitis before 6 months of age, the 13.0% prevalence of asthma means a two-
fold asthma risk compared to the general school-aged child population. The
percentage is lower than in previous post-bronchiolitis studies performed at the same
age. Maternal asthma, as well as allergic rhinitis and SPT positivity at preschool age
were predictors of post-bronchiolitis asthma at eatly teenage years. Variations in the
TI.R7 and TI.R70 genes were significantly associated with post-bronchiolitis asthma,
assessed with an asthma surrogate—specifically, ICS use for asthma at 11-13 years
of age. This result confirms the earlier exploratory observations made when the

children were 5-7 years of age.



TIVISTELMA (ABSTRACT IN FINNISH)

TAUSTA: Bronkioliitti on viruksen aiheuttama alahengitystieinfektio, joka usein
johtaa  sairaalahoitoon,  erityisesti — nuorimmilla  imeviisilli. ~ Toistuvat
hengenahdistukset ovat yleisid bronkioliitin jilkeisind vuosina ja pitkaaikaiset
seurantatutkimukset ovat osoittaneet, ettd nailld lapsilla on korkea riski astman
kehittymiseen, joka voi olla pysyvi ainakin varhaiseen aikuisikddn saakka. Tunnettuja
riskitekijoitd bronkioliitin jilkeisen astman kehittymiselle ovat atooppinen alttius,
varhainen tupakansavulle altistuminen, veren eosinofilia bronkioliitin aikana ja
rinovirus bronkioliitin aiheuttajana. Nama riskitekijat eivit kuitenkaan tdysin selitd
yksilollisid eroja bronkioliitin jilkeisessd sairastavuudessa. Variaatio synnynniisen
immuniteetin geeneissd, kuten Tollin kaltaisia reseptoreita (TLR) koodaavissa
geeneissi, voi muuttaa alttiutta infektiotaudeille sekd allergisille sairauksille ja siten
osaltaan vaikuttaa bronkioliitin ennusteeseen. TLR:ien toiminta on geneettisesti

madrdytynyttd ja niitd koodavissa geeneissi esiintyy runsaasti polymorfiaa.

TUTKIMUKSEN TAVOITTEET: Timian viitoskirjatutkimuksen tarkoitus oli
tutkia astman ja sithen liittyvien allergisten sairauksien esiintyvyyttd imeviisian
bronkioliitin jilkeen ja verrata astman, allergisen nuhan ja atooppisen ihottuman
esiintyvyyttd bronkioliittiryhmién sekd iin ja sukupuolen vakioidun verrokkiryhmin
vililld. Tarkoitus oli my6s arvioida niitd varhaislapsuuden ja esikouluidn riskitekijoitd,
joilla voisi olla merkitysti taudin pitkaaikaisennusteessa. Tutkimuksen tavoitteena oli
myos tutkia TILR3, 4, 5, 7, 8, 9 ja 10 geenien yksittiisten nukleotidien polymorfismien
merkitystd 5—7-vuoden ennusteen kannalta bronkioliitin jdlkeen ja lisiksi vahvistaa
havaittu TILR7 ja 70 geenien polymorfismien yhteys bronkioliitin jilkeiseen astmaan
11-13-vuotiaana.

AINEISTO JA MENETELMAT: Kaiken kaikkiaan 166 lasta, jotka olivat joutuneet
sairaalahoitoon bronkioliitin vuoksi alle 6kk idssi, kutsuttiin seurantakdynnille 11-13
vuoden idssid ja 138 heisti osallistui. Aiemmat seurantakiynnit on jarjestetty 1,5 ja 5—
7 vuoden idssd. Lisiksi tutkimukseen rekrytointiin 112 idn ja sukupuolen suhteen
vakioitua kontrollia, jotka eivit olleet sairastaneet bronkioliittia imeviisidssa. Tiedot

nykyisistd ja aiemmista ladkirin toteamista astmasta ja allergioista sekd astmaan



viittaavista oireista, astmalddkityksistdi ja varhaisvaiheen tupakan savulle
altistumisesta kerittiin strukturoiduilla kyselykaavakkeilla, jotka olivat identtiset
molemmille ryhmille. Keuhkojen toimintaa testattiin virtausspirometrialla ja
bronkodilataatiokokeella. Veriniytteet geneettisid tutkimuksia varten oli saatavilla
ainoastaan bronkioliittiryhman osalta, koska ne oli keritty timidn kohortin
aiemmassa vaiheessa.

TULOKSET: Bronkioliitin  jilkeisen astman ilmaantuvuus oli  13,0%
bronkioliittiryhmassd ja 10,7% kontrolliryhmissd 11-13 vuoden idssd. Astman
ilmaantuvuus oli siis varsin samankaltainen molemmissa ryhmissi, kuten oli my6s
allergisen ja nuhan ja atooppisen ihottuman ilmaantuvuus. Varhaisvaiheen tupakan
savulle altistuminen oli merkittivisti yleisempadd bronkioliittiryhmissa  kuin
kontrolliryhmissd, mutta se ei ollut yhteydessi mychempdin astmariskiin.
Respiratory syncytial virus (RSV) oli bronkioliitin yleisin aiheuttaja, mutta
virusetiologialla ei ollut merkittivii yhteytti pitkin aikavilin ennusteeseen. Aidin
astma oli merkittivd varhaisvaiheen riskitekija bronkioliitin jilkeiselle astmalle
(vakioitu vetosuhde, englanniksi odds ratio, OR 3.45, 95% luottamusvili, englanniksi
confidence interval CI 1.07-11.74). Allerginen nuha seka ihotestipositiivisuus, joka
viittaa allergiseen herkistymiseen, olivat merkittdvid esikouluidn riskitekijoitd
(vakioidut ORt 4.06, 95% CI 1.35-12.25 ja 5.01, 95% CI 1.47-17.10). TLR70
rs4129009 variantti genotyyppi oli yhteydessd astmaan 5-7 vuoden idssi (vakioitu OR
4.30, 95% CI 1.30-14.29) ja 16ydosti tukien, seka hengitettivin kortisonilddkityksen
kiyttéon ettd pysyvidn astmaan 11-13 vuoden idssd (vakioidut ORt 7.02, 95% CI
1.56-31.53 ja 7.69, 95% CI 1.35-43.95). TLLR7 1s5743168 variantti genotyyppi oli
marginaalisesti yhteydessd hengitettivin kortisonilddkityksen kayttéon 11-13
vuoden idssd (vakioitu OR 4.04, 95% CI 0.99-16.54).

JOHTOPAATOKSET: 13,0%:lla bronkioliitin vuoksi sairaalahoitoon alle 6
kuukauden idssi joutuneista lapsista oli astma 11-13 vuoden idssd, mikd tarkoittaa
kaksinkertaista riskid tavalliseen kouluikiiseen lapsivdestoon verrattuna. Luku on
pienempi kuin aiemmissa bronkioliittitutkimuksissa, jotka on tehty saman ikiisilld
lapsilla. Aidin astma ja allerginen nuha seki ihotestipositiivisuus esikouluidssi olivat
riskitekijoitd bronkioliitin jilkeiselle astmalle varhaisessa teini-idssa. Variaatio TILLR7
ja TLLR70 geeneissid oli yhteydessi bronkioliitin jilkeiseen astmaan, arvioituna
astmaan viittaavan hengitettdvin kortisonilddkityksen kaytolla 11-13 vuoden idss.
Tdma tulos vahvistaa aiemmat kokeelliset havainnot, jotka tehtiin lasten ollessa 5—7-

vuotiaita.



17 INTRODUCTION

Bronchiolitis is a viral infection of the lower respiratory tract, and it affects infants
worldwide. In Europe, the upper age limit for bronchiolitis has been 12 months (1),
whereas in the United States it has traditionally been 24 months (2). The viral
actiology is strongly linked with age. Respiratory syncytial virus (RSV) is the most
common causative agent in children under 12 months of age, and other viruses,
rhinoviruses (RVs) most importantly, predominate in older infants (3, 4). The clinical
picture resulting from different viruses is the same, typically characterised by nasal
congestion, cough, tachypnoea and expiratory wheezing (2). In most children with
bronchiolitis these symptoms are mild and the children can be treated as outpatients.
The overall prevalence of bronchiolitis has been 18-32% among infants under 12
months of age and 9—17% among children 12—24 months of age (5-7). In a subset
averaging 2—3% of the children under one year old, the infection leads to a more
severe clinical picture, and the children need monitoring at a hospital (8, 9). The
youngest infants, meaning those under 3 months of age, are at the highest risk for
severe disease (10). No curative treatment for bronchiolitis exists. Thus, inpatient
care is supportive and includes feeding support, repeated mucus suction and
supplemental oxygen if necessary.

There are 6 previous long-term studies that have followed the patients
prospectively for 10 years or longer after hospitalisation for bronchiolitis (11-16).
These studies have shown, that bronchiolitis has a strong impact on later respiratory
morbidity, and that as many as one in every two patients hospitalised for
bronchiolitis will suffer from recurrent wheezing episodes in the years leading up to
preschool (17). Fortunately, a great proportion of these early wheezers will become
unsymptomatic by the time they start school, but some will have more persistent
symptoms; 15—-40% of all children treated as inpatients will have school-age asthma
(18-20).

Factors that have been linked with the persistent phenotype of post-bronchiolitis
asthma are parental history of asthma or allergies and the atopic characteristics of
the child, as well as the RV aetiology or non-RSV aetiology of bronchiolitis (11, 12,
16, 21, 22). It has been well documented that children with RV bronchiolitis are

more likely to have an atopic predisposition; moreover, these children tend to be



older than children with RSV bronchiolitis (3, 23-25). As it seems that the
predisposing factors and prognosis differ, some investigators have even proposed
that RSV and RV bronchiolitis should be regarded as different entities. The
aforementioned clinical risk factors, however, do not solely explain why some of the
early wheezers will grow out of their symptoms while some will go on to develop
more permanent asthma.

Despite the fact that the association between bronchiolitis and asthma is well
established and several predictive markers have been identified, the detailed
pathophysiology explaining the link is not yet fully understood. It has been suggested
that a severe viral infection at a vulnerable developmental stage may drive the
immune development towards T-helper (Th) type 2-oriented responses, which are
characteristic for asthma. Alternatively, the infection may cause direct injury to the
developing lungs, leading to subsequent lung function impairment. A third
explanation that has been offered is, that early bronchiolitis only uncovers children
who have an underlying susceptibility to asthma (26, 27).

Since only a proportion of children with bronchiolitis have symptoms severe
enough to require hospital care, and not all of them develop asthma, it seems evident
that underlying genetic factors, more specifically those regulating immune responses,
contribute to the clinical course of bronchiolitis as well as the long-term outcome. It
has been suggested that post-bronchiolitis asthma might result from a genetically
determined dysfunction of innate immunity and its interaction with the causative
virus (28). Toll-like receptors (TLRs) are innate immunity molecules that recognise
evolutionarily conserved structures of viruses, bacteria and other microorganisms.
After ligand binding, TLRs trigger intracellular signalling cascades leading to cytokine
and chemokine release (29). TLRs are expressed in various cell types in all interfaces
of the body, including epithelial cells lining the airways and immune cells circulating
in the body (29-31). Normal activation of TL.Rs has been described as important for
immune development, especially for balancing the Th1/Th2 responses.
Polymorphisms in the encoding genes of these receptors may lead to altered
recognition of pathogens and/or sustained Th2-oriented immunity and, thus,
increase the susceptibility to infectious and inflaimmatory diseases, including
bronchiolitis, asthma and allergies (32). As the viral actiology of bronchiolitis seems
to have an impact on the prognosis, it is likely that different virus-gene -interactions
lead to different outcomes via different pathomechanisms (28).

This thesis aimed to study the clinical outcome at 11-13 years of age among
children who had contracted severe bronchiolitis before 6 months of age and to

identify the potential risk factors in early life, as well as in preschool age, that might



have relevance to the prognosis. Also, this study aimed to understand the effect of
TLR gene polymorphisms on post-bronchiolitis outcomes at the preschool age and
in the early teenage years. Finding tools for identifying infants, who are at high risk
for persistent pulmonary morbidity, and thus, in need for longer follow-up, could
help in informing the parents better about the prognosis, and in planning a scheduled
follow-up for the child after bronchiolitis.



2 REVIEW OF THE LITERATURE

2.1 Definition and characteristics of bronchiolitis

Bronchiolitis is a lower respiratory tract infection (LRTI) in infants that may be
caused by multiple different viruses. The upper age limit has varied from 12 months
in Europe (1) to 24 months in the United States (2), but it has been debated whether
the definition should be globally limited to 12 months, or even to 6 months, and
whether to include only the first wheezing period, as the viral aetiology and prognosis
of the disease vary greatly in older infants and recurrent wheezers (3, 33). This stricter
definition would help to distinguish bronchiolitis from other wheezing-associated
diseases, such as wheezy bronchitis and asthma, that have different backgrounds and
prognoses.

The diagnosis of bronchiolitis is clinical. The same viruses that cause bronchiolitis
are also common in mild upper respiratory infections and, in fact, the infection
leading to bronchiolitis usually begins with upper respiratory tract symptoms. In
some children, however, the virus spreads into lower airways and causes
inflammation characterised by oedema and excessive mucus secretion. This, in turn,
leads to obstruction of the lower airways, including the bronchioles, that is, the
smallest and most distal airways (2, 34). Clinical manifestations usually include
rhinitis, nasal congestion, tachypnoea and cough, but apnoea may be among the first
signs of bronchiolitis especially in the youngest infants under 2 months of age (2,
35). Obstruction of the lower airways leads to laboured respiration. Further fine
diffuse crackles or expiratory wheezes are often present on auscultation, and nasal
flaring and chest retractions, in addition to tachypnoea, are marks of increased
respiratory effort. Moreover, feeding problems are common. Chest radiograph,
although not recommended as a routine examination in bronchiolitis, may show
signs of overinflated lungs, local atelectatic areas and perihilar infiltrations (2, 9).

It is worth noting that most children with bronchiolitis develop only mild disease
and can be treated as outpatients and that only a small proportion require hospital
care. Most infants hospitalised for bronchiolitis are previously healthy, but pre- or
postnatal exposure to tobacco smoke, maternal asthma, short duration or lack of
breastfeeding, premature birth, low birth weight, undetlying chronic disease —



especially hemodynamically significant heart or lung disease, chromosomal
abnormality and (8) immunodeficiency—and, most importantly, age less than 3
months old, are risk factors for severe bronchiolitis requiring hospitalisation (8, 36-
38). During the last two decades, factors related to innate immunity have been
established to play a role in determining the course of bronchiolitis (39, 40).
Bronchiolitis is typically a self-limiting disease, management of which is, most
importantly, supportive and includes feeding support, cleaning of the airways and
supplemental oxygen if necessary. Hypertonic saline inhalations are often used to
increase mucus clearance and decrease mucosal swelling, although the evidence of
their effectiveness is weak (2). Only a small proportion of infants need mechanical
ventilation and treatment in the intensive care unit. In the most recent Finnish study,
low chronological age, low birthweight, prematurity and congenital heart disease
were significant risk factors for intensive care and respiratory support of
bronchiolitis in infants (10). Mortality due to bronchiolitis is rare in developed

countries and is usually associated with preexisting comorbidities (41).

2.2 Epidemiology of bronchiolitis

Bronchiolitis affects children all over the world. In birth cohort studies, the
prevalence of bronchiolitis has been 18-32% among infants under one year of age
and 9-17% among children 12—24 months of age (5, 6). A retrospective population-
based cohort study reported a marked increase in all health care visits due to
bronchiolitis in otherwise healthy, low-income children under 12 months of age,
from 19% to 27% between the years 19962003 (7). Most affected children can be
treated as outpatients, but approximately 2—3% of infants worldwide are hospitalised
for bronchiolitis during their first year of life (8, 9, 42). In fact, bronchiolitis is a
leading cause of hospitalisation in infants under 12 months of age (2). In a two-year
study in Finland, 3.7% of all infants under 6 months of age were admitted to the
emergency room each year due to bronchiolitis, and 70% of them were hospitalised
(35). Only 4-5% of infants hospitalised require treatment in the intensive care unit,
and less than 1% need mechanical ventilation (35, 43). The peak occurrence of
bronchiolitis takes place during the winter months (1, 7). RSV is the most common
cause of bronchiolitis, but the viral aetiology is associated with the age of
bronchiolitis patients (44) and the time of the year, since RSV infections occur as
annual distinct epidemics. In Finland, RSV epidemics have typically followed a
biannual pattern (45).



2.3 Viral aetiology

Originally, bronchiolitis was regarded solely as an RSV infection. Only two decades
ago, researchers revealed that RVs are also able to affect lower airways and to cause
a similar clinical picture. Since then, the introduction of more sensitive diagnostic
methods has led to the discovery of several viruses that were unknown until that
time, including metapneumovirus, human bocavirus and some coronaviruses, in the
pathogenesis of bronchiolitis. However, RSV remains the most common causative
agent, especially in infants younger than 12 months of age (1, 3, 43, 46). Mixed
infections are also common, presenting in 5-38% of all bronchiolitis cases (1, 25,
43). Because RSV is the major pathogen in bronchiolitis, many studies have used the
classifications of RSV bronchiolitis and RV/non-RSV bronchiolitis to investigate
whether they, apart from causing similar clinical pictures, also share the same
predisposing factors and a similar prognosis.

2.3.1 Respiratory syncytial virus

RSV is the most common aetiological agent causing bronchiolitis, accounting for 60-
80% of all cases needing hospital care (1, 35, 43, 46). RSV infections have typically
followed a seasonal pattern with highest incidence during the winter months (47,
48). In Finland, there has typically been a pattern where a minor outbreak occurs
every second spring, followed by a major outbreak the next autumn and winter (45).

RSV is an enveloped single-stranded RNA -virus. The envelope around the virus
contains G and F glycoproteins that are important for the infectivity and
pathogenicity of RSV (49). There are two subtypes of RSV—type A and type B—
that alternate in their predominance during epidemics. The classification is based on
the variation in the G glycoprotein, but clinically, these two subgroups seem not to
differ significantly from each other by their virulence or pathogenicity (50). The
attachment of the virus to a target cell occurs with G glycoprotein binding to the cell
membrane receptor. After the ligation, RSV-F fusion protein mediates the fusion of
the virus and host cell membrane and enables the virus to enter the cell. RSV begins
to replicate in the cell cytoplasm, which promotes intracellular signalling pathways
thatlead to the release of cytokines, chemokines and adhesion molecules and further,
activation of immune responses, including the recruitment of inflaimmatory cells,
eosinophils, T-lymphocytes and, most importantly, neutrophils. RSV infection is
typically characterised by neutrophil-induced necrotisation of airway epithelial cells
that shed and slough into airways. This together with increased mucus production
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and oedema, leads to obstruction of the small airways (51, 52). RSV infection does
not produce effective trace of memory T cells and therefore does not protect against
reinfections (40, 52). Palivizumab immunoprophylaxis is used to prevent RSV
infections in high-risk infants with a history of prematurity or congenital heart
disease (34).

Approximately 80-90% of children are infected by RSV before their second
birthday, the peak occurrence being in children under 2 months of age (8, 48).
Moreover, young age is the most important risk factor for severe disease (43). Most
RSV infections are limited to upper airways, but approximately 30% of infected
subjects develop more severe disease when the virus spreads into the lower airways
and causes bronchiolitis (40). It has been estimated that 10% of children with RSV
bronchiolitis have symptoms severe enough to warrant hospital care (42). In a
Swedish register-based study, 1.7% of children in the age group of under 12 months
were admitted to hospital because of a verified RSV infection, and the median length
of hospital stay was three days (48). RSV is associated with a more severe clinical
course and length of hospital stay than bronchiolitis caused by other viruses (4, 35,
43, 53). Children with RSV are also younger than other bronchiolitis patients; RSV
predominates in infants under 12 months of age, with RV becoming more frequent
thereafter (3, 4).

2.3.2  Rhinoviruses

RVs are non-enveloped single-strand RNA viruses that belong to the genus
Enterovirus in the Picornaviridae family. RVs are common in upper respiratory
infections at all ages but are also able to cause more severe infections like
bronchiolitis in infants. In fact, they are the most common cause of bronchiolitis
outside RSV epidemics (54). More than 160 serotypes of RVs are classified into RV-
A, RV-B and RV-C species; RV-A and RV-C have been most commonly detected
in bronchiolitis (55). RV-C is the most recently recognised RV type (56), and RV-C
seems to be associated more often than other types with wheezing after bronchiolitis
(57). A Finnish study that investigated the distribution of RV species in infants who
were 3-23 months old during their first wheezing period reported that RV-C was
the most frequently detected type, followed by RV-A, while RV-B was found
relatively seldomly (58). In contrast to RSV, RVs occur more steadily throughout the
year (47), except for RV-C, which seems to peak in spring and fall (58).

RV bronchiolitis and RSV bronchiolitis have different predisposing factors. RV
bronchiolitis or RV-induced wheezing typically occurs in older infants than does
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RSV bronchiolitis (3, 25, 59, 60). In addition, several studies have reported that RV
bronchiolitis or RV-induced wheezing is more frequent in infants who are atopic by
themselves or have a family history of asthma (4, 23-25). Low interferon responses
have also been associated with a predisposition to RV infections (61). Moreover, RV
involvement has been linked to a more chronic type of respiratory illness, since these
are the most often detected viruses in young children with recurrent wheezing
episodes (3), and the risk of recurrent wheezing after bronchiolitis (23) and asthma
in later childhood (62, 63) has been greater after RV bronchiolitis than after RSV
bronchiolitis. Interestingly, RVs are also the most commonly detected viruses in
asthma exacerbations. This correlation has been suggested to be due to abnormal
antiviral responses and preexisting inflammation of the airways (64). There is also
evidence of preexisting abnormalities in lung function in infants who later developed
rhinovirus LRTIs (65). Compared to RSV and the majority of other respiratory
viruses, RVs are less capable of cell destruction (52). Thus, the host’s immune
response to RV infection seems to determine the severity and outcome of the
infection more than the direct injury caused by the virus, which is characteristic for
RSV infections (60).

2.3.3  Other viruses

In addition to the two major pathogens—RSV and RVs—several other viruses can
induce bronchiolitis. When a virus causes a symptomatic upper respiratory infection
in infants, it may also spread to the lower respiratory tract and ultimately cause infant
bronchiolitis. Viruses that have been detected in patients hospitalised for
bronchiolitis include human bocavirus, enteroviruses, parainfluenza viruses,
adenovirus, metapneumovirus, coronaviruses and influenza A and B virus (25, 36).
Similarly to RVs, these viruses become more prevalent with increasing age, but each
causes fewer than 10% of bronchiolitis cases in patients less than 24 months of age
(58). Human bocavirus has been found in up to 25% of wheezing cases, but usually
as mixed infection, and its role as a causative agent is still obscure (3). Similarly to
RSV, influenza A and B viruses are causative agents only during the annual epidemics
(67). Viruses other than RSV and influenza have been reported to cause mainly
minor local outbreaks (68).
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2.4 Long-term outcome after bronchiolitis

Both birth cohort studies and hospital-based cohort studies are applicable and
reliable in the assessment of the long-term outcome after bronchiolitis in infancy, as
the results in both are based on prospective and repetitive data collection. However,
neither the definition of bronchiolitis nor the terminology used in these studies is
completely established, which complicates the comparisons between the studies.
Some studies have used the terms “wheezing” or “virus-induced wheezing” or even
simply “lower respiratory tract infection” instead of bronchiolitis. Wheezing has
been linked especially to RV-induced symptoms, whereas in RSV infection, the lung
sounds on auscultation may be more variable (25). This thesis focuses on studies in
which the definition has included only the first episode of wheezing and the age limit
has been under 12 or 24 months.

Both types of long-term cohorts—birth cohorts and hospital-based cohorts—
have shown that severe bronchiolitis in infancy requiring treatment in hospital is
associated with an increased risk of subsequent wheezing and asthma both later in
childhood and in adolescence. The overall prevalence of doctor-diagnosed asthma
at school age is about 5% (69-71), and the prevalence of asthma-like symptoms
without diagnosed asthma is an additional 5-7% (71). In hospital-based cohorts, the
prevalence of post-bronchiolitis asthma has been 23—50% before school age (17, 21,
72-74), 15-40% at early school age (18-20) and 14-39% at 10—14 years of age (Table
1) (11-16). In the present cohort, 13% of former bronchiolitis patients had current
asthma at the 5-7 years control visit (62). In birth-cohort studies, which have
evaluated the incidence of asthma after bronchiolitis severe enough to warrant
hospitalisation, the prevalence has varied 22—28% in preschool age (75, 76), but thus
far no data is available regarding the later school-age outcome. Moreover, there is
evidence that an increased risk of asthma after bronchiolitis persists into adulthood.
A Swedish hospital-based study reported a 37% prevalence of asthma at 25-28 years
of age after RSV bronchiolitis in infancy (77), and a Finnish hospital-based study
reported a 23—28% prevalence at 27-29 years of age (78). Most longitudinal studies
have reported that the prevalence of post-bronchiolitis asthma decreased with age
until puberty (11, 13, 14), but after puberty, the prevalence started to increase (79-
81). There is a secular trend, since asthma prevalence was lower in older studies (12,
18) and higher in newer studies (11, 15, 20).

In addition to asthma, some investigators have reported an increased risk for
other allergic diseases after bronchiolitis. The Swedish follow-up study found an

increased risk for allergic rhinitis and allergic sensitisation in skin tests at the age of
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13 years after RSV bronchiolitis in infancy (15). However, the control group in that
study may be regarded as selected, as the rate of asthma was only 3%, atopic eczema
7% and allergic rhinitis 15%, thus lower than in the general population. Several other
studies (13, 16, 75, 82) have reported no association between bronchiolitis and later
atopy, and it has been suggested that atopic mechanisms do not form the link
between bronchiolitis and asthma (83).

It is still unclear whether bronchiolitis itself causes alterations in the immune
responses leading to allergic sensitisation, causes direct injuries in the developing
lungs that lead to airway remodelling and subsequent alterations in lung function or
is just the first sign of already preexisting abnormalities in lung function or immune
responses that cause ineffective antiviral response and/or promote allergic
sensitisation (84, 85). A substantial proportion of children do not develop pulmonary
sequelae after bronchiolitis, some tend to suffer from repeated wheezing but grow
out of their symptoms before school age, and some develop permanent asthma,
which may be further classified into atopic or non-atopic, depending on the

concomitant manifestation of other atopic diseases.
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Table 1.  Prevalence of post-bronchiolitis asthma at school age and identified risk factors in
hospital-based cohort studies with a follow-up time over 10 years.

Study RSV (%) Ageat Age at re- Asthma (%)  Risk factors for asthma

admission evaluation

(months) (vears)
Noble (13) 66 <12 10 39 None identified
United Kingdom
1979-1981
n=61/101*
Hyvarinen (11) 55 <24 13-16 14-23 Repeated wheezing, atopic
Finland eczema, blood eosinophilia,
1981-1982 allergic rhinitis
n=65/81*
Wennergren 28 <24 10 30 Wheezing <6 months of age,
(14) other atopic disease during 4
Sweden previous years, continuous
1984-1985 medication for asthma >6 months
n=92/101* as a young child, exposure to

tobacco smoke in infancy

Sigurs (15) 100 <12 13 28 Parental asthma and atopy **
Sweden
1989-1990
n= 46/47*
Hyvarinen (12) 30 <24 11-14 40 Atopic eczema, sensitisation to
Finland inhalant allergens
1992-1993
n=81/100*
Mikalsen a) 74 a) <12 a) 11 a) 21 a)Male gender and non-RSV
(16,22) b) 67 b) <12 b) 11 b) 23 aetiology
Norway b)Wheezing, wheezing combined
1997-1998 with parental atopy or asthma or
a)121/1131* atopic eczema
b)93/105*

*number of patients reevaluated/ originally recruited

** gvaluated when bronchiolitis and control groups were combined
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2.5 Early-life predictive factors of post-bronchiolitis asthma

Wheezing after bronchiolitis is common, but only a subset of children with recurrent
wheezing periods have symptoms continuing at school age. To differentiate those
children who require more persistent medication and intensive follow-up from those
whose symptoms are more likely transient, investigators have tried to find factors
that could predict asthma after bronchiolitis. Long-term follow-ups of children with
bronchiolitis have helped to determine those possible risk factors (Table 1). It seems
that post-bronchiolitis outcome results from a combination and interaction between

host, viral and environmental factors.

2.5.1  Atopic predisposition

A number of longitudinal follow-up studies have identified atopic predisposition,
such as a familial history of asthma or allergies, or personal atopic characteristics, or
both, as a strong risk factor for post-bronchiolitis asthma, while children without
this predisposition seem more likely to grow out of their symptoms (11, 12, 14, 15,
22). The prevalence of atopic characteristics increases with age (86). In early infancy,
the markers of inherited atopic predisposition are usually atopic eczema or familial
asthma or allergies, especially maternal asthma and/or allergies, whereas
manifestation of other atopic diseases occurs later in life: allergic sensitisation to food
and inhalant allergens typically after 6 and 12 months of age, respectively, and allergic
rhinitis even later, at preschool age (86). A Norwegian hospital-based study found
the combination of recurrent wheeze and either atopic eczema, parental asthma or
parental atopy to predict asthma at school age after bronchiolitis before 12 months
of age (22). The association between atopic predisposition and asthma after
bronchiolitis was also seen in an earlier publication from the present cohort: maternal
asthma and atopic eczema before 12 months of age were independent risk factors
for asthma at 5-7 years of age, as was skin prick test (SPT) positivity tested at the
same follow-up visit (62). However, two long-term bronchiolitis studies had
contradictory results, reporting no association between atopic tendency and asthma
after bronchiolitis. However, this may be due to strict definitions for atopy used:
SPT positivity in one (16) and SPT positivity or a first-degree relative being atopic
in the other (13). A selection bias is likely in the former study, as 38% of the controls
were atopic, which is more than in the general population. Interestingly, a
prospective multicentre study reported that RSV prophylaxis with palivizumab
decreased the relative risk of recurrent wheezing in non-atopic late-preterm children,
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but not in children with a family history of atopy, suggesting that respiratory sequelae
caused by RSV are not related to atopic characteristics of the host (87).

2.5.2 Eosinophilia

A decrease in circulating eosinophils is considered a normal immunological response
to virus infections (88, 89). Eosinophilia and the presence of markers of eosinophilic
activity, such as ecosinophil cationic protein, during bronchiolitis have been

associated with an increased risk for subsequent wheezing (74) and later asthma (90).

2.5.3 Other host-related factors

Several studies have reported male gender to be associated with an increased risk for
asthma before the teenage years, and this is also true in post-bronchiolitis asthma
(76, 91, 92). The balance shifts after puberty, however, and women are more likely
than men to be asthmatics in adulthood (77, 93). In the prospective hospital-based
follow-up study from Norway, the risk of asthma at 11 years of age after bronchiolitis
was increased only in boys when stratified by gender (16). Overweight and obesity
have also been reported to affect the pulmonary outcome after bronchiolitis (94),
and an earlier publication from the present cohort found this to apply to post-
bronchiolitis asthma at preschool age as well (95). However, the published results
are not consistent, since another Finnish hospital-based cohort reported
controversial results (96).

Birth cohort studies that have had the opportunity to assess lung function prior
to the development of bronchiolitis have reported that inherited or prenatally
induced abnormalities in lung function may precede bronchiolitis and explain the
different outcomes (97, 98).

Postnatal bronchial hyperresponsiveness has been associated with the occurrence
of severe bronchiolitis and development of post-bronchiolitis asthma (99). However,
the median age of the patients at the time of bronchiolitis was 11 months. Thus, it
is possible that bronchiolitis was not the correct diagnosis in all cases but, instead,
the symptoms were due to asthma. It is also possible that the preceding abnormalities
in lung function may predispose infants only to certain virus infections. In a recent

study, reduced lung function was reported in infants who later developed rhinovirus

LRTIs (65).
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Age at admission has also been reported to be relevant to bronchiolitis outcome,
reflecting that the developmental stage of immune responses plays a role.
Interestingly, some investigators have found the youngest infants (aged under 6
months) to be at the highest risk for asthma (14), while another hospital-based
cohort suggested that an age of more than 12 months during the first wheezing
period would be a risk factor for later asthma (11). In a high-risk birth cohort of
children in an outpatient setting, RV-induced wheezing before 12 months of age
increased the risk of asthma threefold at 6 years of age, whereas wheezing with RV
between 2 and 3 years of age increased the risk 32-fold. Interestingly, RSV-related
wheezing before age 2 did not predict asthma at preschool age, whereas wheezing
with RSV between 2 and 3 years of age increased the risk of preschool-age asthma
13-fold (91). In the present cohort, the prevalence of asthma at preschool age was
13% after hospitalisation for bronchiolitis under 6 months of age (62). Thus, the
prevalence is significantly lower than in other prospective studies that have used
higher age limits for bronchiolitis. Age is strongly linked with the virus aetiology of
bronchiolitis, which also explains the differences in the results between the cohorts:
in the Swedish cohort, RSV accounted for only 28% of cases (14), compared to more
than 70% in the present cohort (62). The differences in the results between the
studies may be due to different phenotypes of asthma: the youngest bronchiolitis
patients might have an immunologic predisposition for developing severe
bronchiolitis leading to hospitalisation; alternatively, the timing of bronchiolitis at a
crucial stage of immune and/or lung development might lead to permanently biased
immune responses or lung injury. In older children bronchiolitis might be the first
sign of underlying genetic susceptibility towards asthma, and the virus infection
simply enhances the preexisting airway inflammation (61, 84). This is supported by
the observation that children with atopic tendency are more prone to certain virus
infections, especially RV infections (100).

2.54 The role of viruses

In addition to host-related factors, the causative virus has been established to have a
strong impact in the outcome after bronchiolitis. There is evidence that the risk of
subsequent asthma is significantly higher after bronchiolitis (or wheezing) caused by
a virus other than RSV, and particulatly high when RV has been the causative virus
(11, 16). Some investigators have reported that the impact of RSV LRTT on later
asthma risk seems to decrease over time (101), while non-RSV—or RV bronchiolitis,
more specifically—seems to be a risk of more permanent asthma (102). One long-
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term hospital-based cohort study found that the prevalence of asthma 11 years after
hospitalisation for bronchiolitis was significantly increased in patients with non-RSV
bronchiolitis, whereas RSV bronchiolitis did not significantly increase the risk when
compared to a control group (16). This was also seen in the present cohort at 5-7
years of age: the prevalence of asthma was 8.2% after RSV bronchiolitis and 24%
after non-RSV-bronchiolitis (62).

Some investigators have assessed risk factors separately for atopic and non-atopic
asthma after early wheezing. Atopic asthma at school age has been associated with
RV-related first wheezing period, eatly sensitisation and atopic eczema, whereas the
risk of non-atopic asthma has been related to RSV, eatly exposure to tobacco smoke
and first wheezing episode under 12 months old (75, 92). It is interesting to note that
RV bronchiolitis has been more frequent in infants with atopic predisposition (24,
25, 60). As inherited atopic characteristics are also strongly linked with asthma in
patients without any history of bronchiolitis in infancy, it is possible that RVs cause
bronchiolitis particularly in patients who are genetically predisposed to asthma, with
bronchiolitis being the first sign of this predisposition. More specifically, attenuated
Th (T helper) 1-type immune responses, and lower production of interferons most
importantly, have been associated with increased susceptibility to RV infections (44,
103). In the present cohort, however, sensitisation to inhalant allergens tested by
SPTs was equally common in former RSV and non-RSV patients, although the
prevalence of asthma was significantly higher in the non-RSV group (62). It has also
been suggested that RV amplifies the preexisting inflammation and Th2-type
immune responses in the airways and may increase airway reactivity. These
preexisting abnormalities in immune responses might provide an explanation for
why RVs, which are usually restricted to upper airways, sometimes cause LRTTs (61).
The fact that RVs often cause asthma exacerbations supports this idea (104).
Moreover, repeated wheezing, often related to respiratory infection caused by RVs,
before 2 years of age is a risk factor for subsequent asthma after bronchiolitis (12).
The severity of wheezing episodes before age 2 also predicts later asthma (105). It is
possible that the interaction of causative viruses with different predisposing factors
leads to separate outcomes (28). Further, it has been discussed, whether RSV and
RV/non-RSV  bronchiolitis are completely different entities with different
predisposing factors and different outcomes (100).
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2.5.5 Other environmental factors

Pre- or postnatal exposure to tobacco smoke has been associated with an increased
risk for bronchiolitis (37, 38, 107) and wheezing before 12 months of age (65), and
it has been established to be a general risk factor for asthma (108, 109). Interestingly,
though, it seems to have lesser effect on long-term pulmonary outcome after
bronchiolitis or early wheezing (11, 13, 15, 91). However, one long-term hospital-
based study reported a positive association between tobacco smoke exposure in eatly
life and asthma at 10 years of age after bronchiolitis, even though this type of
relationship was not seen in the previous follow-up investigation of that same cohort
at preschool age (14, 21). Later in the same cohort, maternal smoking was associated
with asthma and bronchial hyperresponsiveness, but paternal smoking was
associated with one’s own predilection to smoke and, via that, to asthma (79).

The Norwegian group assessed clinical risk factors present at 2 years of age that
would predict later asthma in children who had been hospitalised for bronchiolitis
under 12 months old. The investigators found recurrent wheezing to be the strongest
risk factor for asthma at 11 years of age, although the researchers stated that this
variable would be more accurate in excluding than in predicting asthma. The
predictive accuracy of this tool was found to improve when recurrent wheezing was
combined with atopic eczema or with parental atopy or asthma (22). Another—and
perhaps the most distinguished—tool to predict persistent wheezing is the Asthma
Predictive Index (API) originally built based on the results of the large Tucson birth
cohort study (110). The API index stresses the role of atopic characteristics and
eosinophilia and is less useful in predicting non-atopic asthma.

The exact pathogenesis of post-bronchiolitis asthma is still unclear, and it seems
that asthma results from a complex interaction between environmental factors and
inherited genetic predisposition that alters immune responses and/or lung function.
In fact, “two-hit-hypothesis” of asthma development has been suggested (111). This
means that at least two predisposing factors, namely genetic or environmental, are
required for the development of asthma. A Finnish study that evaluated risk factors
for later asthma in children under 2 years old with their first wheezing period
reported that the risk of asthma increased cumulatively if the child had more than
one risk characteristic (92). Thus, bronchiolitis would lead to asthma only in
combination with other risk factors, such as genetic predisposition.
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256 Genetic factors

A substantial number of genes have been investigated as possible candidate genes
for asthma as well as in relation to bronchiolitis severity or susceptibility, but genetics
behind post-bronchiolitis asthma is markedly less studied. Variations in genes that
regulate innate immunity may explain the different outcomes between individuals.
TLRs and their encoding genes form one suggested link between bronchiolitis and
asthma and are reviewed more thoroughly in the following chapters.

2.6 Toll-like receptors

TLRs, a human homologue of Drosophila Toll, are evolutionarily conserved
transmembrane glycoproteins. They are crucial for innate immunity, as they initiate
the primary host defence against pathogens. TLRs recognise pathogen-associated
molecular patterns (PAMPs) that are conserved structures of various microbes but
are not present on host cells. Once activated, TLRs trigger the production and
secretion of inflammatory cytokines and chemokines and, further, the activation of
adaptive immunity (112). TLRs are expressed in various cell types, including
neutrophils, macrophages, dendritic cells, killer cells and epithelial and endothelial
cells, as well as in T- and B-lymphocytes. Eleven TLRs have been identified in
humans so far, but only 10 of them (TLR1-10) are functional (113). TLR1, TLR2,
TLR4, TLR5, TLR6 and TLR10 are located on the cell surface and are able to detect,
e.g., peptidoglycans, lipoproteins and lipopolysaccharides (LPS), whereas TLR3,
TLR7, TLR8 and TLRY are found in intracellular compartments, such as endosomes
and lysosomes, and are able to detect nucleic acids from bacteria, viruses and fungi
after endocytosis of the pathogen (114).

All TLRs share the same basic structure with ligand binding ectodomain,
transmembrane domain and cytoplasmic Toll/ Intetleukin-1 receptor (