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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 10 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 TLR1 and TLR10 

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 TLR10 

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 TLR1 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 early teenage years. Variations in the 

TLR1 and TLR10 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. 



TIIVISTELMÄ (ABSTRACT IN FINNISH) 

TAUSTA: Bronkioliitti on viruksen aiheuttama alahengitystieinfektio, joka usein 

johtaa sairaalahoitoon, erityisesti nuorimmilla imeväisillä. Toistuvat 

hengenahdistukset ovat yleisiä bronkioliitin jälkeisinä vuosina ja pitkäaikaiset 

seurantatutkimukset ovat osoittaneet, että näillä lapsilla on korkea riski astman 

kehittymiseen, joka voi olla pysyvä ainakin varhaiseen aikuisikään saakka. Tunnettuja 

riskitekijöitä bronkioliitin jälkeisen astman kehittymiselle ovat atooppinen alttius, 

varhainen tupakansavulle altistuminen, veren eosinofilia bronkioliitin aikana ja 

rinovirus bronkioliitin aiheuttajana. Nämä riskitekijät eivät kuitenkaan täysin selitä 

yksilöllisiä eroja bronkioliitin jälkeisessä sairastavuudessa. Variaatio synnynnäisen 

immuniteetin geeneissä, kuten Tollin kaltaisia reseptoreita (TLR) koodaavissa 

geeneissä, voi muuttaa alttiutta infektiotaudeille sekä allergisille sairauksille ja siten 

osaltaan vaikuttaa bronkioliitin ennusteeseen. TLR:ien toiminta on geneettisesti 

määräytynyttä ja niitä koodavissa geeneissä esiintyy runsaasti polymorfiaa. 

TUTKIMUKSEN TAVOITTEET: Tämän väitöskirjatutkimuksen tarkoitus oli 

tutkia astman ja siihen liittyvien allergisten sairauksien esiintyvyyttä imeväisiän 

bronkioliitin jälkeen ja verrata astman, allergisen nuhan ja atooppisen ihottuman 

esiintyvyyttä bronkioliittiryhmän sekä iän ja sukupuolen vakioidun verrokkiryhmän 

välillä. Tarkoitus oli myös arvioida niitä varhaislapsuuden ja esikouluiän riskitekijöitä, 

joilla voisi olla merkitystä taudin pitkäaikaisennusteessa. Tutkimuksen tavoitteena oli 

myös tutkia TLR3, 4, 5, 7, 8, 9 ja 10 geenien yksittäisten nukleotidien polymorfismien 

merkitystä 5–7-vuoden ennusteen kannalta bronkioliitin jälkeen ja lisäksi vahvistaa 

havaittu TLR1 ja 10 geenien polymorfismien yhteys bronkioliitin jälkeiseen astmaan 

11–13-vuotiaana. 

 

AINEISTO JA MENETELMÄT: Kaiken kaikkiaan 166 lasta, jotka olivat joutuneet 

sairaalahoitoon bronkioliitin vuoksi alle 6kk iässä, kutsuttiin seurantakäynnille 11–13 

vuoden iässä ja 138 heistä osallistui. Aiemmat seurantakäynnit on järjestetty 1,5 ja 5–

7 vuoden iässä. Lisäksi tutkimukseen rekrytointiin 112 iän ja sukupuolen suhteen 

vakioitua kontrollia, jotka eivät olleet sairastaneet bronkioliittia imeväisiässä. Tiedot 

nykyisistä ja aiemmista lääkärin toteamista astmasta ja allergioista sekä astmaan 



viittaavista oireista, astmalääkityksistä ja varhaisvaiheen tupakan savulle 

altistumisesta kerättiin strukturoiduilla kyselykaavakkeilla, jotka olivat identtiset 

molemmille ryhmille. Keuhkojen toimintaa testattiin virtausspirometrialla ja 

bronkodilataatiokokeella. Verinäytteet geneettisiä tutkimuksia varten oli saatavilla 

ainoastaan bronkioliittiryhmän osalta, koska ne oli kerätty tämän kohortin 

aiemmassa vaiheessa. 

TULOKSET: Bronkioliitin jälkeisen astman ilmaantuvuus oli 13,0% 

bronkioliittiryhmässä ja 10,7% kontrolliryhmässä 11–13 vuoden iässä. Astman 

ilmaantuvuus oli siis varsin samankaltainen molemmissa ryhmissä, kuten oli myös 

allergisen ja nuhan ja atooppisen ihottuman ilmaantuvuus. Varhaisvaiheen tupakan 

savulle altistuminen oli merkittävästi yleisempää bronkioliittiryhmässä kuin 

kontrolliryhmässä, mutta se ei ollut yhteydessä myöhempään astmariskiin. 

Respiratory syncytial virus (RSV) oli bronkioliitin yleisin aiheuttaja, mutta 

virusetiologialla ei ollut merkittävää yhteyttä pitkän aikavälin ennusteeseen. Äidin 

astma oli merkittävä varhaisvaiheen riskitekijä bronkioliitin jälkeiselle astmalle 

(vakioitu vetosuhde, englanniksi odds ratio, OR 3.45, 95% luottamusväli, englanniksi 

confidence interval CI 1.07–11.74). Allerginen nuha sekä ihotestipositiivisuus, joka 

viittaa allergiseen herkistymiseen, olivat merkittäviä esikouluiän riskitekijöitä 

(vakioidut ORt 4.06, 95% CI 1.35–12.25 ja 5.01, 95% CI 1.47–17.10). TLR10 

rs4129009 variantti genotyyppi oli yhteydessä astmaan 5-7 vuoden iässä (vakioitu OR 

4.30, 95% CI 1.30–14.29) ja löydöstä tukien, sekä hengitettävän kortisonilääkityksen 

käyttöön että pysyvään astmaan 11-13 vuoden iässä (vakioidut ORt 7.02, 95% CI 

1.56–31.53 ja 7.69, 95% CI 1.35–43.95). TLR1 rs5743168 variantti genotyyppi oli 

marginaalisesti yhteydessä hengitettävän kortisonilääkityksen käyttöön 11–13 

vuoden iässä (vakioitu OR 4.04, 95% CI 0.99–16.54). 

 

JOHTOPÄÄTÖKSET: 13,0%:lla bronkioliitin vuoksi sairaalahoitoon alle 6 

kuukauden iässä joutuneista lapsista oli astma 11–13 vuoden iässä, mikä tarkoittaa 

kaksinkertaista riskiä tavalliseen kouluikäiseen lapsiväestöön verrattuna. Luku on 

pienempi kuin aiemmissa bronkioliittitutkimuksissa, jotka on tehty saman ikäisillä 

lapsilla. Äidin astma ja allerginen nuha sekä ihotestipositiivisuus esikouluiässä olivat 

riskitekijöitä bronkioliitin jälkeiselle astmalle varhaisessa teini-iässä. Variaatio TLR1 

ja TLR10 geeneissä oli yhteydessä bronkioliitin jälkeiseen astmaan, arvioituna 

astmaan viittaavan hengitettävän kortisonilääkityksen käytöllä 11–13 vuoden iässä. 

Tämä tulos vahvistaa aiemmat kokeelliset havainnot, jotka tehtiin lasten ollessa 5–7-

vuotiaita. 
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1 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 

aetiology 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 
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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 TLRs 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 inflammatory diseases, including 

bronchiolitis, asthma and allergies (32). As the viral aetiology 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 
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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.  
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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, underlying chronic disease – 
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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 1996–2003 (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). 
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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 

that lead to the release of cytokines, chemokines and adhesion molecules and further, 

activation of immune responses, including the recruitment of inflammatory 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 (66). 

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 (%) Age at 

admission 

(months)  

Age at re-

evaluation 

(years)  

Asthma (%) 

 

Risk factors for asthma 

Noble (13) 

United Kingdom 

1979-1981 

n=61/101* 

 

66 < 12 10 39 None identified  

 

Hyvärinen (11) 

Finland 

1981-1982 

n=65/81* 

 

55 < 24 13-16 14-23 Repeated wheezing, atopic 

eczema, blood eosinophilia, 

allergic rhinitis  

Wennergren 

(14) 

Sweden 

1984-1985 

n=92/101* 

28 < 24 10 30 Wheezing <6 months of age, 

other atopic disease during 4 

previous years, continuous 

medication for asthma >6 months 

as a young child, exposure to 

tobacco smoke in infancy 

 

Sigurs (15) 

Sweden 

1989-1990  

n= 46/47* 

100 < 12 13 28 Parental asthma and atopy ** 

      

Hyvärinen (12)  

Finland 

1992-1993 

n=81/100* 

30 < 24 11-14 40 Atopic eczema, sensitisation to 

inhalant allergens 

 

 

 

Mikalsen 
(16, 22) 

Norway 

1997-1998 

a)121/131* 

b)93/105* 

a) 74 

b) 67 

a) <12 

b) < 12 

a) 11 

b) 11 

a) 21 

b) 23 

a)Male gender and non-RSV 

aetiology 

b)Wheezing, wheezing combined 

with parental atopy or asthma or 

atopic eczema 

 

*number of patients reevaluated/ originally recruited 

** evaluated 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 eosinophil 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).  

2.5.4 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 particularly high when RV has been the causative virus 

(11, 16). Some investigators have reported that the impact of RSV LRTI 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, early sensitisation and atopic eczema, whereas the 

risk of non-atopic asthma has been related to RSV, early 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 LRTIs (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 (106).  
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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 early 

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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2.5.6 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 TLR9 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/ Interleukin-1 receptor (TIR) domain. 

The ectodomain contains varying numbers of leucine-rich repeats (LRRs), the 

arrangement of these LRRs being distinct for each TLR, thus enabling the 

recognition of specific PAMPs. After detecting and binding a ligand, TLRs form 

homo- or heterodimeric complexes and, subsequently, recruit adaptor molecules that 

interact with the TIR domain of TLRs and induce intracellular signalling. Roughly, 

there are two main pathways for downstream signalling. All TLRs except TLR3 use 

signalling pathway, where myeloid differentiation primary response protein MyD88 

serves as an adaptor molecule and quickly activates transcription factors such as the 

nuclear factor of activated B cells (NF-ĸB) and mitogen-activated protein kinases 
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(MAPKs) to induce inflammatory cytokines and chemokines. TLR3 in turn uses 

MyD88-independent pathway where the TIR domain inducing-interferon (TRIF) is 

an adaptor protein and where activation of transcription factors—interferon factor 

3 (IRF3) and late phase NF-ĸB— induce the release of type I interferon and 

inflammatory cytokines (Figure 1). TLR4 is the only TLR able to use both of these 

signalling routes. In the MyD88 independent pathway, TLR4 is translocated to an 

endosome where it uses TRIF and thyroid receptor activator molecule (TRAM) to 

induce downstream signalling (Figure 1) (32, 113, 115). 

The 10 functional TLRs in humans are discussed in more detail in the following 

sections. 
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Figure 1.   A simplified theoretical model of the two TLR4 signalling pathways. Modified from Kawai 
and Akira (115). 

 

 

2.6.1 Toll-like receptors 1, 2, 6 and 10 (TLR2 subfamily) 

TLR 1, 2, 6 and 10 genes are located in chromosome 4 in close proximity to each 

other. The corresponding proteins of these TLR genes form TLR1/2, TLR6/2 and 

TLR10/2 receptor dimers after they recognise a ligand (116). Unlike other receptors 
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within the TLR2 subfamily, TLR10 does not always require TLR2 for activity, but it 

does form heterodimers with TLR1 (31). In addition, TLR10 is the only receptor of 

these four that is also capable of homo-dimerisation (31). TLR1/2 and TLR2/6 were 

originally reported to sense triacylated and diacylated lipopeptides, components of 

bacterial cell walls, but there is accumulating evidence that these receptor dimers can 

also be activated by viruses, RSV and RV included (117, 118). The specific ligand for 

TLR10 is currently unknown, but it seems to compete for the same ligands as TLR1 

(119) and TLR2 (116). TLR10 also differs from the other TLR2 subfamily members 

in several other ways. TLR10 is the only TLR with an anti-inflammatory function 

established partly by the release of interleukin-1 receptor antagonist (IL-1Ra), which 

inhibits cytokine production, and partly by the competition for ligands and for the 

formation of heterodimers with TLR2 (116). TLR10 also has a more restricted 

expression profile than the other receptors in the TLR2 subfamily, as it is limited to 

granulocytes, B cells and dendritic cells (31). In addition, TLR10 has a distinct 

signalling pathway in the sense that it uses MyD88 as an adaptor molecule, but does 

not induce activation of NF-ĸB or other classical reporter genes (119). 

TLR1 rs5743618 polymorphism leads to a non-synonymous mutation located at 

the junction of the transmembrane and cytoplasmic domain of the receptor (120). 

The location is not common for other TLR polymorphisms. This polymorphism has 

been associated with a decreased cytokine response, although the detailed 

mechanism remains unclear (120). TLR2 rs5743708 is a polymorphism leading to a 

non-synonymous mutation located in the intracellular domain of the receptor and 

may affect its signalling (121, 122). TLR6 rs5743810 polymorphism leads to a non-

synonymous mutation located in the extracellular domain of the receptor and may 

affect ligand binding or, alternatively, alter TLR2/6 hetero-dimerisation. It has been 

shown to be functional and to alter NF-ĸB signalling (123). TLR10 rs4129009 

polymorphism leads to a non-synonymous mutation located in the cytoplasmic TIR-

domain and is thus likely to affect intracellular signalling but not ligand binding. The 

latter cannot be ruled out, however, as the specific ligand for TLR10 is unknown 

(124).  

2.6.2 Other Toll-like receptors  

TLR3 recognises double-stranded RNA (dsRNA) during virus replication, including 

RSV and RV (125). TLR3 gene is located on chromosome 4 (29). TLR3 has been 

reported to be important for host defence in RV infection: the expression of TLR3 
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gene increased in response to RV infection and blocking TLR3 led to an increased 

RV replication in bronchial epithelial cells (126) 

TLR4 was the first TLR identified in humans. It recognises the LPS of Gram-

negative bacteria in addition to those of other microbial structures, including the F 

glycoprotein of RSV. TLR4 gene is located on chromosome 9 (29). 

TLR5 recognises bacterial flagellin, but it may have a modulating role in virus 

infections (127). In addition, flagellin has been used as an adjuvant in influenza 

vaccines, as it triggers immune responses via TLR5 (128, 129). TLR5 gene is located 

on chromosome 1 (29). 

TLR7 and TLR8 recognise single-stranded viral RNA (ssRNA), including RV 

ssRNA (117). TLR7 and TLR8 genes are located on chromosome X (29).  

TLR9 detects unmethylated 2’-deoxyribo-cytidine-phophate-guanosine (CpG) 

DNA motifs from bacteria and viruses. TLR9 gene is located on chromosome 3 

(29). 

2.6.3 Polymorphisms of TLR genes 

Genetic variation within the human population is common and is thought to result 

from adaptation to changes in environment requiring thousands of years (130, 131). 

This potentially leads to protection from certain diseases but also predisposition to 

other diseases (132). Single nucleotide polymorphism (SNP) is the term used when 

one base in the genome is replaced with another. If SNP does not lead to an amino 

acid change in the encoded protein, it is called a synonymous mutation. If it does, it 

is called a missense mutation (114, 130). A synonymous mutation may have 

functional relevance if it affects messenger RNA splicing and subsequent protein 

expression (133). Non-sense mutations cause a codon change and subsequently lead 

to larger changes in the structure or production of encoded proteins. (114). The 

consequence of a mutation in the TLR protein is dependent on its location. If the 

SNP affects the structure of the extracellular domain, it may lead to altered detection 

or binding of a pathogen (134). If the mutation affects the cytoplasmic domain, it 

may result in an altered downstream signalling (119).   

Variation in innate immunity genes, such as in TLR genes, may lead to differences 

in host defence that further alter susceptibility to infectious diseases. There also is 

evidence that TLRs play a pivotal role in the normal development of immune 

responses, whereas mutations in the encoding genes may lead to biased immunity 

and, further, a predisposition to inflammatory or atopic diseases (32). However, it is 

possible, that SNPs are not disease-causative alone, but that distinct gene-
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environment or gene-gene interactions are required for the development of certain 

diseases. Thus, a polymorphism in a certain TLR gene would be pathological only in 

interaction with other genes or with environmental factors, such as viruses, for 

example (28). Minor allele frequency (MAF) means the frequency of the variant 

(minor) allele in the population.  

2.7 Toll-like receptors, bronchiolitis, allergy and asthma 

Asthma is the most common chronic illness in children worldwide. Hygiene 

hypothesis, presented almost three decades ago, stated that early-life contacts with 

microbes are essential for the maturation of adaptive immunity and to decrease the 

risk of asthma and allergies (135). In line is the observation that the prevalence of 

asthma and allergies has increased in Western countries in the last decades, 

concurrently with improved hygiene in living conditions. This has been confirmed 

by studies reporting that children living on farms had lower asthma prevalence than 

urban children (136, 137). However, severe virus infections in early life, bronchiolitis 

as one of the most important, have been strongly associated with the development 

of asthma later in childhood and in adolescence (27). The exact mechanisms beyond 

asthma development are still obscure, but it seems that the development and 

maturation of immunity play a key role in this process. 

Genetic factors, most importantly variations in the genes that regulate innate 

immunity (such as TLRs encoding genes), have been suggested to be associated with 

asthma susceptibility. Activation of TLRs has been reported to modify immune 

development, and their normal function seems to protect from asthma, whereas 

mutations in these receptors may predispose towards asthma and other atopic 

diseases (32, 138). Several polymorphisms in TLR genes have been linked with 

asthma in exploratory studies, but since the results and study settings have been 

highly heterogenic, confirmative studies are usually lacking. The confirmation of the 

results means that the findings can be repeated in identical verification populations 

and in other different populations. In addition, the biological function of the 

polymorphism should be verified in experimental studies.   

The normal activation of innate immunity via TLRs probably modifies 

development of adaptive immunity as TLRs induce naïve T-cells to differentiate into 

Th1-cells or, in some circumstances, into Th2-cells, the direction depending on the 

timing, dose and nature of the ligand, as well as genetic factors of the host (139). 

Existing Th2 responses and weak Th1 responses are characteristic for immature 
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adaptive immunity at birth; normally, the maturation of immune system shifts the 

balance from Th2 towards Th1 prominence. It has been suggested that an 

environmental insult, such as a virus infection in early infancy when the immune 

system is still Th2-skewed, may disturb the normal maturation process and lead to 

the persistence of Th2-oriented immunity (85, 103). The consequence can be chronic 

inflammation in the airway mucosa that is characteristic of asthma and respiratory 

allergy (27). As only a minority of children with bronchiolitis will go on to develop 

asthma, however, it is likely that this happens only in predisposed children. Thus, 

post-bronchiolitis asthma would result from a distinct gene-environment 

interaction—a distinct combination of genetic susceptibility and environmental 

exposures, such as viral LRTIs like bronchiolitis (140). The link between 

bronchiolitis and asthma may be in innate immunity genes. As described earlier, 

TLRs are in first line in inducing adequate immune responses; therefore, mutations 

in TLR genes may alter susceptibility to severe bronchiolitis via attenuated anti-viral 

responses. This may further lead to biased immunity and, finally to asthma. Another 

possibility is that mutations in TLR genes do not affect susceptibility to bronchiolitis, 

but instead susceptibility to asthma, and thus virus infection is an essential trigger in 

this process. Asthmatic subjects have been reported to have attenuated antiviral 

responses (100), and it is therefore possible that bronchiolitis leading to 

hospitalisation is the first sign of impaired TLR responses, thus unmasking the 

asthma-predisposed individuals.  

2.7.1 Toll-like receptors 1, 2, 6 and 10 (TLR2 subfamily) 

There is evidence of the role of genes encoding the TLR2 subfamily and their 

polymorphisms in asthma development, but the results have not been at all 

unanimous. Thus far, TLR2 is the most studied member of the subfamily. Several 

different polymorphisms in the TLR2 gene (rs3804100, rs4696480, rs1898830, 

rs3804099, rs7656411) have been associated with childhood asthma (141-144) or 

with asthma severity (rs5743708)(122), but the associations usually have not been 

strong and the direction of the association regarding distinct polymorphisms has 

varied between studied populations. In most cases, there is a lack of studies repeating 

the positive results in other cohorts or populations. Most of the studies are not 

directly comparable with each other because the study designs have varied in both 

ethnicity of the study subjects and in environmental exposures. A few studies have 

reported gene-gene or gene-environment interactions where TLR2 gene 

polymorphism has been associated with childhood asthma only in combination with 
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other gene polymorphism (142) or with environmental factors, such as living on a 

farm or exposures to air pollution (145, 146). In German children, TLR2 rs5743708 

polymorphism was found to increase the risk of atopic sensitisation assessed by 

increased total serum immunoglobulin E (IgE) level, allergen-specific serum IgE 

levels and SPT positivity, but the SNP was not associated with the risk of asthma or 

atopic eczema (147). It has also been reported that the activation of TLR2 shifts 

adaptive immune responses towards Th2-polarisation and possibly results in asthma 

(148) .  

In the case of TLR10, two polymorphisms (rs4274855 and rs4129009) in the 

TLR10 gene were associated with an increased risk for asthma in an American case-

control study in adults, and these findings were replicated in an independent sample 

of children from a family-based cohort (124). Interestingly, the latter polymorphism 

rs4129009 was associated with a decreased risk for atopic asthma in a German study, 

although the result lost its statistical significance after correction for multiple testing 

(143). In a large Canadian-Australian study that aimed to replicate previous findings 

from four genetic association studies regarding asthma and atopy candidate genes, a 

weak association between two TLR10 polymorphisms (rs10776483 and rs11096957, 

respectively) and a decreased risk for atopic asthma were found in one of the 

included studies, and the rs11096957 polymorphism retained its statistical 

significance in the analysis where all four studies were combined (149).  There were 

no significant associations between four other polymorphisms in TLR10 and asthma 

or with polymorphisms in TLR2 or TLR6 and asthma, nor were any of the examined 

polymorphisms associated with atopy (149). 

Only a few studies have reported an association between TLR1 polymorphisms 

and asthma. In the German study, two polymorphisms in TLR1 (rs5743595 and 

rs4833095, respectively) were found to protect from atopic asthma in childhood 

(143). A recent Taiwanese study found no association between TLR1 rs4833095 and 

asthma or other atopic diseases. The variant genotype, however, was associated with 

lower total serum IgE levels in allergic children (150). Another TLR1 polymorphism 

rs4543123 was associated with a decreased risk for atopy in a study analysing the 

data from four independent cohort studies (140). Interestingly, in the SNP-virus 

interaction analyses, the same polymorphism seemed to increase the risk for both 

atopy and atopic asthma after RSV infection before 12 months of age, and this 

interaction with RSV infection was also seen for several other polymorphisms in 

TLR1, TLR6 and TLR10 genes, respectively (140).  

TLR6 gene polymorphism rs5743789 was reported to have protective effects 

from atopic asthma in childhood similar to the two TLR1 polymorphisms in the 
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German study (143). In the same study, however, another TLR6 polymorphism 

(rs5743810) was associated with an increased risk for atopic asthma in childhood 

(143). This was in line with both another study in German children (151) and a recent 

Australian study that reported the wild allele in the rs5743810 to protect children 

with farm exposure from asthma development before 13 years of age (152). In 

contrast, a study in African-American adults found the minor allele to have an 

opposite effect, and thus an association with a decreased risk for asthma (153).  There 

are also studies with negative results regarding the association between TLR6 

rs5743810 polymorphism and childhood asthma (142, 149, 154, 155). Two other 

TLR6 polymorphisms (rs6531666 and rs5743798) were associated with atopic 

asthma and/or atopic eczema in Dutch children, with the minor allele increasing the 

risk (154). 

Because of their proximity to each other, TLR2 subfamily genes are likely to 

interact. Therefore, it is appropriate to evaluate the impact of the examined 

polymorphisms in combined analyses. A study examining two TLR6 polymorphisms 

and seven TLR10 polymorphisms did not find any of the polymorphisms to be 

associated with childhood asthma, but the analysis combining both genes, however, 

revealed some significant associations (155). 

Some experimental studies have shown preliminary evidence that TLRs might be 

used in the future as therapeutic tools for asthma. A recent study on mice reported 

that treatment with TLR1 and TLR2 mRNA, or with TLR2 and TLR6 mRNA, 

improved lung function and reduced airway inflammation in vivo (156). 

2.7.2 TLR2 subfamily in the present cohort until 7 years of age 

In this cohort, TLR1 rs5743618, TLR2 rs5743708, TLR6 rs5743810 or TLR10 

rs4129009 polymorphisms were not associated with the occurrence or severity of 

bronchiolitis or repeated wheezing until 1.5 years of age following bronchiolitis in 

infancy (157, 158). However, the TLR10 rs4129009 variant genotype was associated 

with elevated serum total IgE levels and TLR6 rs5743810 variant genotypes showed 

a weak association with allergy (a doctor-diagnosed food allergy or atopic eczema) at 

18 months of age (158, 159). In line, at the 5–7-years control visit, the carriage of the 

minor allele of TLR6 rs5743810 was associated with an increased risk for atopic 

eczema and allergic rhinitis (160). TLR1 rs5743618 variant genotypes were 

associated with post-bronchiolitis asthma between 1 and 6 years of age; in a further 

haplotype analysis, having the wild genotype in all three aforementioned genes 

(TLR1, TLR2 and TLR6, respectively) protected from asthma during the first 6 years 
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of life, compared to variant haplotypes in at least one of the genes (160). In another 

study from this cohort with a focus on lung function after infant bronchiolitis, the 

TLR6 rs5743810 variant genotype was associated with bronchial hyper-reactivity, 

and having a wild genotype in all four TLR2 subfamily genes was associated with 

less bronchial hyper-reactivity (161). 

2.7.3 Other Toll-like receptors 

In an animal model, activation of TLR3 with a viral ligand and a simultaneous 

inhalation of allergen resulted in allergic airway disease (162). Previously in the 

present cohort, the TLR3 rs3775291 variant genotypes were found to be protective 

against recurrent wheezing after bronchiolitis. Interestingly, the minor allele T was 

found to be overrepresented in this study population, suggesting that polymorphism 

in the TLR3 gene may predispose towards severe bronchiolitis leading to 

hospitalisation. The investigated polymorphism had no association with early atopic 

eczema (163).  

TLR4 rs4986790 polymorphism leads to a missense mutation that has been 

described as resulting in attenuated immune responses to LPS (164) . This mutation 

was associated with an increased risk of severe RSV bronchiolitis (165). However, in 

the present cohort, TLR4 rs4986790 was not associated with bronchiolitis, atopic 

diseases or post-bronchiolitis wheezing during the 1.5 years follow-up (159, 166). 

Accordingly, no association was found between the same polymorphism and asthma 

in a meta-analysis of nine case-control studies (167). 

The role of TLR5 in bronchiolitis has been investigated in only one study thus 

far. In that study, the TLR5 rs5744174 polymorphism was not associated with the 

risk of RSV bronchiolitis (168). This polymorphism results in a missense mutation 

and has been reported to attenuate TLR5 signalling (169). A few studies have 

reported a decreased expression or impaired function of TLR5 in asthmatic patients. 

However, a German study found no association between the TLR5 rs5744174 or 

two other polymorphisms and asthma (143).  

Variation in the TLR7 gene (rs179008 polymorphism more precisely) has been 

shown to be protective for recurrent RV infections, whereas the TLR8 rs2407992 

polymorphism had the opposite effect, increasing the risk of recurrent RV infections 

(170). In addition, variations in TLR7 and TLR8 genes have been associated with an 

increased risk for asthma and allergic rhinitis, and TLR8 polymorphism has been 

linked with atopic eczema (133, 171), although contradictory results have been 

reported (143). In line, normal TLR7 function has been suggested to protect from 
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the development of Th2-type airway inflammation (172) and to prevent airway 

hyper-reactivity often caused by respiratory viruses (173). An Australian study 

reported impaired anti-viral responses following TLR7 stimulation in asthmatic 

adolescents, whereas TLR3 responses did not vary between asthmatics and controls 

(174). Although the researchers did not study the genetic background behind these 

weakened responses, their finding that the expression of TLR7 in mild to moderate 

asthma did not differ from controls might implicate that a mutation in the TLR7 

gene might affect the downstream signalling. However, in another study, the 

expression of TLR7 and TLR5 was normal in patients with moderate asthma but 

was reduced in severe asthmatics (175). In the present cohort, TLR7 polymorphism 

was associated with feeding problems during bronchiolitis, but only in boys. Such 

differences between males and females are interesting, and worth being studied, as 

the TLR7 and TLR8 genes are located in the X chromosome (29). The TLR8 

rs2407992 polymorphism was not associated with bronchiolitis, post-bronchiolitis 

wheezing or atopic diseases in the present cohort (157). 

The TLR9 rs187084 polymorphism has been linked to asthma susceptibility in a 

recent meta-analysis (138). In the present cohort, the same polymorphism was 

associated with an increased risk of wheezing after bronchiolitis. In the present 

cohort, no associations with bronchiolitis or atopic eczema were found in infancy 

(157). 
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Table 2.  Variation in the TLR genes and their association to bronchiolitis, post-bronchiolitis 
wheezing, asthma, allergic rhinitis or atopic eczema before school age in previous publications 
from the present cohort. 

 

AR, allergic rhinitis; AE, atopic eczema  

NS, non-significant 

  

TLR gene Bronchiolitis Wheezing 

between 6 

and 18 

months of 

age 

Wheezing/asthma, 

AR or AE between 

1.5 years and 5-7 

years of age 

Asthma, AR 

or AE at 

preschool 

age 

Publication 

TLR1 

rs574618 

NS NS Asthma: increased 

risk 

AE: increased risk  

 

 

NS (158, 160) 

TLR2 

rs5743708 

NS NS NS NS (158, 160) 

TLR3 

rs3775291 

Increased risk  Decreased 

risk 

 

-- -- (163)  

TLR4 

rs4986790 

NS NS -- -- (159, 166) 

TLR6 

rs5743810 

NS NS NS AR: increased 

risk 

AE: increased 

risk 

(158, 160) 

TLR7 

rs179008 

NS NS -- -- (157) 

TLR8 

rs2407992 

NS NS -- -- (157) 

TLR9 

rs187084 

NS Increased 

risk  

-- -- (157) 

TLR10 

rs4129009 

NS NS -- -- (157) 
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3 AIMS OF THE STUDY 

The aims of this study were to investigate the long-term clinical outcome after 

bronchiolitis in infancy and to determine clinical and genetic risk factors that would 

predict asthma after bronchiolitis. 

The specific aims were: 

1. To assess the incidence of asthma, allergic rhinitis and atopic eczema at 11 –

13 years of age after bronchiolitis under 6 months of age. 

2. To compare the prevalence of asthma, allergic rhinitis and atopic eczema at 

11–13 years of age in the original bronchiolitis group and the age- and sex-

matched control group. 

3. To identify clinical early-life and preschool-age risk factors predicting asthma 

at 11–13 years of age after bronchiolitis in infancy. 

4. To explore the role of single nucleotide polymorphisms in TLR 3, 4, 5, 7, 8, 

9 and 10 encoding genes in asthma at 5–7 years of age after bronchiolitis in 

infancy.                                                                                                                                                                           

5. To confirm the role of single nucleotide polymorphisms in TLR 1 and 10 

encoding genes in asthma at 11–13 years of age after bronchiolitis in infancy. 
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4 MATERIALS AND METHODS 

4.1 Enrolment of study subjects and the hospitalisation data 

In all, 203 infants were originally recruited in this study when they were hospitalised 

for bronchiolitis in the Department of Paediatrics, Tampere University Hospital, 

Finland, between December 1, 2001 and May 31, 2002 and between October 28, 

2002 and May 31, 2004. According to the inclusion criteria, the infants had to be less 

than 6 months of age, previously healthy and born full term; of the 203 infants 

recruited, 187 children were eligible for the study. Bronchiolitis was defined as first 

episode of acute LRTI characterised by rhinorrhoea, cough, tachypnoea, feeding 

problems and diffuse wheezes or inspiratory crackles on auscultation. 

During hospitalisation, nasopharyngeal aspirates were taken to determine the 

viral aetiology of bronchiolitis by using indirect immunofluorescence for antigen 

detection of RSV, Influenza A and B viruses, adenovirus and parainfluenzaviruses 1, 

2 and 3. The analyses were supplemented by reverse transcriptase-PCR (RT-PCR), 

which detected the same viruses in addition to RV, metapneumovirus and bocavirus. 

Combined results of these analyses were used to determine the causative agent. The 

need for supplementary oxygen and feeding support and the length of hospital stay 

were recorded for the assessment of disease severity. The parents were interviewed 

using a structured questionnaire and data on parental smoking, including maternal 

smoking during pregnancy, as well as family histories of asthma and allergy were 

collected. 

4.2 Follow-up visit at the age of 1.5 years 

The first follow-up visit was arranged from May 2003 to June 2005, and 129 children 

attended at an average age of 18 months (range 13–25 months). The parents had 

been asked to keep a record of all doctor-diagnosed respiratory infections and 

wheezing episodes after hospitalisation for bronchiolitis. At the control visit, the 

symptom diaries were checked and the parents were interviewed using a structured 

questionnaire to evaluate the occurrence of atopic eczema, wheezing episodes and 
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the use of inhaled corticosteroid (ICS) medication. The children were examined by 

a paediatrician, and blood samples were taken for genetic studies.                                                                                                                                                                                                                                                                                                                          

4.3 Follow-up visit at the age of 5–7 years 

The second follow-up visit was arranged in October 2008, January and March 2009 

and October 2009, when the children were 5–7 years of age. Altogether, 166 children 

took part in the follow-up: 127 participated in the clinical visit, and parents of 39 

children were interviewed by telephone. In the case of an acute respiratory infection 

during the preceding two weeks, the control visit was rescheduled. Antihistamine 

medication had to be discontinued for five days and beta-agonists for at least 12 

hours before the visit.  

A structured questionnaire was sent to homes before the scheduled visit to 

evaluate the occurrence of atopic eczema, allergic rhinitis and doctor-diagnosed 

asthma as well as age at the time of asthma diagnosis. The questionnaire also 

contained current and earlier use of ICSs, and the occurrence of asthma-suggestive 

symptoms was recorded, including wheezing episodes, prolonged cough or night 

cough occurring for more than 4 weeks outside infection after the last control visit. 

Data on family histories of asthma and allergies, as well as parental smoking during 

pregnancy and/or when the child was under 12 months of age were also collected. 

A paediatrician reviewed the pre-filled questionnaires with the families at the follow-

up visit and performed a clinical examination for the child.  

SPTs were performed on 124 children to investigate sensitisation to birch, 

timothy grass and mugwort pollens, cat and dog dander, house dust mites (D. 

pteronyssimus and D. farinae) and spores of the mould Alternaria alternate. A wheal 

diameter of at least 3mm was regarded as positive.  

Lung function was tested by impulse oscillometry (IOS, Master Screen IOS; 

Jaeger, Höchberg, Germany), as published recently (176). In brief, three reliable 

measurements were required: at baseline, after an exercise challenge test outdoors 

and after the inhalation of 300ug salbutamol (Ventolin, GSK, London, UK) through 

a spacer (Babyhaler, GSK, London, UK). At least a 35% increase in 5Hz resistance 

(Rrs5) after exercise or ≤35% decrease in Rrs5 after salbutamol inhalation was 

regarded as pathological bronchial reactivity. The IOS data on lung function at 

preschool age was available for 103 children. 
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4.4 Follow-up visit at the age of 11–13 years 

The 166 children who participated in the previous control visit at 5–7 years of age 

were invited for the third follow-up visit between June 1, 2014 and January 31, 2015, 

when the children were 11–13 years of age. The families were asked to complete a 

structured questionnaire (Appendix 1) before the control visit. Altogether, 138 

children took part in the follow-up: 89 attended the clinical follow-up visit, while an 

additional 49 families just returned the completed questionnaire, supplemented by a 

telephone interview. The questionnaire data were reviewed at the control visit or 

during the telephone interview and included questions on doctor-diagnosed atopic 

eczema, allergic rhinitis and asthma, current medication for asthma and current 

asthma-suggestive symptoms as well as family history of asthma and allergies and 

exposure to tobacco smoke during pregnancy or infancy.  

Lung function of the 89 children who participated in the clinical visit was tested 

with a flow-volume spirometry and a bronchodilation test. Measurements were 

performed before and 15 minutes after the inhalation of 400ug salbutamol (Ventolin, 

GSK, London, UK); three technically acceptable measurements were required at 

both times. The best pre- and post-treatment values of forced expiratory volume in 

one second (FEV1) were analysed and presented as age- and gender-specific and 

height-adjusted values (predicted FEV1). The bronchodilation test was regarded as 

positive and showing a reversible bronchial obstruction if the predicted FEV1 

increased 12% and 0.2l or more after the administration of salbutamol.  

4.5 Control group 

For the third follow-up visit, four controls were invited for each of the 166 former 

bronchiolitis patients. The controls were matched for age and gender and were 

selected from the population register of the Tampere (Pirkanmaa) Hospital District. 

Hospitalisation for any medical reason and outpatient treatment for bronchiolitis or 

any other LRTI during infancy were exclusion criteria. Prior to the visit, the controls 

received the same questionnaire sent to the bronchiolitis group. In all, 108 controls 

(out of 664 invited) attended the clinical visit and performed the lung function test. 

An additional four families only returned the completed questionnaire.  
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4.6 Outcome variables 

At 11–13 years of age, the outcome events of this study were current asthma, 

continuous ICS use during the last 12 months, persistent asthma, current allergic 

rhinitis and current atopic eczema. Current asthma was considered to be present if 

the child had used ICS for asthma regularly during the last 12 months or if the child 

had suffered from repeated wheezing or from prolonged cough or night cough over 

four weeks during the last 12 months, and, in addition, had a diagnostic increase of 

FEV1 in the bronchodilation test. Persistent asthma was defined as the presence of 

current asthma at both control visits at 5–7 years of age and 11–13 years of age, 

respectively. Current allergic rhinitis was defined as symptoms of runny or stuffy 

nose or sneezing outside infection during the last 12 months. Current atopic eczema 

was defined as doctor-diagnosed allergic eczema that was symptomatic during the 

preceding 12 months. 

At 5–7 years of age, when the associations of TLR gene polymorphisms with 

post-bronchiolitis outcomes were analysed, the outcome variables were current 

asthma, asthma ever, current atopic eczema or current allergic rhinitis. During the 

follow-up visit at 5–7 years of age, current asthma was considered to be present if 

the child had had continuous maintenance medication for asthma during the last 12 

months. In addition, children who had suffered from asthma-presumptive 

symptoms (doctor-diagnosed wheezing or prolonged cough or night cough over 

four weeks) during the last 12 months and whose IOS was pathological were 

regarded as current asthmatics. Asthma ever was defined as current or previous 

asthma. 

4.7 Genetic methods 

The polymorphisms of the TLR1 rs5743618 (1805 G/T), TLR3 rs3775291 (1234 

C/T), TLR4 rs4986790 (299 A/G), TLR5 rs5744174 (1174 C/T), TLR7 rs179008 

(171 A/T),  TLR8 rs2407992 (2040 C/G), TLR9 rs187084 (1486 T/C) and TLR10 

rs4129009 (2322 A/G) were determined by the National Institute of Health and 

Welfare, Turku, Finland, and the Department of Medical Microbiology and 

Immunology, University of Turku, Finland, as described earlier (158). These SNPs 

were selected for their previously reported functional properties. Except for TLR5 

rs5744174, all other polymorphisms have been investigated previously in this cohort 

in relation to bronchiolitis and repeated wheezing after bronchiolitis. In addition, 
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TLR1 rs5743618, TLR2 rs5743708 and TLR6 rs5743810 have been investigated in 

relation to asthma at 5–7 years of age after bronchiolitis (160). TLR2 rs5743708 and 

TLR6 rs5743810 were not associated with current or previous asthma at 5–7 years 

of age and thus were not included in the confirmatory studies at 11–13 years of age. 

The genotyping of TLR1 rs5743618, TLR3 rs3775291 and TLR8 rs2407992 was 

performed by pyrosequencing (PSQ™96MA Pyrosequencer, Biotage, Uppsala, 

Sweden) using a PSQ™96 Pyro Gold Q96 reagent kit according to the 

manufacturer’s protocol, as described earlier (160, 163, 177). The genotyping of 

TLR4 rs4986790 was performed by the ABIPRISM 7000 Sequence Detection 

System (Applied Biosystems, CA)(166) and later supplemented with pyrosequencing 

(PSQ™96MA Pyrosequencer, Biotage, Uppsala, Sweden) using a PSQ™96 Pyro 

Gold Q96 reagent kit (178). For TLR7 rs179008, the PCR products were first 

purified using the QIA quick PCR Purification Kit (Qiagen, Hilden, Germany) 

according to the manufacturer's protocol. After purification, the PCR products were 

pipetted to a 96-well plate (5µl) together with TLR7 rs179008 forward primer (1.6µl), 

and the 96-well plate was sent to the Institute for Molecular Medicine laboratory in 

Helsinki, Finland, for sequencing (161). TLR9 rs187084 genotyping was performed 

using BspTI restriction enzyme (ThermoFischer Scientific, Waltham, USA) for 

digestion of the PCR product (161).  

High resolution melting analysis (HRMA) (Roche Diagnostics Light Cycler 480, 

Basel, Switzerland) was used for genotyping of TLR5 rs5744174 and TLR10 

rs4129009 (161, 179). HRMA is a post-PCR melt analysis method based on the 

analysis of released fluorescence from binding dye of the dsDNA. Primers (forward 

5´-ACCTTCCGTGGAAAGAGAGAA-3´ and reverse 5´-

TGCAGACATATATTGTGTGTACCCT-3) were designed with the Primer-Blast 

design tool. Amplicon size was only 70bp which is small enough to maximise the 

difference between melting peaks in variant genotypes and to avoid the other SNPs. 

Three samples with known genotypes were used to determine the proper 

concentration of MgCl2 and the appropriate annealing temperature for assay. In each 

run reaction, the volume was 20µl, consisting of 3µl of genomic DNA (~8,0ng/µl) 

and 17µl of master mix, including 10µl of melting master dye and 0.2µM of forward 

and reverse primers. The master mix provides a final concentration of 3 mM of 

MgCl2. HRMA reactions were run at 95°C for 10 min followed by 45 cycles of 

amplification at 95°C for 10 s, at 60°C for 10 s and at 72°C for 15 s. After the PCR 

process, final melting cycle conditions were as outlined by the manufacturer: first 

heating to 95°C and hold for 1 min, then cooling to pre-hold temperature (40°C). 

Melting interval for collecting fluorescence from 60°C -95° at ramp rate 0.02°C per 
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second. In each run, known TLR5 rs5744174 and TLR10 rs4129009 standards (wild, 

and heterozygous and homozygous variants) were used. 

There were 135 samples available for genotyping of the TLR3, TLR4, TLR7, and 

TLR8. For the genotyping of the TLR9 and TLR10, 134 samples were available. 

4.8 Statistical analyses 

Statistical analyses were performed using SPSS for Windows versions 21.0 and 23.0 

(IBM Corp, NY, USA). The Chi-square test was used for categorised variables, but 

in the case of a small sample size, when the expected frequency for any cell was less 

than 5, Fisher’s exact test was used, as appropriate. Logistic regression was used to 

analyse the association between early-life risk factors (maternal asthma, maternal 

allergy, atopic eczema at less than 12 months of age and non-RSV aetiology of 

bronchiolitis) and preschool-age risk factors (allergic rhinitis and SPT positivity) and 

current asthma at 11–13 years of age. Those factors, which were significant in the 

non-adjusted analyses, were included in the adjusted analyses. In addition, logistic 

regression with adjustments for age and gender was used to analyse the TLR3, TLR4, 

TLR5, TLR7, TLR8, TLR9 and TLR10 genotypes between those with and without 

current asthma, asthma ever, current allergic rhinitis or current atopic eczema at the 

preschool-age follow-up visit. Logistic regressions were initially carried out as 

univariate analyses and then as multivariate analyses, adjusted for gender, age, early-

life risk factors (namely, maternal asthma and non-RSV aetiology of bronchiolitis); 

and current confounder (namely, current atopic eczema). At the 11–13 years follow-

up visit, logistic regression with adjustments for gender and age was used to analyse 

the TLR1 and TLR10 genotypes and genotype combinations between those with 

and without current asthma, persistent asthma, current ICS medication for asthma, 

current allergic rhinitis or current atopic eczema. In multivariate analyses, 

adjustments were made with maternal asthma, atopic eczema at less than 12 months 

of age and non-RSV aetiology of bronchiolitis. The results were expressed as odds 

ratios (OR) and 95% confidence intervals (95% CI).  

The FINETTI programme was used to evaluate the Hardy-Weinberg equilibrium 

(HWE) of the studied TLR1, TLR3, TLR4, TLR5, TLR9 and TLR10 alleles, and all 

were in the HWE. Since TLR7 and TLR8 genes are located in the X chromosome, 

boys and girls were analysed separately and HWE was not studied. 



 

50 

4.9 Ethics 

The study was approved by the Ethics Committee of the Tampere (Pirkanmaa) 

University Hospital District, Finland. Before enrolment and at follow-up visits at 1.5 

and 5–7 years of age, parents gave written consent of their child’s participation in 

the study. At the latest follow-up visit, at 11–13 years of age, written consent was 

obtained from the study subjects and controls themselves, as they were regarded as 

able and old enough to understand the given information. The use of genetic data 

was limited to bronchiolitis and asthma research only, and personal details of the 

study participants were not given to the genetic laboratories. Before each control 

visit, an invitation letter with information about the study and a structured 

questionnaire was sent to homes. The study visit had been scheduled beforehand for 

each study subject, but it was highlighted in the invitation letter that participation 

was voluntary and that they could choose not to attend. Those who did so were not 

obliged to reschedule or to cancel the visit by contacting the study nurse. The families 

had also the opportunity to participate in the study by answering the questions in a 

telephone interview. In contrast, the controls had to schedule the visit themselves if 

they chose to take part in the study, and the contact information of the study nurse 

was provided in the invitation letter. In case the controls did not react, reminders 

were not allowed. 
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5 RESULTS 

5.1 Post-bronchiolitis outcome at the age of 11–13 years (Article I) 

In all, 138 children from the bronchiolitis group participated in the follow-up study 

at the mean age of 11.7 years (range 10.2–13.2); 72 (52.2%) of them were boys. 

Current asthma was present in 18 (13.0%) children, boys being slightly 

overrepresented (61.1%, p=0.42). Of the 18 current asthmatics, 14 had used ICSs as 

maintenance medication for asthma during the last 12 months and 4 were diagnosed 

to have asthma at the study visit (Table 3). 

Current atopic manifestations were relatively common in former bronchiolitis 

patients; 60 (43.5%) children had current allergic rhinitis and 35 (25.4%) had current 

atopic eczema.  

There were no significant differences in the preschool risk factors, such as allergic 

rhinitis, atopic eczema or the use of bronchodilators or ICSs, or in the prevalence of 

current asthma reported at the 5–7 years follow-up visit between the 138 participants 

and the 28 drop-outs. Likewise, the 89 children who attended the clinical follow-up 

differ did not differ from those 49 who only answered the questionnaire in terms of 

the risk factors or the occurrence of current asthma or asthma from 5–7 years until 

11–13 years of age. 
Current asthma was present in 12 (10.7%) children in the control group. Of them, 

9 had used ICSs during the last 12 months and 3 were diagnosed to have asthma at 

the study visit. Thus, the prevalence of asthma was almost the same in the cases and 

the controls. The cases and controls did not differ for the current atopic 

manifestations (allergic rhinitis or atopic eczema) or for their parental history of 

asthma or allergy (Table 3). Asthma in fathers was marginally more common in 

controls than in cases. Early-life tobacco smoke exposure was significantly more 

common in the bronchiolitis group than in the control group: 13.8% (vs. 2.7%, 

p=0.002) of the mothers in the bronchiolitis group had smoked during pregnancy, 

and 21.7% (vs. 5.4%, p<0.001) of the mothers and 36.2% (vs. 23.2%, p=0.026) of 

the fathers in the bronchiolitis group had smoked when the children were under 12 

months old (Table 3).  
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Table 3.  Baseline characteristics in 138 children hospitalised for bronchiolitis before 6 months of 
age and in 112 age- and sex–matched population-based controls, based on questionnaires 
completed at the follow-up visits at the age of 11–13 years. 

 Bronchiolitis group 

n=138 

 Control group 

n=112 

 

           n       %  n %   p value* 

       

Males 72 52.2  62 55.4 0.616 

Current allergy       

Atopic dermatitis 35 25.4  26 23.2 0.694 

Allergic rhinitis 60 43.5  50 44.6 0.854 

Family asthma and allergies       

Asthma in mothers 18 13.0  15 13.4 0.953 

Asthma in fathers 9 6.5  16 14.3 0.044 

Allergy in mothers 49 35.5  46 41.1 0.391 

Allergy in fathers 38 27.5  38 33.9 0.291 

Early smoking exposure       

Maternal smoking (pregnancy) 19 13.8  3 2.7 0.002 

Maternal smoking (<12 months of 

age) 

30 21.7  6 5.4 <0.001 

Paternal smoking (<12 months of 

age) 

50 36.2  26 23.2 0.026 

Current asthma and ICS use       

Current asthma 
 

18 13.0  12 10.7 0.573 

Current ICS use 14 10.1  9 8.0 0.566 
       

*Calculated by Chi-square test or Fisher´s exact test.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
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5.2 Risk factors for post-bronchiolitis asthma at the age of 11–13 years 
(Article I) 

5.2.1 Atopy 

Atopic manifestations in infancy and at preschool age were associated with an 

increased risk for post-bronchiolitis asthma at 11–13 years of age. Of the 18 current 

asthmatics, 15 had current and/or earlier atopic manifestations, such as atopic 

eczema at <12 months of age, or allergic rhinitis or SPT positivity at 5–7 years of 

age (Table 3). These participants were regarded as having atopic asthma.  

Half of the current asthmatics had a history of atopic eczema before 12 months 

of age, and atopic eczema in infancy was a significant early-life risk factor for post-

bronchiolitis asthma (Table 4). Allergic rhinitis and SPT positivity when present at 

preschool age predicted current asthma at 11–13 years of age (Table 5). However, in 

a multivariate analysis, atopic eczema in infancy lost its significance as an early-life 

risk factor (Table 6, Model 1). When allergic rhinitis was included in the analysis as 

a preschool-age risk factor, its association with post-bronchiolitis asthma remained 

significant (Table 6, Model 2). Data on SPT positivity were available only for 109 of 

138 children. In a supplementary analysis, where allergic rhinitis was replaced with 

SPT positivity as a preschool-age risk factor, SPT positivity retained its significance 

(Table 6, Model 3). Asthma before school age predicted current asthma at 11–13 

years of age (Figure 2). Eleven of the 18 (61.1%) with current asthma, also had 

asthma at the earlier follow-up visit at 5–7 years of age (p<0.001). All children with 

asthma at both the 5–7 and 11–13 years follow-up visits presented with current 

allergic rhinitis; and were thus considered to have atopic asthma. 
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Table 4.  Early-life risk factors and current asthma at 11–13 years of age after severe bronchiolitis 
before 6 months of age. 

 Current asthma 
 

 

 Yes  No  
 

 
 

n %  n %  p value* 

 
Male gender 
 

    
 11 

 
61.1 

  
61 

 
50.8 

 
 0.420 

Age at admission       
< 3 months (n=82) 

 
  7 38.9  75 62.5  

 >3 months (n=56) 
 

   11 61.1  45 37.5 0.057 

RSV (n=91) 
 

   10 55.6  81 67.5  

Non-RSV (n=47)** 
 

8 44.4  39 32.5  0.320 

Rhinovirus (n=18) 
 

2 11.1  16 13.3 1.0 

Atopic dermatitis (<12 months of age) 
(n=40) 
 

    9 50.0  31 25.8 0.035 

Maternal smoking (pregnancy )   
(n=24)                            
 

    2 11.1  22 18.3 0.740 

Maternal smoking (<12 months of 
age) (n=37) 
 

5 27.8  32 26.7 1.00 

Paternal smoking (<12 months of age) 
(n=56) 
 

7 38.9  49 40.8 0.880 

Asthma in mothers (n=22) 
 

8 44.4  14 11.7 0.002 

Asthma in fathers (n=8) 
 

0 0.0  8 6.7 0.600 

Allergy in mothers (n=58) 
 

   13 72.2  45 37.5 0.005 

Allergy in fathers (n=34) 
 

4 22.2  30 25 1.000 

Pets at home (n=45) 
 

4 22.2  41 34.2 0.310 

 *Calculated by Chi-square test or Fisher´s exact test. **Non-RSV group consisted of 18 rhinovirus-positive and 10 

virus-negative cases and of 19 cases caused by other viruses.  
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Table 5.  Preschool-age risk factors and current asthma at 11–13 years of age after severe 
bronchiolitis before 6 months of age. 

 Current asthma 
 

 

 Yes  No  
 

 
 

n %  n %  p value* 

       
       

Allergic rhinitis n=39 
 

   11 61.1  28 23.3 0.001 

SPT positivity n=32** 
 

9/14 64.3  23/95 24.2  0.002 

Asthma n=20 
 

11 61.1  9 7.5 <0.001 

*Calculated by Chi-square test or Fisher´s exact test. **Skin prick test (SPT) results were available from 109 children 
(14 of those with present asthma), other data available from 138 children. SPT positivity was defined as a  wheal 
diameter of 3mm or more as a reaction to at least one of the tested allergens. 

 

Figure 2.  Current asthma in relation to doctor-diagnosed asthma before school age after 
hospitalisation for bronchiolitis before 6 months of age. 

 

*p=0.047, **p=0.076, #p=0.001, ##p<0.001 
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5.2.2 Parental atopy and asthma 

Parental history of asthma was common in the study subjects. Eighteen (13.0%) of 

the mothers and 9 (6.5%) of the fathers reported having asthma, and 49 (35.5%) of 

the mothers and 38 (27.5%) of the fathers reported having allergy (Table 3). In 

univariate analysis, maternal asthma and allergy were significantly associated with 

post-bronchiolitis asthma at 11–13 years of age, whereas paternal asthma and allergy 

were not (Table 4). In multivariate analyses, maternal asthma was the only significant 

early-life risk factor for post-bronchiolitis asthma. It also retained its significance 

when allergic rhinitis as a preschool-age risk factor was included in the analyses 

(Table 6, Model 2). In the supplementary analysis including only those 109 children 

with SPT data available, maternal asthma marginally lost its significance (Table 6, 

Model 3).  

Table 6.  Logistic regression: Early-life and preschool-age risk factors for asthma at age 11–13 
years after hospitalisation for bronchiolitis in early infancy.  

 Univariate  Multivariate 

    Model 1  Model 2  Model 3 

 OR 95% CI  OR 95% CI  OR 95% CI  OR 95% CI 

AE at < 12 

months of 

age 

2.87 1.05-

7.89 

 1.92   0.65-

5.69 

 2.00 0.65-6.13  1.34 0.38-4.61 

Allergy in 

mother   

4.33 1.45-

12.96 

 2.45   0.72-

8.32 

 1.95 0.56-6.80  1.99 0.56-7.04 

Asthma in 

mother 

6.06 2.05-

17.91 

 3.45   1.07-

11.74 

 3.50 1.04-11.78  1.99 0.47-8.38 

AR at age 

5-7 years 

5.16 1.83-

14.56 

    4.06 1.35-12.25    

SPT 

positivity at 

age 5-7 

years* 

5.64 1.72-

18.52 

       5.01 1.47-

17.01 

 Model 1 includes early-life risk factors (AE at <12 months of age, maternal allergy, maternal asthma) and Models 
2 and 3 both early-life and preschool-age (AR at age 5–7 years or SPT positivity at age 5–7 years) risk factors. 
* Data available from 109 children. 
  AE=atopic eczema   AR=allergic rhinitis 
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5.2.3 Age and environmental factors  

Children who were older than 3 months on admission for bronchiolitis were more 

likely to have current asthma than were younger infants, but this difference did not 

reach statistical significance (19.6% vs. 8.5%, p=0.057) (Table 4.).  

Altogether, 42.9% of children in the bronchiolitis group were exposed to parental 

smoking either during pregnancy or in infancy. However, pre- or postnatal tobacco 

smoke exposure was not associated with post-bronchiolitis asthma at 11–13 years of 

age (Table 4). 

Bronchiolitis was caused in 65.9% of the cases by RSV and in 13.0% by 

rhinovirus (Table 4). In 13.8% of the cases, another virus was responsible (influenza 

A virus in 7, metapneumovirus in 3, human bocavirus in 1, adenovirus in 3 and 

parainfluenza type 1, 2 or 3 in 5). In 7.2% of the cases the aetiological agent was not 

identified. Of the children with current asthma, 11% had a history of RSV 

bronchiolitis, 11% had a history with rhinovirus and 17% of had non-RSV 

bronchiolitis in infancy (Table 4). The impact of RSV vs. non-RSV bronchiolitis on 

the asthma outcome did not reach statistical significance (p=0.22) (Table 4). All eight 

children with a history of non-RSV bronchiolitis presented with atopic asthma, 

whereas all three non-atopic asthmatics belonged to the RSV group. 

5.3 Polymorphisms in the TLR3, TLR4, TLR5, TLR7, TLR8, TLR9 and 
TLR10 genes and post-bronchiolitis asthma at 5–7 years of age 
(Articles II, III) 

Blood samples for exploratory studies regarding TLR3 rs3775291, TLR4 rs4986790, 

TLR7 rs179008 and TLR8 rs2407992 polymorphisms were available from 135, 

regarding TLR9 rs187084 and TLR10 rs4129009 from 134 and regarding TLR5 

rs5744174 from 139 of the 166 children who participated in the follow-up study at 

5–7 years of age. The genotype distributions and minor allele frequencies are 

presented in Table 7. Wild genotype is the synonym for major-major genotype, 

whereas major-minor and minor-minor genotypes are called variant genotypes. In 

TLR3, 45.9% of the children had the wild (CC) genotype, and variant (TC or TT) 

genotype was found in 54.1% of the cases. Wild (AA) TLR4 genotype was found in 

83.7% and variant (AG) in 16.3% of the cases. In TLR5, 19.6% of the children had 

the wild (CC) and 80.4% had the variant (CT or TT) genotype. The TLR9 genotype 

was wild (TT) in 32.1% and variant (TC or CC) in 67.9% of the participants. The 

minor allele frequencies did not differ significantly when compared to the Finnish 



 

58 

population data from the 1000 Genomes Project Consortium (Table 7). There were 

no significant associations between the TLR3, TLR4, TLR5 or TLR9 genotypes and 

asthma ever, current asthma, current atopic eczema or current allergic rhinitis 

(Article II, Article III).  

TLR7 and TLR8 genes are located in the X chromosome, and therefore the 

genotype distributions and the associations of genotypes with post-bronchiolitis 

outcomes were analysed separately for boys and girls. As boys possess only one X 

chromosome, they have only one allele of the TLR7 and TLR8 genes (major, wild-

type, or minor, variant-type).  

In TLR7, 60.6% of the girls had the wild genotype (AA) and 39.4% had the 

variant genotype (AT or TT), while 79.4% of the boys had the major (wild-type) 

allele A and 20.6% had the minor (variant-type) allele T of the TLR7 gene. Asthma 

ever was significantly more common in girls with the variant genotype AT or TT of 

the TLR7 gene (34.6% vs. 12.5%, p=0.03). When adjusted for age, gender, maternal 

asthma, non-RSV aetiology of bronchiolitis and current atopic eczema, the 

association remained significant (aOR 3.93, 95% CI 1.06–14.58). This kind of 

association was not seen in boys (Article II). Neither girls nor boys showed any 

significant associations between the TLR7 genotypes and current asthma, current 

atopic eczema or allergic rhinitis (Article II).  

The TLR8 genotype was wild (GG) in 34.8% and variant (GC or CC) in 65.2% 

of the girls. In boys, the major (wild-type) allele G was present in 50.7% and the 

minor (variant-type) allele C in 49.3%. No significant associations were seen between 

the TLR8 genotypes and asthma ever, current asthma, current atopic eczema or 

current allergic rhinitis in either girls or boys (Article II).  

The wild (AA) TLR10 genotype was present in 84.3% and the variant (AG or 

GG) genotype in 16.7% of the cases. Current asthma was significantly more 

common in 21 children with the variant genotype (AG or GG) (28.6% vs. 10.6% of 

those 113 with the wild genotype AA, p=0.03). The OR adjusted for age and gender 

was 3.74 (95% CI 1.19–11.78). The association remained significant in logistic 

regression adjusted for age, gender, early-life risk factors of maternal asthma and 

non-RSV aetiology of bronchiolitis, and current atopic eczema (current confounder) 

in the same model (adjusted OR 4.30, 95% CI 1.30–14.29). No statistically significant 

associations were found between TLR10 gene polymorphisms and asthma ever, 

current atopic eczema or current allergic rhinitis (Article II).  
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Table 7.  TLR 3, 4, 5, 7, 8, 9 and 10 genotypes and minor allele frequencies (MAFs) at 5–7 years of 
age.  

Gene  SNP  Genotype distribution  MAF  FIN*  

    wild  variant 

 

     

            

TLR3  rs3775291  CC 0.46  CT 0.41  0.33  0.33  

  C >T    TT 0.13      

TLR4  rs4986790  AA 0.84  AG 0.16  0.08  0.12  

  A>G    GG 0.0      

TLR5  rs5744174  CC 0.26  CT    0.50  

  C>T    TT      

TLR7  rs179008 

A>T 

 AA 0.61 (girls)  AT 0.35 (girls) 

TT 0.04 (girls) 

 0.22 

(all) 

 0.31 

(all) 

 

            

    A   0.79 (boys)  T  0.21(boys)      

TLR8  rs2407992 

G>C 

 GG 0.35 (girls)  GC 0.48(girls) 

CC0.17(girls) 

 0.45 

(all) 

 0.36 

(all) 

 

            

    G  0.51 (boys)  C 0.49 (boys)      

TLR9  rs187084  TT 0.32  TC 0.43  0.46  0.45  

  T>C    CC 0.25      

TLR10  rs4129009 

A>G 

 AA 0.84  AG 0.15  0.08  0.08  

      GG 0.01      

*Data from the 1000 Genomes Project (180) 

5.4 Polymorphisms in the TLR1 and TLR10 genes and post-
bronchiolitis asthma at 11–13 years of age (Article IV) 

In the present cohort, TLR1 rs5743618 gene polymorphism (160) and TLR10 

rs4129009 gene polymorphism (Article II) were associated with post-bronchiolitis 

asthma at 5–7 years of age, when all 10 TLR gene polymorphisms were included in 

the exploratory analyses. 

Blood samples for confirmatory analyses of the association between TLR1 

rs5743618 gene polymorphism or TLR10 rs4129009 gene polymorphism and post-

bronchiolitis asthma at 11–13 years of age were available for 125 of those 138 

children who took part in the follow-up visit at that age. There were no significant 

differences in the minor allele frequencies between the subjects of the present cohort 

and Finnish controls from the 1000 Genomes Project Consortium (Article IV). 
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The wild genotype GG in TLR1 rs5743618 was present in 73% and the variant 

genotype GT or TT in 27% of the children attending the 11–13 years follow-up. The 

need of continuous ICS medication in the last 12 months was significantly more 

common in children with the variant genotype GT or TT (OR 3.70, 95% CI 1.04–

13.01) than in those with the wild genotype GG (Table 8). The associations between 

TLR1 genotypes and current asthma at 11–13 years of age or persistent asthma from 

5–7 to 11–13 years of age failed to reach statistical significance (Table 8). 

The wild genotype AA in the TLR10 rs4129009 was present in 83% and variant 

genotype AG or GG in 17% of the children attending the 11–13 years follow-up. 

The need for continuous ICS medication in the last 12 months was significantly more 

common in children with the variant genotype AG or GG (OR 5.05, 95% CI 1.38–

18.53) than in those with the wild genotype AA (Table 8). In addition, the variant 

genotype increased the risk of persistent asthma from 5–7 to 11–13 years of age (OR 

4.61, 95% CI 1.12–18.93). There was a parallel but statistically non-significant trend 

between the variant genotype and the risk of current asthma at 11–13 years of age 

(Table 8).  

There were no significant associations between TLR1 or TLR10 genotypes and 

doctor-diagnosed allergic rhinitis or doctor-diagnosed atopic eczema (Article IV).  

Multivariate logistic regression with adjustments for age, gender, non-RSV 

aetiology of bronchiolitis and atopic eczema at less than 12 months of age was used 

to evaluate the impact of TLR1 and TLR10 variant genotypes, first separately and 

then in combination, to the presence of current or persistent asthma or current ICS 

use at 11–13 years of age. In these adjusted analyses, the TLR1 variant genotype 

marginally lost statistical significance as a risk factor for current ICS use (adjusted 

OR 4.04, 95% CI 0.99–16.54), but the TLR10 variant genotype retained statistical 

significance as a risk factor for persistent asthma (adjusted OR 7.69, 95% CI 1.35–

43.95) and current ICS use (adjusted OR 7.02, 95% CI 1.58–31.89).  

Children with the variant genotype both in TLR1 and TLR10 genes, presented 

with persistent asthma and reported current ICS use significantly more often than 

children with the combination of wild genotypes in these genes; the adjusted OR 

was 7.1 (95% CI 1.58–31.9) for persistent asthma and 7.7 (95% CI 1.36–44.3) for 

ICS use, respectively.  
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Table 8.  Genotypes of TLR1 rs5743618 and TLR10 rs4129009 genes, classified as wild and 
variant as risk factors for ICS use, current asthma and persistent asthma at 11–13 years of age in 
children hospitalised for bronchiolitis under 6 months of age. 

  ICS use in previous 12 
months 
  
n=11 

 Current asthma 
 
n=15 

 Persistent asthma  

n=9 

  n  % OR 
 
(95%CI) 

 n % OR 

(95%CI) 

 n % OR  

(95%CI) 

TLR1 
rs5743168 

            

GG  
(wild) 
n=91 

 5  

 

5.5   9  

 

9.9   4 

 

4.4  

GT/TT (variant) 
n=34 

 6  

 

17.6 3.69 

(1.04-
13.01) 

 6  

 

17.6 1.95 

(0.64-
6.00) 

 5  

 

14.7 3.75 

(0.94-
14.91) 

TLR10 
rs4129009 

         

AA  
(wild) 
n=103 

 6  5.8  10  

 

9.7   5 4.9  

AG/GG 
(variant) 
n=21 

 5  

 

23.8 5.05 

(1.38-
18.53) 

 5  23.8 2.91 

(0.88-
9.63) 

 4  

 

19.0 

 

4.61  

(1.12-
18.93) 
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6 DISCUSSION 

6.1 Post-bronchiolitis outcome at the age of 11–13 years 

In this hospital-based long-term follow-up study, the prevalence of doctor-

diagnosed asthma after hospitalisation for bronchiolitis under 6 months of age was 

13.0% for young teenagers. The prevalence of asthma in the general Finnish 

population in school-aged children is 7% (69). This means that bronchiolitis in 

infancy increased the risk of asthma nearly twofold. The prevalence of asthma in the 

age- and sex-matched control group of children with no history of bronchiolitis in 

infancy was 10.7%; thus, it did not differ from the bronchiolitis group. The 

prevalence of allergic rhinitis in former bronchiolitis patients was 43%, and the 

prevalence of atopic eczema was 25.4%. This occurrence of allergic rhinitis was more 

common than the reported 6–14% in the general population of school-aged children 

in Finland (69). The figure was 44.6% in the controls of the present study. The 

occurrence of atopic eczema was rather similar, about 25%, in both study groups 

and in the Finnish child population (69). It is worth noting, that the participation 

rate of the controls was only 16.1%, and a selection bias was evident. It is well known 

that symptomatic subjects are more motivated to take part in clinical studies than are 

those who are symptom free (181, 182). 

The 13% prevalence of asthma in this cohort is markedly lower compared to 

other hospital-based post-bronchiolitis follow-up studies, in which the prevalence 

has varied between 30% and 40% at school age (11-16). Age at the time the infants 

were hospitalised for bronchiolitis is an evident reason to explain the differences in 

these figures. In the present cohort, all infants were under 6 months of age, whereas 

the upper age limit in all other post-bronchiolitis follow-up studies has been 12 or 

24 months. Younger age on admission has predicted a more beneficial outcome of 

bronchiolitis. In a Finnish prospective bronchiolitis study, the occurrence of asthma 

was 31% at 12 years of age in those who were admitted to the hospital before 12 

months of age and 55% in those who were admitted at 12–24 months of age (11). 

Accordingly, the beneficial effect associated with younger age was also seen in the 

current study; only 8.5% of those who were 3 months or younger at admission had 

asthma at the age of 11–13 years, compared to 19.6% of those aged 3–6 months, 
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although this difference did not quite reach statistical significance. It is intriguing that 

although the youngest infants are at the greatest risk for severe disease, they seem 

more likely to experience a more beneficial long-term outcome after bronchiolitis. 

Thus, children who are over 6 or 12 months of age at the time of hospitalisation for 

bronchiolitis probably have inherited predisposition to asthma, and virus-induced 

wheezing may be the first mark of this predisposition. In contrast, the youngest 

infants develop bronchiolitis due to their immature immune responses. If they have 

no other risk factors for asthma, their long-term respiratory outcome does not 

substantially differ from that of the general population.  

As is well known, age is linked with the virus aetiology of bronchiolitis, RSV being 

the major virus before and RV after 12 months of age. In this cohort, with 

bronchiolitis at less than 6 months of age, 66% of infants had RSV and only 13% 

had RV as a causative agent of bronchiolitis. Only a few studies to date have assessed 

the impact of viral aetiology on long-term asthma outcome after bronchiolitis. In 

those long-term studies, as well as in studies with shorter follow-up times, RSV has 

been associated with more beneficial outcome than RV bronchiolitis or non-RSV 

bronchiolitis, which fits well with the low asthma prevalence in early teenage years 

in this study. In the previous Finnish hospital-based cohort study, the prevalence of 

asthma at 11–14 years of age was 58% after RV bronchiolitis and 20% after RSV 

bronchiolitis at less than 24 months of age (11). In a Norwegian study, only non-

RSV bronchiolitis at less than 12 months of age was related to increased asthma risk 

at 11 years of age, whereas no significant difference in asthma prevalence was seen 

between the RSV bronchiolitis group and the unselected control group (16). Similar 

results were reported from a high-risk birth cohort study that followed children after 

outpatient wheezing before 3 years of age; only wheezing during RV infection was 

associated with asthma at 13 years of age, whereas RSV lost its significance by that 

age as a risk factor for asthma (102). In the present cohort, the risk of asthma at 

preschool age was significantly higher after non-RSV (7.7%) than after RSV 

bronchiolitis (24.4%) (62). In the present study, a similar trend was seen at 11–13 

years of age, although it no longer reached statistical significance anymore. The lack 

of a significant association at this age may reflect the effect of other risk factors that 

may become more important as children grow older. There was no difference in the 

asthma outcome between RV and RSV bronchiolitis groups, perhaps because of lack 

of power due to a low number of RV bronchiolitis patients. The non-RSV group 

also included those who tested virus negative. Since bronchiolitis is always of viral 

origin and the PCR-based RSV test has an almost 100% specificity (183), it may be 

that the subset of the virus-negative cases were actually RV-C cases. The RV-C strain 
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is known to cause 30–60% of all RV infections (55, 58, 184), and there were no tests 

for RV-C available at the time the viral samples were taken.  

Allergy was relatively common in former bronchiolitis patients. In the present 

cohort, 83% of current asthmatics were regarded as having atopic asthma. In most 

long-term studies, atopy has been established as a strong risk factor for post-

bronchiolitis asthma (11, 12, 14, 22). Only one hospital-based study suggested a 

causal relationship between bronchiolitis and allergy, based on the observation that 

allergy was significantly more common in bronchiolitis group than in the control 

group (15). However, the control group in that study can be regarded as somewhat 

selected because the prevalence of asthma (3%) and allergic rhinitis (15%) were lower 

than in the general population. Some studies have suggested that atopy is linked with 

an increased post-bronchiolitis asthma risk only after RV bronchiolitis (92). In the 

present cohort, atopic manifestations were slightly more common in those 

asthmatics who had RV or non-RSV bronchiolitis in infancy (100%), compared to 

asthmatics who had RSV bronchiolitis (70%), but the difference was not statistically 

significant.  

Based on the observations that atopic manifestations are more common in 

patients with RV bronchiolitis (25), and supported by the fact that RV is a common 

agent involved in asthma exacerbations because of impaired antiviral response 

characteristic for asthma (84, 104), RV bronchiolitis may actually be the first sign of 

asthma or predisposition for asthma. In contrast, RSV can induce neurogenic 

inflammation, leading to bronchial hyperreactivity that may persist for several years 

or, alternatively, can cause direct injury to the lungs, leading to airway remodelling 

and decreased lung function in later life (49). Without other predisposing factors, 

children with RSV bronchiolitis have an opportunity to grow out of their asthma 

symptoms by school age. Since RV is overrepresented among children who wheeze 

for the first time at over 12 months of age (3), it is possible, that a subset of patients 

with underlying asthma exists in studies with an upper age limit of 24 months for 

bronchiolitis, and that this may have led to the overestimation of the post-

bronchiolitis asthma risk. Therefore, it has been suggested that the upper age limit 

for bronchiolitis should be standardised globally to 12 months or even to 6 months 

(33).  
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6.2 Early-life predictive factors 

Wheezing symptoms are common in preschool years but often relieve with age. The 

clinical features of early wheezing periods are the same in infants at risk for later 

asthma as in those who will outgrow their symptoms. The diagnosis of asthma is 

difficult in young children because of insufficient cooperation to perform objective 

measurements of lung function. If infants who require more closer follow-up after 

bronchiolitis could be identified based on clinical factors already present in infancy, 

it would help to organise scheduled follow-up visits and perhaps help to identify 

symptoms of asthma earlier in these children.  

In this cohort, as in three other hospital-based follow-up studies (11, 12, 22), 

atopic predisposition was a significant early-life predictor for post-bronchiolitis 

outcome. Maternal asthma and allergy and atopic eczema before 12 months of age 

were associated with post-bronchiolitis asthma at 11–13 years of age in the present 

univariate analyses. Atopic eczema and maternal allergy lost their significance in 

multivariate analyses, however, whereas maternal asthma was the only independent 

early-life risk factor for asthma  at 11–13 years of age. In accordance, a large German 

birth cohort study reported that parental asthma, early atopic eczema and early 

sensitisation to indoor allergens predicted asthma at 13 years of age among children 

who wheezed before 3 years of age (6). It is interesting to note that maternal allergy 

and asthma had relevance for the outcome of bronchiolitis, whereas paternal allergy 

or asthma did not. Although parental atopy has been established as a strong predictor 

of later asthma after bronchiolitis or early wheezing, only a few studies have studied 

the impact of maternal and paternal contribution separately. A cross-sectional 

analysis of a high-risk birth cohort from the U.S. found that the impact of maternal 

asthma had a stronger association than paternal asthma with childhood asthma 

before 5 years of age but that the risks were the same after that (185). Interestingly, 

more than half (61%) of the current asthmatics in the present cohort also had asthma 

at the preschool-age visit, 44% of them had maternal asthma and 50% of them had 

early atopic eczema, whereas none of the current asthmatics had paternal asthma. 

This supports the suggestions represented in the cited birth cohort that inheritance 

of atopic diseases may preferentially occur through mothers and that maternally 

inherited atopy typically manifests in early life (185). 

A longitudinal study that evaluated the association between maternal asthma and 

the occurrence of RSV and RV infections reported that RV infections were more 

common, as well as more severe, than RSV infections in children whose mothers 

had atopic asthma (24). The majority of patients in the present cohort had a history 
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of RSV bronchiolitis, and early atopic characteristics were common when compared 

to the general population. Since atopy also increases the risk of asthma in subjects 

with no history of bronchiolitis (186), it is possible that asthma after RSV infection 

actually develops due to other predisposing factors, such as atopy, whereas atopy is 

not a predisposing factor for RSV bronchiolitis. RV infection, on the contrary, may 

be a marker of impaired antiviral responses due to underlying asthmatic 

predisposition.  

Clinical characteristics, family history of atopic diseases and early-life exposures 

were similar in the bronchiolitis group and the controls, which clearly were selected, 

but an outstanding difference between the cases and the controls was seen in the 

history of pre- and postnatal tobacco smoke exposure, which was much more 

common in the bronchiolitis group. Almost half of the children in the bronchiolitis 

group had tobacco smoke exposure pre- or postnatally. In particular, maternal 

smoking during pregnancy (13.8%) and before the children had reached 12 months 

of age (21.7%) was more frequent when compared to the controls (2.7% and 5.4%, 

respectively). This is in line with previous studies reporting that parental smoking 

increases the risk of hospitalisation for bronchiolitis (37, 38, 107). It has been 

reported that maternal smoking in pregnancy leads to impaired neonatal immune 

responses via attenuated TLR function (187), affects lung growth and reduces lung 

function (188). In the postnatal period, parental smoking — and especially maternal 

smoking—was reported to alter the epithelial function and local immunity in the 

lungs (188). Although early-life exposure to tobacco smoke was common in this 

cohort of former bronchiolitis patients, it was not associated with asthma risk at the 

present follow-up at 11–13 years of age or earlier at 5–7 years of age (62). This is in 

accordance with the results of many other long-term follow-up studies (11, 13, 15, 

91). In contrast, a long-term Swedish hospital-based study reported that postnatal 

exposure to tobacco smoke was significantly associated with asthma 10 years after a 

first wheezing episode before 24 months of age (14) and later in early adulthood 

(189). In the same cohort, however, a similar association was yet not seen at the 

control visit at 6 years of age (21). In a Finnish long-term study, early tobacco smoke 

exposure was associated with lung function impairment at 5–8 years of age (190), 

although it was not associated with clinical asthma. Several studies have reported 

parental smoking in early life as a risk for asthma in general (108, 109). The lack of 

an association with post-bronchiolitis asthma in this study and many other hospital-

based bronchiolitis studies may reflect the fact that smoking exposure is so common 

in this patient group. 
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6.3 Preschool-age predictive factors 

Atopic manifestations become more prevalent with age. Therefore, reassessment of 

risk factors at preschool age helps to define more precisely the post-bronchiolitis 

outcome at later school age.   

In this cohort, allergic rhinitis and SPT positivity at preschool age showed a 

strong association with asthma at 11–13 years of age. As many as 61% of the 

asthmatics presented with allergic rhinitis at the 5–7 years follow-up visit, and 65% 

of them were sensitised to one or more allergens in SPTs. The figures for non-

asthmatic former bronchiolitis patients were 23% and 24%, respectively, the figures 

being rather similar in the general child population at school age. In an adjusted 

analysis with early-life risk factors, allergic rhinitis at preschool age increased the risk 

of post-bronchiolitis asthma fourfold and SPT positivity fivefold. Accordingly, 

allergic rhinitis and sensitisation to inhalant or food allergens have also been 

associated with later asthma in other hospital-based bronchiolitis studies (11, 12, 14, 

22). Sixty-one percent of the current asthmatics had asthma at the preschool-age 

visit; in addition, all of them had current allergic rhinitis. This is in line with the 

retrospective Finnish study that reported a 61% prevalence of allergic rhinitis in 

school-aged children with asthma (191). Simultaneous allergic rhinitis may thus 

predict a more persistent type of asthma, and atopic asthma in childhood has been 

reported to continue into adulthood more often than non-atopic asthma (192, 193).  

The prevalence of asthma in this cohort was the same at both the 5–7 years and 

11–13 years follow-up visits. In accordance, several long-term bronchiolitis studies 

have described the incidence of asthma as declining until school age (14, 18, 20) and 

thereafter, staying relatively steady during the school years (11, 12). Interestingly, two 

follow-up studies that followed the patients until adulthood, reported the prevalence 

of asthma to increase again after the teenage years (79, 81). This means that some of 

the patients who became non-symptomatic during school years have relapsed.  

At both visits, boys were slightly more often asthmatic than girls, although the 

difference was not statistically significant. In line with this finding, many studies have 

reported male gender to be associated with an increased risk for asthma after 

bronchiolitis (16, 76), as in the case of asthma in general (194). This difference was 

seen only until puberty, after which girls seemed to be at increased risk (77, 93). 
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6.4 Polymorphisms in the TLR genes 

At present, 11 TLRs have been identified, and 10 of them seem to be involved in 

the innate immunity in humans (113). In this post-bronchiolitis cohort, data on the 

association of TLR1 rs5743618, TLR2 rs5743708 and TLR6 rs5743810 

polymorphisms with asthma or allergy at 5–7 years of age has been published 

previously (160), and the TLR1 rs5743618 was associated with asthma between 1 

and 6 years of age. The TLR3 rs3775291, TLR4 rs4986790, TLR5 rs5744174, TLR7 

rs179008, TLR8 rs2407992, TLR9 rs187084 and TLR10 rs4129009 polymorphisms 

were included in the exploratory analyses of the present thesis, and TLR10 

rs4129009 was associated with current asthma at 5–7 years of age.  The TLR1 

rs5743618 and TLR10 rs4129009 gene polymorphisms were included in the 

confirmatory analyses of the present thesis for their associations with asthma at 11–

13 years of age. The theory of the exploratory clinical study designs versus the 

confirmatory clinical study designs was presented recently (195). 

6.4.1 Toll-like receptor 1 and 10 genes 

In the present cohort, two TLR2 subfamily polymorphisms showed significant 

associations with post-bronchiolitis outcome.  

The TLR10 rs4129009 variant genotype was significantly more common in 

children with current asthma at 5–7 years of age. Just under one-third (29%) of the 

children with the variant genotype had current asthma, compared to 11% of those 

with the wild genotype. The association was robust to adjustments with early-life risk 

factors and current atopic eczema. To confirm this finding, the association between 

the TLR10 rs4129009 and post-bronchiolitis outcome was investigated again at 11–

13 years of age. At the early teenage years, the variant genotype was significantly 

associated with the use of continuous ICS medication for asthma; 24% of children 

with the variant genotype had been on ICS medication during the last 12 months, 

compared to 6% of children with the wild genotype. The use of ICSs is an indicator 

of active asthma requiring continuous controller therapy. In addition, persistent 

asthma continuing from preschool age until the early teenage years was significantly 

more common in children with the variant genotype of the TLR10 rs4129009 gene. 

These associations remained significant after adjustments with early-life risk factors. 

The TLR1 rs5743618 variant genotype resulted in a 3.7-fold risk for the need of 

ICS medication at 11–13 years of age; 17.6% of the children with variant genotype 

had ICS medication for asthma, compared to 5.5% of children with the wild 
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genotype. However, in multivariate analyses adjusted for early-life risk factors, TLR1 

marginally lost its statistical significance. Previously in this cohort, the same 

polymorphism in TLR1 was associated with asthma between 1 and 6 years of age 

(160). The marginal loss of significance may be due to small sample size, as 16.8% 

of the cases dropped out of the follow-ups after the preschool-age visit. The 

combination including both the TLR1 and TLR10 variant genotypes increased the 

risk of current ICS use at 11–13 years of age as well as persistent asthma more than 

sevenfold.  

TLRs play a key role in innate immunity, and their normal activation may 

promote lymphocyte differentiation towards Th1-type cytokines expressing cells 

(196). In asthma and atopy, the balance between Th1 and Th2 responses is skewed 

to the Th2-orientation (26). TLR1 rs5743618 and TLR10 rs4129009 are both non-

synonymous SNPs resulting in an amino acid change (120, 143). If the changed 

amino acid has relevance on TLR function, early infection may lead to the 

persistence of Th2-oriented immunity with an elevated risk of asthma and/or atopy. 

In line with this view is the observation from the present cohort that children with 

the variant genotype in the TLR10 rs4129009 gene had an increased risk of both 

current asthma at preschool age and persistent asthma in the early teenage years. In 

addition, children with the variant genotype in the TLR1 rs5743618 gene and/or in 

the TLR10 rs4129009 gene were significantly more often on continuous 

maintenance medication for asthma as early teenagers than were children with the 

wild genotype.  

The prevalence of asthma in the general population of Finnish school-aged 

children is 5–7% (69), which is the same as in children with TLR1 and TLR10 wild 

genotypes in this cohort. The MAFs of either of these SNPs did not differ from the 

general Finnish population, according to the FIN data of the 1000 Genomes Project 

Consortium. Thus, these results suggest that TLR1 and TLR10 polymorphisms do 

not alter susceptibility to bronchiolitis but may instead predispose to post-

bronchiolitis asthma. Interestingly, the ad hoc analyses confirmed that none of the 

children with a history of RSV bronchiolitis and bearing the wild genotype in both 

TLR1 and TLR10 genes had persistent asthma, nor had they used ICSs in the last 

12 months. In contrast, children with a history of non-RSV bronchiolitis and variant 

genotypes in both genes, were significantly more likely to have current as well as 

persistent asthma and continuous ICS use, than children who did not belong to this 

group.  
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There are no prior studies regarding the role of TLR1 rs5743618 in asthma, but 

two other polymorphisms (rs5743595 and rs4833095) in TLR1  have been reported 

to decrease the risk of atopic asthma (143). 

In accordance with the findings from the present cohort, the variant TLR10 

genotype rs4129009 was associated with asthma, both in a case-control study and in 

an independent cohort study (124). In previous studies, TLR10 has been described 

mainly as an inhibitory receptor; it induces the production of IL-1Ra, which 

attenuates the release of proinflammatory cytokines (116). In addition, TLR10 has 

modulatory effects on immune responses, since it competes for ligands with pro-

inflammatory TLR1 and for the formation of heterodimers with TLR1 and TLR6 

(116, 119). TLR10 rs4129009 is a polymorphism that has been reported to result in 

an amino-acid change in the cytoplasmic domain of TLR10 protein (124). This may 

potentially alter the downstream signalling of the receptor and hamper the IL-1Ra 

production, further leading to increased inflammatory responses. This theoretical 

basis remains yet unconfirmed but may partly explain the observed association 

between that polymorphism and asthma. However, opposite findings on the impact 

of this polymorphism have also been reported; a German study found the same 

polymorphism in TLR10 to be protective for atopic asthma (143). These conflicting 

findings may result from different gene-environment interactions; the same 

polymorphism may lead to different consequences in different environments and 

also in interaction with other host-related risk factors (28, 140).  

6.4.2 Toll-like receptor 3, 4, 5, 7, 8 and 9 genes 

TLR7 and TLR8 genes are located on the X chromosome (29), and therefore boys 

have only one allele—either wild-type (major) or variant-type (minor)—in both of 

these genes. It was therefore mandatory to analyse the effects of these 

polymorphisms separately for boys and girls. We found that TLR7 rs179008 variant 

genotype was significantly more common in girls, who had asthma ever (i.e., current 

or previous asthma), at the follow-up visit at 5–7 years of age. Similar association 

was not seen in boys. It has been reported that normal activation of TLR7 in airway 

nerves leads to bronchodilation via nitric oxide production (173). In line with this, 

an abnormal response of TLR7 to viral ssRNA has been described in adolescents 

with asthma (174). These findings suggest that normal function of TLR7 may be 

protective from asthma, whereas polymorphism in the TLR7 gene may induce 

airway hyperreactivity and asthma via altered TLR7 function. In a Danish study with 

two family samples, the TLR7 rs179008 was associated with asthma, allergic rhinitis, 
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atopic eczema and IgE sensitisation, but interestingly, and in contrast to our findings, 

the associations were more significant in boys (133). In the same Danish study, even 

stronger associations were found regarding the TLR8 rs2407992 (133), which is in 

disagreement with our findings; the investigated polymorphism in TLR8 was not 

associated with any of the asthma variables, nor with atopy at preschool age. 

Likewise, the TLR7 rs179008 was not associated with either allergic rhinitis or atopic 

eczema in the present cohort. 

TLR3 rs3775291, TLR4 rs4986790 and TLR9 rs187084 polymorphisms were not 

associated with post-bronchiolitis asthma or other atopic diseases at 5–7 years of age 

in the present cohort. Accordingly, a meta-analysis found no association between 

the TLR4 rs4986790 and asthma (167), nor did another meta-analysis find a link 

between the TLR9 rs187084 and asthma (138).  In previous publications from this 

cohort, TLR3 wild genotype and TLR9 variant genotype were associated with an 

increased risk of post-bronchiolitis wheezing (157, 163). The lack of an association 

with asthma at 5-7 years of age may reflect the beneficial prognosis of recurrent 

wheezing after RSV bronchiolitis since the majority of these children will outgrow 

from their symptoms before school age.  

TLR5 rs5744174 polymorphism was not associated with post-bronchiolitis 

asthma at any age. This is in accordance with the findings of a German study, that 

did not find associations between this or two other polymorphism in the TLR5 gene 

and childhood asthma (143). 

6.5 Methodological aspects 

The strengths of this long-term post-bronchiolitis follow-up study are the 

prospective design and the carefully collected data during hospitalisation and at 

subsequent follow-ups. The comprehensive viral testing at admission enabled the 

assessment of the association between virus aetiology and the outcome of 

bronchiolitis. The relatively long follow-up time with three clinical reevaluations 

after hospitalisation enabled a reliable assessment of early-life and preschool-age risk 

factors for post-bronchiolitis outcome. The study population’s Finnish origin was 

ethnically homogenic, which is beneficial for the genetic studies. Further, the study 

design is novel, since this is the first study that reports the long-term outcome after 

hospitalisation for bronchiolitis before 6 months of age. The upper age limit of 6 

months further increases the homogeneity of the study population, which in other 
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prospective post-bronchiolitis studies with higher age limits may have led to 

inclusion of other wheezing entities that were distinct from bronchiolitis. 

This study also has some limitations. The drop-out rate among the bronchiolitis 

group was 16.8%, and one-third of the participants did not perform the lung 

function test. Thus, it is possible that some cases of current asthma were missed. 

Another shortcoming of this study is the evident selection bias in the control group, 

as they had asthma and allergy rates comparable to those of the former bronchiolitis 

patients. This complicated the evaluation of post-bronchiolitis outcome in a 

controlled setting. Another limitation is that the sample size was relatively small for 

the evaluation of the impact of genetic polymorphisms; in addition, blood samples 

for genetic studies were not available from all study participants. This may have led 

to type-2 statistical error. Analysing the association between multiple TLR 

polymorphisms and the post-bronchiolitis outcome without multiplicity adjustments 

using, for example, the Bonferroni correction may have led to type-1 statistical error. 

However, the analyses performed at 5–7 years of age were regarded as exploratory, 

and the significant associations were aimed to be confirmed at the later follow-up at 

11–13 years of age. In fact, the associations between TLR1 and TLR10 

polymorphisms and post-bronchiolitis asthma were seen at both the 5–7 years and 

11–13 years controls. As in many other studies on the association of gene 

polymorphisms and diseases, a clear limitation is that the functionality of the TLR 

genes was not studied, and the data on the functionality from other studies is not 

always convincing.  

6.6 Conclusions 

Hospitalisation for bronchiolitis in infants under 6 months of age has an impact on 

later respiratory morbidity continuing at least until the early teenage years. However, 

the prognosis was more beneficial than in previous long-term follow-up studies that 

have used upper age limits of 12 months or 24 months for bronchiolitis. The 

prevalence of asthma in young teenagers was twofold compared to the asthma 

prevalence in the general population of Finnish school-children. In addition, allergic 

rhinitis was overrepresented in the bronchiolitis group, but the prevalence of atopic 

eczema was about the same as in the general population. The former bronchiolitis 

and control groups did not differ in terms of asthma, allergic rhinitis or atopic 

eczema, which can be explained by an evident selection bias in the controls.  
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Early exposure to tobacco smoke was a significant risk factor for severe 

bronchiolitis requiring treatment in a hospital but did not associate with later asthma 

risk within the bronchiolitis group. Maternal asthma was a strong predictor of post-

bronchiolitis asthma in the early teenage years. At preschool age, the presence of 

allergic rhinitis and sensitisation to allergens assessed by SPTs were risk factors for 

later asthma. RSV was the major causative agent in bronchiolitis, but viral aetiology 

was not significantly associated with the outcome after bronchiolitis. 

Polymorphisms in the TLR3, TLR4, TLR5, TLR7, TLR8 and TLR9 genes were 

not associated with post-bronchiolitis asthma or allergy in exploratory analyses at 

preschool age, and thus, they were not included in the confirmatory analyses at 11–

13 years of age. TLR10 rs4129009 variant genotype increased the risk of current 

asthma at preschool age. This association was confirmed by the observation that the 

same TLR10 polymorphism was associated with an increased risk of needing 

continuous ICS medication at 11–13 years of age and with an increased risk of 

persistent asthma continuing from preschool age until the early teenage years. The 

TLR1 rs574618 variant genotype was associated with an increased risk of young 

teenagers needing ICS medication, thus confirming the earlier exploratory findings 

in this cohort. The combination of the variant genotypes in TLR1 and TLR10 genes 

predicted current ICS use as well as persistent asthma in the early teenage years.  

This study confirms that children with bronchiolitis who have atopic 

predisposition, particularly maternal asthma, require closer monitoring in later life 

for an increased risk of subsequent asthma. Reevaluation of risk factors at preschool 

age helps to define the later prognosis more accurately and children with allergic 

rhinitis or allergic sensitisation are at risk for a permanent asthma phenotype. 

Variations in the TLR genes, especially in the TLR1 and TLR10, seem to contribute 

to the prognosis, but larger studies are needed to confirm these preliminary results. 
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APPENDIX 1. 

POST-BRONCHIOLITIS OUTCOME AT SCHOOL AGE 

Tampere University and University Hospital, Paediatric Department 

2014                 

QUESTIONNAIRE     

Name: __________________________Research number:__________                                                                                                   

Personal ID number: ________________-________             

 

    1.  OBSTRUCTIVE RESPIRATORY SYMPTOMS 

 

Please circle the appropriate answer. NO YES 

Has your child experienced any respiratory wheezing 

symptoms during the last 12 months?  

 

0 

 

1 

Has your child experienced any respiratory wheezing 

symptoms before (but after 5–7-years of age, after the 

last follow-up visit)?  

 

0 

 

1 

If you answered all questions ”No”, please proceed to item number 2. If you 

answered “Yes” to either or both questions, please answer the following 

questions. 
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Please answer ”No” or ”Yes”. If you don’t know, please 

draw a line in the box. 

During 

the last 

12 

months 

Before 

(but after 

5–7 years 

of age) 

The wheezing symptoms have occurred 

coincidentally. 

  

The wheezing symptoms have occurred repeatedly.   

The wheezing symptoms have occurred during flu-

like illnesses. 

  

The wheezing symptoms have occurred during 

pollen season and/or during contact with furry 

animals. 

  

The wheezing symptoms have occurred during 

physical activities.  

  

The wheezing symptoms have occurred on some 

other occasion. 

If “yes”, please, describe the situation:  

 

  

 

 

2. COUGH SYMPTOMS 
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Please circle the appropriate answer. No Yes 

Has your child suffered from prolonged (> 4 weeks) 

coughing symptoms, apart from respiratory infection, 

during the last 12 months?  

0 

 

1 

Has your child suffered from repeated night cough apart 

from respiratory infection, during the last 12 months? 

0 1 

Has your child suffered from prolonged (> 4 weeks) 

coughing symptoms apart from respiratory infection, 

before (but after 5–7 years of age)? 

 

0 

 

1 

If you answered all questions ”No”, please proceed to item number 3. If you 

answered “Yes” to any question, please answer the following questions.  

 

Please answer ”No” or ”Yes”. If you don’t know, please 

draw a line in the box. 

During 

the last 

12 

months 

Before 

(but 

after 5–7 

years of 

age) 

The cough has continued at least 4 weeks.    

The coughing symptoms occur during night-time.   

The coughing symptoms often occur during exercise, 

for example, when running or during physical 

education classes.  

  

The coughing symptoms occur repeatedly during 

pollen season.  
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The coughing symptoms occur during contact with 

furry animals. 

  

The coughing symptoms occur in cold weather.    

The coughing symptoms are linked with mucus 

excretion from the lungs. 

  

 
 
 

3. ASTHMA DIAGNOSIS 
 

Please circle the appropriate answer. No Yes 

Has your child been diagnosed with asthma  by a 

doctor during the last 12 months? 

If “Yes”, please provide the name of the health care 

centre/hospital/private health care organisation:  

 

 

0 

 

 

1 

Has your child ever been hospitalised due to asthma 

or obstructive bronchitis or other wheezing 

symptoms?  

If “Yes”, please report the age when hospitalisation 

occurred: 

6,  7,  8,  9,  10,  11,  12,  13  years of age 

If ”Yes”, please report the name of the hospital: 

 

 

0 

 

 

1 
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Has your child ever been diagnosed with asthma  by 

a doctor?  

If “Yes”, please report the age at which your child had 

asthma requiring medication: 6,  7,  8,  9,  10,  11,  12,  

13  years of age 

If ”Yes”, please provide the name and location of the 

health care centre/hospital/private health care 

organisation: 

 

 

0 

 

1 

4. ASTHMA MEDICATION 

 

Please circle the appropriate answer. No Yes 

Has your child had continuous asthma control 

medication (e.g., Pulmicort, Flixotide, Beclomet , Seretide, 

Symbicort, Singulair) during the last 12 months? 

 

0 

 

 

1 

Has your child ever had continuous asthma control 

medication?  

If “Yes”, please report the age when your child had 

continuous asthma control medication:  

6,  7,  8,  9,  10,  11,  12,  13  years of age 

 

 

0 

 

1 
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Please circle the appropriate answer. No Yes 

Has your child received inhaled symptom relief 

medication (e.g., Bricanyl, Serevent, Ventoline, 

Airomir) during the last 12 months?  

If “Yes”, please report how often by circling the right 

option:  

daily  /  weekly   /   monthly   /  less than monthly  

 

 

0 

 

 

 

1 

Has your child ever received inhaled symptom relief 

medication?  

If “Yes”, please report the age when your child 

received inhaled symptom relief medication:  

6,  7,  8,  9,  10,  11,  12,  13  years of age 

 

 

0 

 

1 

 

5. SYMPTOMS OF RHINITIS 

 

Please circle the appropriate answer. No Yes 

Has your child suffered from prolonged symptoms of 

runny nose, sneezing or stuffy nose outside of an 

infection during the last 12 months?  

0 1 
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Has your child suffered from prolonged symptoms of 

runny nose, sneezing or stuffy nose outside of an 

infection before (but after 5–7 years of age)?  

 

0 

 

1 

 

If you answered ”No” to both questions, please proceed to item number 6. If 

you answered “Yes” to any question, please answer the following questions.  

 

Please circle the appropriate answer. No Yes 

Have the symptoms of runny nose, sneezing or stuffy 

nose been linked with a certain time of the year?  

If “Yes”, please circle the months when:  

January, February, March, April, May, June, July, August, 

September, October, November, December 

 

0 

 

 

1 

Have the symptoms of runny nose, sneezing or stuffy 

nose been linked with animal contact? 

0 1 

Has your child been diagnosed with allergic rhinitis 

by a doctor?  

If ”Yes”, please provide the name and location of the 

health care centre/hospital/private health care 

organisation: 

 

0 1 

 

6. OCULAR SYMPTOMS 
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Please circle the appropriate answer. No Yes 

Has your child suffered from ocular itching, tearing or 

redness, outside of an infection, during the last 12 

months?  

0 1 

Has your child suffered from ocular itching, tearing or 

redness, outside of an infection, before (but after 5–7 

years of age)? 

0 1 

 

If you answered ”No” to both questions, please proceed to item number 7. If 

you answered “Yes” to any question, please answer the following questions.  

 

Please circle the appropriate answer. No Yes 

Have the symptoms of ocular irritation been linked 

with a certain time of the year? If “Yes”, please circle 

the months when:  

January, February, March, April, May, June, July, August, 

September, October, November, December 

 

0 

 

 

1 

Have the symptoms of ocular irritation been linked 

with animal contact? 

0 1 

Has your child been diagnosed with allergic 

conjunctivitis by a doctor? If ”Yes”, please provide the 

name and location of the health care 

centre/hospital/private health care organization: 

0 1 
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7. SKIN ECZEMA 

 

Please circle the appropriate answer. No Yes 

Has your child suffered from itching eczema during 

the last 12 months? 

 

0 1 

Has your child suffered from itching eczema before 

(but after 5-7 years of age)? 

0 1 

 

If you answered ”No” to both questions, please proceed to item number 8. If 

you answered “Yes” to either or both questions, please answer the following 

question.  

 

Please circle the appropriate answer. No Yes 

Has your child been diagnosed with allergic eczema 

(atopic eczema) by a doctor? If ”Yes”, please report 

where eczema developed, circle the right option: 

Face, trunk, bends of the arms, bends of the knees, 

ankles, wrists, other part:  

If “Yes”, please report the name and location of the 

health care centre/hospital/private health care 

organisation: 

 

0 

 

 

1 
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8. FOOD ALLERGY 

 

Please circle the appropriate answer. No Yes 

Has your child suffered from eczema or symptoms of 

rhinitis or wheezing caused by food allergy during the 

last 12 months?  

 

       0 1 

 

Has your child suffered from eczema or symptoms of 

rhinitis or wheezing caused by food allergy before (but 

after 5–7 years of age)? 

0 1 

If you answered both questions ”No”, please proceed to item number 9. If you 

answered “Yes”, please answer the following question.  

 

Please circle the appropriate answer. No Yes 

Has your child been diagnosed with food allergy by a 

doctor?  

If ”Yes”, please describe what allergies have been found 

and circle the right location: 

Milk, egg, grain, other: 

If ”Yes”, please provide the name and location of the 

health care centre/hospital/private health care 

organisation: 

 

0 

 

 

1 
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9. ASTHMA IN FAMILY 

 

Please circle the appropriate answer. No Yes 

Has mother ever been diagnosed with asthma by a 

doctor? 

0 1 

Has father ever been diagnosed with asthma by a 

doctor? 

0 1 

Have any of the siblings ever been diagnosed with 

asthma by a doctor? 

0 1 

Have any of the siblings ever been hopitalised due to 

wheezing symptoms? 

0 1 

 

10. ALLERGY IN FAMILY 

 

Please circle the appropriate answer . No  Yes 

Has mother ever been diagnosed with allergic rhinitis or 

allergic conjunctivitis by a doctor? 

0 1 

Has father ever been diagnosed with allergic rhinitis or 

allergic conjunctivitis by a doctor? 

0 1 

Have any of the siblings ever been diagnosed with 

allergic rhinitis or allergic conjunctivitis by a doctor? 

0 1 
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Have mother, father or any of the siblings ever been 

diagnosed with allergic eczema (atopic eczema)  by a 

doctor? 

If ”Yes”, please report which family member(s):  

 

0 1 

 

11. PETS 

 

Please circle the appropriate answer. No Yes 

Have there been any pets in the family during the last 12 

months?  

0 1 

Were there any pets in the family before (but after the 

child reached 5–7 years of age)?  

0 1 

 

If you answered ”No” to both questions, please proceed to item number 12. If 

you answered “Yes” to either or both questions, please circle the right options: 

 

  1  Cat  4 Horse 

  2  Dog  5  Other: 

  3   Cow  ________________________ 
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12. EXPOSURE TO TOBACCO SMOKE  

 

Please circle the appropriate answer. No Yes 

Did father smoke when the child was under 12 months 

of age?  

If ”Yes”, which is correct:   indoors        only outdoors 

0 1 

Did father smoke when the child was over 12 months 

of age?  

If ”Yes”, which is correct:   indoors        only outdoors 

0 1 

Did mother smoke when the child was under 12 

months of age?  

If ”Yes”, which is correct:   indoors        only outdoors 

Smoking during pregnancy        No smoking during 

pregnancy   

0 1 

Did mother smoke when the child was over 12 months 

of age?  

If ”Yes”, which is correct:   indoors        only outdoors 

0 1 

 

13. LIVING ENVIRONMENT 

 

Please circle the appropriate answer. 
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Which of the following options best describes the child’s living 

environment during the last 12 months?  

 

1 countryside 

 

2  city 

 

How many children are living in your home at the moment? 

 

0 only one child 

 

1 two children 

 

2 three or more children 
 

Moisture damage 

 

Please circle the appropriate answer. No Yes 

Has there ever been established moisture damage (e.g by 

a health inspector) in the child’s home?  

0 1 

Has there ever been a suspicion of moisture damage  in 

the child’s home?  

0 1 

Where and when?   



 

103 

Has there ever been established moisture damage (e.g by 

a health inspector) in the child’s school?  

0 1 

Has there ever been suspicion of a moisture damage  in 

the child’s school?  

0 1 

Where and when? 

 

  

 

14. HEIGHT AND WEIGHT  

 

                Date : ___/____ 2014 

 

Weight     

Height  

 

THANK YOU! 
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Abstract 

Background. Five studies carried out after bronchiolitis at less than 24 months of age, with a 

follow-up of more than 10 years, reported that atopic dermatitis, family asthma, early-life exposure 

to tobacco smoke and rhinovirus aetiology were early-life risk factors for later asthma. This study 

evaluated the long-term outcome at 11-13 years of age of children who were hospitalised for 

bronchiolitis in early infancy. 

Methods. We previously prospectively followed 166 children hospitalised for bronchiolitis at less 

than 6 months of age until 5-7 years of age. The current study included a structured questionnaire, 

parental interviews, clinical examinations and bronchodilation test of 138 of those children at 11-13 

years of age.  

Results. Respiratory syncytial virus caused 66% of the bronchiolitis cases and nearly half of the 

patients were exposed to tobacco smoke in early life. Doctor-diagnosed asthma was present in 13% 

of the former bronchiolitis patients at 11-13 years of age. Maternal asthma was the only 

independently significant risk factor in early life (adjusted OR 3.45, 95% CI 1.07-11.74), as was 

allergic rhinitis at 5-7 years of age (adjusted OR 4.06, 95% CI 1.35-12.25).  

Conclusions. After bronchiolitis at less than 6 months of age, the risk of doctor-diagnosed asthma 

at 11-13 years was about twice that of the general Finnish population. Maternal asthma was the only 

independently significant early-life risk factor for current asthma at 11-13 years of age.  

 

 

Key words: allergic rhinitis, bronchiolitis, childhood asthma, maternal asthma, parental smoking.  
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Introduction  

Bronchiolitis is a lower respiratory infection (LRI) characterised by airway obstruction with 

tachypnoea and audible wheezes or crackles (1). The age limits used to define bronchiolitis are less 

than 12 months in Europe and less than 24 months in the United States (2). In a recent study from 

Finland, the age definition was less than 6 months and the incidence of bronchiolitis admitted to the 

emergency room was 37 per 1000 per year and 70% of infants were treated in hospital (3).  

Respiratory syncytial virus (RSV) is the most common causative agent of bronchiolitis up to 12 

months of age (2, 4) and rhinoviruses dominate in older infants (2). Bronchiolitis is a risk factor for 

wheezing in early childhood (5-7) and for asthma in later childhood (8). In previous 

postbronchiolitis studies, the asthma risk has been linked to rhinoviruses and, less frequently, to 

RSV (8, 9). In addition, maternal asthma, passive smoking, atopic dermatitis and the recurrence of 

wheezing in infancy have been identified as risk factors for postbronchiolitis asthma (10-12). 

There have only been 5 prospective postbronchiolitis studies with a follow-up of more than 10 

years: 2 from Finland (8, 10), 2 from Sweden (11, 12) and 1 from Norway (13). The 1981-1982 

Finnish cohort showed that children hospitalised for bronchiolitis before 24 months of age faced a 

2.6 to fivefold risk of asthma at the age of 12-13 years and that the risk factors were repeated 

wheezing, atopic dermatitis and blood eosinophilia in infancy and allergic rhinitis at school age 

(10). The 1992-1993 Finnish cohort reported that increased asthma risk after bronchiolitis persisted 

until teenage and that the risk factors were atopic dermatitis in infancy and sensitisation to inhaled 

allergens before 3 years of age (8). In that study the asthma risk was fivefold if the causative virus 

was RSV and 10-fold if it was rhinovirus. The 1984-1985 Swedish cohort showed that children 

hospitalised for bronchiolitis at less than 24 months of age faced a sixfold risk for asthma at the  of 

age 10 years and that the risk factors were parental smoking and atopy in children (11). The 1989-

1990 Swedish cohort focused on children hospitalised for RSV bronchiolitis at less than 12 months 
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of age and controls matched for sex and age. At the age of 13, the bronchiolitis group had a higher 

prevalence of asthma and allergy than the control group and the risk factor that predicted asthma 

was parental asthma (12). In the Norwegian postbronchiolitis cohort that started in 1997-1998, 23% 

of the children hospitalised for bronchiolitis at less than 12 months of age had asthma at 11 years of 

age and the predictive factors were parental asthma or atopy and the combination of repeated 

wheezing and atopic dermatitis in the children (13). 

We have prospectively followed 166 children who were hospitalised for bronchiolitis at less than 6 

months of age and attended control visits at 1.5 years (14) and 5-7 years (15) of ages. The present 

clinical follow-up study took place when the children were 11-13 years old and it also included age- 

and sex-matched controls who had not been hospitalised for bronchiolitis or any other respiratory 

infection in infancy.   

The aim of the present study was to evaluate the long-term outcome at 11-13 years of age of 

children who were hospitalised for bronchiolitis at less than 6 months of age. In addition, we 

studied the impact of early-life risk factors on the outcome, such as atopic dermatitis, family allergy 

or asthma, early-life exposure to tobacco smoke and the viral aetiology of bronchiolitis, as well later 

risk factors, such as the development of skin test positivity and allergic rhinitis at school age. 

 

Material and methods 

Hospitalisation data and follow-up data at 5-7 years of age 

The study group comprised 166 children hospitalised for bronchiolitis at less than 6 months of age 

in 2001- 2004, who were initially prospectively followed until the age of 5-7 years (15). In infancy, 

bronchiolitis was defined as a LRI characterised by rhinitis, cough and diffuse wheezes or crackles. 

During hospitalisation for bronchiolitis, nasopharyngeal aspirates were taken to determine the viral 
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aetiology using antigen detection and polymerase chain reaction. The detected viruses were RSV, 

rhinoviruses, influenza A virus, metapneumovirus, human bocavirus, adenovirus and parainfluenza 

type 1, 2 and 3 viruses (15).  

At the follow-up visit at the age of 5-7 years, we evaluated the presence of asthma and allergies 

from the hospitalisation for bronchiolitis to preschool age (15). Bronchial hyper-reactivity was 

studied by exercise challenge test with impulse oscillometry (16) and skin prick tests (SPT) were 

performed to assess the children’s sensitisation to 8 allergens: birch, timothy grass and mugwort 

pollens, cat and dog dander, house dust mites (Dermatophagoides pteronyssimus and 

Dermatophagoides farinae) and spores of the mould Alternaria alternate (15). Current asthma was 

present in 21/166 (12.7%) children, asthma ever in 45/166 (27.1%) children and SPT positivity in  

35/124 (28.2%) children (15). 

 

Follow-up at the age of 11-13 years 

The follow-up visit was arranged when the children were 11-13 years of age and took place 

between 1 June 2014 and 31 January 2015. We invited the 166 former bronchiolitis patients who 

had attended the previous follow up at 5-7 years of age and for each of the 166 cases we picked 4 

controls (n= 664). These were matched for age and sex from the population register of the 

Pirkanmaa Hospital District, where also the cases lived. Inpatient treatment for any medical reason 

and inpatient or outpatient treatment for bronchiolitis or LRI in infancy were exclusion criteria.  

The follow-up study consisted of medical histories from the last visit at the age of 5-7 years to the 

latest follow-up visit at 11-13 years. The data were collected using structured questionnaires, which 

the parent had completed before the visit, and a clinical examination by a doctor, that included an 

interview, checking the questionnaire data and a bronchodilation test. The questionnaire consisted 

of questions on doctor-diagnosed atopic dermatitis, allergic rhinitis and food allergies from the last 
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control visit until the present time and family history of asthma and allergy, exposure to tobacco 

smoke during pregnancy and infancy, the current use of asthma medication, current symptoms that 

could suggest asthma, and the presence of a current asthma diagnosis. 

The data on the risk factors for asthma were obtained from the structured questionnaire completed 

when the cases and controls were aged 11-13. This retrospective analysis used the same data 

collection method for both groups.  

When the risk factors for asthma were analysed within the bronchiolitis group, the early-life and 

preschool age data were obtained from the previous studies performed to this cohort that is, during 

hospitalisation for bronchiolitis, and at the follow-up visits at 1.5 years (14) and 5-7 years (15) of 

ages. These data were collected prospectively and included the age on admission, viral findings 

during hospitalisation, family history of asthma and allergy, exposure to tobacco smoke during 

pregnancy and infancy, presence of atopic dermatitis, wheezing episodes and asthma treatments 

before the age of 1.5 years, as well as the presence of asthma and asthma treatments, allergic rhinitis 

and SPT positivity at 5-7 years of age. 

 

Bronchodilation test 

Lung function was measured with flow-volume spirometry using the Vmax V62J Autobox (Becton, 

Dickinson and Company, NJ, USA), and the results will be published elsewhere.  The 

bronchodilation test was performed as follows: 3 technically acceptable measurements were 

required before and 15 minutes after the inhalation of 400µg salbutamol (100µg/dos) using a 

Ventolin Evohaler (GlaxoSmithKline, London, UK), and the best pre-treatment and post-treatment 

forced expiratory volume in 1 second (FEV1) values were expressed as a percentage of the mean 

sex-specific and height-adjusted values in the population (predicted FEV1) and used in the analysis. 

The bronchodilation test was regarded as positive if the predicted FEV1 increased 12% or more 
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after salbutamol inhalation. A positive finding in the bronchodilation test, which meant reversible 

airway obstruction, was regarded as experimental, indirect evidence of asthma. 

 

Definition of asthma 

Current asthma was considered to be present if the child had used inhaled corticosteroids (ICS) 

continuously during the last 12 months or if the child had suffered from repeated wheezing or from 

prolonged cough or night cough for 4 or more weeks during the last 12 months, and, in addition, 

had a diagnostic increase of FEV1 in the bronchodilation test. 

 

Ethics 

The Ethics Committee of Tampere University Hospital approved the study. The parents gave their 

written and informed consent before enrolling the children. According to the ethical guidelines of 

our hospital district, the controls were only invited to participate once and reminders were not 

allowed. 

 

Statistics 

The data were analysed by using the SPSS 21.0 package (IBM Corp. Released 2012. IBM SPSS 

Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp). The statistical significances of 

differences between the groups were calculated with the unpaired t-test, chi-square test and Fisher’s 

exact test. Logistic regression was used to analyse the association between the early-life and 

preschool age risk factors and current asthma at the age of 11-13. Those factors, which were 
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significant in the non-adjusted analyses, were included in the adjusted analyses. The results are 

expressed as adjusted odds ratios (aOR) and their 95% confidence intervals (95% CI). 

 

Results 

In all, 138 children hospitalised for bronchiolitis under the age of 6 months participated in the 

present follow-up study at the mean age of 11.7 years (range 10.2-13.2). Of those, 89 children 

attended the clinical follow-up visit and the parents of the other 49 children just completed the 

questionnaire, which was supplemented by a telephone interview. Current asthma was present in 18 

(13.0%) children and 11 (61.1%) of them were boys (Table 1). Fourteen had used ICS during the 

last 12 months and the other 4 were diagnosed with asthma at the study visit, based on asthma-

presumptive symptoms plus a diagnostic response to the bronchodilation test. There were no 

significant differences in the prevalence of allergic rhinitis, atopic dermatitis, the use of 

bronchodilators or ICS during the last 12 months, or the occurrence of current asthma or asthma 

from 5-7 years until 11-13 years of ages between the 89 children who attended the clinical follow-

up visit and those 49 who only answered the questionnaire (data not shown). 

The number of population-based controls matched for age and sex was 112, due to the refusal rate 

of 83.1%. Of those, 108 took part in the clinical study and the other 4 parents filled in the 

questionnaire, supplemented by a telephone interview. Current asthma was present in 12 (10.7%) 

controls and 9 of them used ICS. This meant that the cases and controls did not differ in terms of 

current asthma, current allergy or family asthma or family allergy (Table 1). There were no 

significant differences in the occurrence of allergic rhinitis, atopic dermatitis or asthma after the age 

of 5-7 years between the 18 asthmatic children in the bronchiolitis group and those 12 in the control 

group (data not shown). However, smoking exposure was much more common in the cases than in 

the controls, namely: maternal smoking during pregnancy (13.8% vs 2.7%, p=0.002), maternal 
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smoking during infancy (21.7% vs 5.4%, p<0.001) and paternal smoking during infancy (36.2% vs 

23.2%, p=0.026). Despite this, there were no significant associations between current asthma and 

early-life exposure to tobacco smoke in the bronchiolitis group (Table 2).  

During hospitalisation in infancy, RSV was the causative virus of bronchiolitis in 65.9% of the 

cases, with rhinovirus in 13.0% and other viruses in 13.8%. No virus was detected in 7.2%, but 

probably, they were viral cases caused by other viruses than RSV. There was no significant 

association between the virus aetiology of bronchiolitis and the occurrence of asthma at the mean 

age 11.7 years (Table 2). The significant risk factors for current asthma in the bronchiolitis group 

were atopic dermatitis at less than 12 months of age, maternal asthma or allergy and allergic rhinitis 

or SPT positivity at 5-7 years of age (Table 2). 

The presence of doctor-diagnosed asthma at different ages from hospitalisation for bronchiolitis to 

the follow-up visit at 5-7 years (mean age of 6.3 years), was evaluated in relation to current asthma 

and current allergic rhinitis at 11-13 years (mean age of 11.7 years). Asthma from the age of 2-3 

years onwards revealed significant associations for current asthma. For current rhinitis the 

association was significant only at the age of 5-7 years (Table 3). Eleven (61.1%) of the 18 children 

with current asthma also had asthma at the earlier follow-up visit at the age of 5-7 years (p<0.001). 

All the 11 children who had persistent asthma from 6.3 to 11.7 years of age also reported 

symptomatic allergic rhinitis. 

The factors that predicted current asthma in the univariate analyses were included in the 

multivariate logistic regression. When atopic dermatitis in infancy, allergy in mothers, asthma in 

mothers and allergic rhinitis at the age of 5-7 years were included in the analysis, asthma in mothers 

(aOR 3.5, 95%CI 1.04-11.78) and allergic rhinitis at the age of 5-7 years (aOR 4.06, 95%CI 1.35-

12.25) were significant risk factors for current asthma at 11-13 years of age (Table 4). Data on SPT 

positivity at 5-7 years of age were available for 109 children. When SPT positivity was included in 
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the analysis instead of allergic rhinitis, SPT positivity at the age of 5-7 years was a significant risk 

factor for current asthma at 11-13 years of age (aOR 5.01, 95%CI 1.47-17.1), but atopic dermatitis 

in infancy (aOR 1.34, 95% CI 0.38-4.61), allergy in mothers (aOR 1.99, 95%CI 0.56-7.04) and 

asthma in mothers (aOR 1.99, 95%CI 0.47-8.38) were not.   

 

Table 1. Baseline data in 138 children hospitalized for bronchiolitis at less than six months of age 

and in 112 population controls, based on questionnaires completed at the follow-up visits at the age 

of 11-13 years. 

 Bronchiolitis group  

N=138   

 Control group 

N=112           

 

Baseline characteristics n %  n %     p value 

Boys 72 52.2  62 55.4 0.616 

Urban environment 84 60.9  68 60.7 0.980 

Current allergy       

Atopic dermatitis 35 25.4  26 23.2 0.694 

Allergic rhinitis 60 43.5  50 44.6 0.854 

Food allergy 13 9.4  14 12.5 0.435 

History of family asthma and allergy       

Asthma in mothers 18 13.0  15 13.4 0.953 

Asthma in fathers 9 6.5  16 14.3 0.044 

Allergy in mothers 49 35.5  46 41.1 0.391 

Allergy in fathers 38 27.5  38 33.9 0.291 

Asthma in siblings  33 23.9  17 15.2 0.081 

Allergy in siblings 45 32.6  33 29.5 0.541 
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Smoking exposure in  infancy       

Maternal smoking (pregnancy) 19 13.8  3 2.7 0.002 

Maternal smoking (<12 months of 

age) 

30 21.7  6 5.4 <0.001 

Paternal smoking (<12 months of age) 50 36.2  26 23.2 0.026 

Current asthma, suggestive symptoms 

and medications 

      

Current asthma 

 

18 13.0  12 10.7 0.573 

Current use of inhaled corticosteroids 14 10.1  9 8.0 0.566 

Wheezing symptoms 31 22.5  27 24.1 0.760 

Bronchodilator use 31 22.5  20 17.8 0.369 

Prolonged cough (>4 weeks) 16 11.6  7 6.3 0.184 

Night cough (apart of infection) 16 11.6  2 1.8 0.003 

Only doctor-diagnosed diseases were accepted, and in case of current disease, only those presenting with symptoms or 

needing treatment during the recent 12 months were registered. The asthma-presumptive symptoms had to be occurred 

during 12 months preceding the study. Family allergy means presence of atopic dermatitis, allergic rhinitis or allergic 

conjunctivitis. 
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Table 2.  Viral findings during bronchiolitis, risk factors in infancy and risk factors at 5 to 7 years 

of age in relation to presence of current asthma at 11 to 13 years of age.  

 Current asthma  

 

N=18                                      

 No current 

asthma  

N=120 

 

Basic characteristics 

 

n %  n %  p value 

Boys (n=72) 

 

    11 61.1  61 50.8  0.420 

Age       

          ≤ 3 months (n=82)   7 38.9  75 62.5  

  > 3 months (n=56)    11 61.1  45 37.5 0.057 

Viral findings       

RSV (n=91)    10 55.6  81 67.5  

Non-RSV (n=47)* 8 44.4  39 32.5  0.320 

Rhinovirus (n=18) 2 11.1  16 13.3 1.000 

Early-life risk factors       

Atopic dermatitis (<12 months of age) (n=40)   9 50.0  31 25.8 0.035 

Maternal smoking (pregnancy )   (n=24)                                2 11.1  22 18.3 0.740 

Maternal smoking (<12 months of age) 

(n=37) 

5 27.8  32 26.7 1.000 

Paternal smoking (<12 months of age) (n=56) 7 38.9  49 40.8 0.880 

Asthma in mothers (n=22) 8 44.4  14 11.7 0.002 

Asthma in fathers (n=8) 0 0.0  8 6.7 0.600 

Allergy in mothers (n=58)    13 72.2  45 37.5 0.005 
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Allergy in fathers (n=34) 4 22.2  30 25 1.000 

Pets at home (n=45) 4 22.2  41 34.2 0.310 

Risk factors at age 5-7-years       

Rhinitis at age  5-7  years (n=39)                                      11 61.1  28 23.3 0.001 

SPT positivity at age 5-7 years (n= 32)**                                      9/14 64.3  23/95 24.2 0.004 

Asthma at age 5-7 years (n=20)    11 61.1  9 7.5 <0.001 

Data on early-life risk factors were obtained during hospitalisation for bronchiolitis and/or at the 18 months follow-up 

visit (14). Data on 5-7 years risk factors were obtained at the control visit at that age (15). For different diseases, only 

the doctor-diagnosed cases were accepted. P values were assessed by chi-square or Fisher’s exact tests. 

* Non-RSV group consisted of 18 rhinovirus-positive and 10 virus-negative cases and of 19 cases caused by other 

viruses.  

** Skin prick test (SPT) results were available from 109 children (14 of those with present asthma), other data available 

from 138 children.  

 

Table 3. Current asthma and current allergic rhinitis in relation to doctor-diagnosed asthma at 

preschool age. 

 Current asthma  Current allergic rhinitis 

 No   Yes    No   Yes   

Asthma 

at 

different 

ages 

n %  n % p-

value 

 n %  n % p-

value 

0-1 4 3.3  3 16.7 0.047  4 4.0  3 7.7 0.403 

1-2 14 11.7  5 27.8 0.076  12 12.1  7 17.9 0.371 

2-3 15 12.5  9 50.0 0.001  14 14.1  10 25.6 0.109 

3-4 11 9.2  10 55.6 <0.001  13 13.1  8 20.5 0.277 

4-5 8 6.7  9 50.0 <0.001  9 9.1  8 20.5 0.085 

5-6 9 7.5  10 55.6 <0.001  10 10.1  9 23.1 0.046 

6-7 6 5.0  11 61.1 <0.001  7 7.1  10 25.6 0.007 
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Table 4. Logistic regression: Risk factors for asthma at age 11-13 years after bronchiolitis in early infancy. 

  Univariate  Multivariate  

  OR 95% CI  OR 95% CI  

Atopic dermatitis 

in infancy  

 2.87 1.05-7.89  2.00 0.65-6.13  

Allergy in mother    4.33 1.45-12.96  1.95 0.56-6.80  

Asthma in mother  6.06 2.05-17.91  3.50 1.04-11.78  

Allergic rhinitis at 

age 5-7 years 

 5.16 1.83-14.56  4.06 1.35-12.25  

  

 

 

Discussion 

There are 4 main results in the present study. First, current doctor-diagnosed asthma was present in 

13.0% of former bronchiolitis patients at the age of 11 to 13 years. This figure was rather low, as it 

was only about twice the prevalence of asthma in the general population of Finnish school children 

(17-19). On the other hand, the risk of later asthma has been rather low in previous studies if 

bronchiolitis was caused by RSV and the patients were less than 12 months old (2, 13), and even 

lower if the patients were less than 6 months old (2), as was the case in the present study. Second, 

maternal asthma was the only independently significant early-life risk factor for current asthma at 

11-13 years. Other factors like atopic dermatitis in infancy and maternal allergy lost their 

significance in the adjusted analyses. Third, allergic rhinitis and SPT positivity at preschool age 

were risk factors for current asthma at 11-13 years. Both allergic rhinitis and SPT positivity are 

markers of atopy, but as they become apparent after infancy they are more useful at preschool age 
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when predicting the outcome after bronchiolitis. Fourth, there were no significant differences in 

asthma or allergy between former bronchiolitis patients and population-based controls. An evident 

reason for this is that the poor participation rates of the controls meant that the children with asthma 

and allergy were overrepresented.  

The prevalence of asthma in school children has ranged from 4 to 7% in Finnish epidemiological 

studies (17, 19). Thus, the figure of 13% in former bronchiolitis patients in our study means that 

hospitalisation for bronchiolitis doubled or trebled the risk of asthma, but not any more than that. In 

many studies, both early age and RSV aetiology of bronchiolitis have been associated with a more 

beneficial outcome than older age and, for example, rhinovirus aetiology of bronchiolitis (2, 9, 13, 

15). Our patients were hospitalised at less than 6 months of age and RSV caused most of the cases, 

which at least partly explains the low asthma figures. Another explanation is the strict asthma 

diagnosis we applied. The 10.7% prevalence of asthma in our control group means that the controls 

who attended the study - 16.9% of those invited - were selected. This kind of selection bias is well-

known in clinical studies, since symptomatic subjects are more willing to participate than non-

symptomatic ones (20, 21).  

Well-known early-life risk factors of asthma include asthma in parents, especially in mothers; 

exposure to parental smoking in infancy, especially to maternal smoking during pregnancy; atopic 

dermatitis in infants and blood eosinophilia or merely the lack of an eosinopenic response to viral 

infection (4, 6, 22, 23). If the causative agent of bronchiolitis was RSV, the risk of childhood 

asthma was two to three-fold and if it was rhinovirus the risk was as high as 10-fold, compared to 

the asthma risk in the general paediatric population (24). In line with these earlier observations, 

maternal asthma was a significant risk factor for post-bronchiolitis asthma at 11-13 years of age in 

the present study. This finding was robust to adjustments with other early-life risk factors and 

presence of allergic rhinitis at 5-7 years of age in multivariate analyses. However, in a 

supplementary analysis in which allergic rhinitis was replaced with SPT positivity in those 109 with 
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SPT data available, maternal asthma lost its significance. The rhinovirus aetiology of bronchiolitis 

was not associated with the later asthma risk in this study, probably due to under-powering of the 

virus-specific analyses.  

Asthma, allergic rhinitis and SPT positivity have been closely associated (25) and this was also seen 

in our cohort at the age of 5-7 years (15) and now at the age of 11-13 years. Allergic rhinitis and 

SPT positivity at 5-7 years of age were significant risk factors for asthma at 11-13 years of age. 

Although 5-7 years of age is an appropriate age to study allergy and allergic sensitisation to inhaled 

seasonal allergens, new allergies still develop after that age (26). In European countries like 

Finland, the incidence of allergic rhinitis in non-selected child populations has been 5-10% at the 

ages of 6-7 years and 23-31% at the ages of 13-14 years (27), which is less than in the cases in the 

present study (43.5%) and also less than in the controls (44.6%) – also this finding speaks for the 

selection bias. The incidence of allergic sensitisation to inhaled allergens, assessed by SPT 

positivity, has been 10-20% at 5-6 years of age and 20-40% at 11 years of age (26, 28). These 

figures were in line with the non-asthmatic cases in the present study.  

Early-life exposure to tobacco smoke is known to increase the severity of bronchiolitis (29) and this 

was reflected by our observation that tobacco exposure was more common in the cases, who were 

hospitalised for bronchiolitis in infancy, than in controls. Such exposure increases the risk of later 

lung function reduction and childhood asthma and the effect seems to continue until at least young 

adulthood (23). The highest risk has been associated with maternal smoking during pregnancy, 

followed by maternal smoking during infancy and, to a lesser extent, paternal smoking during 

infancy (23, 30).  In the present study, 42.9% of the former bronchiolitis patients were exposed to 

parental smoking in infancy: 21.7% to maternal and 36.2% to paternal smoking. The figures found 

in our study were higher than the smoking rate found in young adults in the general population: 

28% in men and 25% in women (31). However, early-life exposure to tobacco smoke was not a 
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significant risk factor for childhood asthma in the bronchiolitis group but the infants of smoking 

parents are overrepresented among infants hospitalised for bronchiolitis (29, 32). 

The limitations of this study were the drop-out rate of 16.8% in the cases, explained by the follow-

up time of more than 11 years. Just over one third (35.5%) of the cases did not perform the 

bronchodilation test, which may have led to asthma under-diagnosis in the bronchiolitis group. The 

drop-out rate among the controls, who were picked from the regional population register, was 

83.1%, and it is clear that allergic and asthmatic children, and maybe non-smoking families, were 

over-represented. We acknowledge the lack of prospective follow-up data of the control group as a 

shortcoming of this study. 

 

The main strengths of the study were that it was prospective for bronchiolitis patients and continued 

for more than 10 years. The cohort is unique, since the patients were hospitalised for bronchiolitis at 

less than 6 months of age and the causative virus was detected in nearly all cases. In addition, early-

life data were carefully collected during hospitalisation and during the first 1.5 years of the study. 

An identical follow-up study was performed on the same cohort 6 years before this study, which 

enabled us to compare the findings at preschool age and now in adolescence. 

 

Conclusion 

Asthma was present in 13.0% of the former bronchiolitis patients at the age of 11 to 13 years after 

hospitalisation for bronchiolitis at the age of less than 6 months. This represented an approximate 

two-fold increased risk compared to Finnish population data. Maternal asthma was the only 

independently significant early-life risk factor for asthma at 11-13 years of age. Asthma, allergic 

rhinitis and skin test positivity at age 5-7 years of age were closely linked to asthma at 11-13 years.  
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Abstract  

Toll-like receptors (TLRs) recognise microbes that contribute to the severity of bronchiolitis and the 

subsequent risk of asthma. We evaluated whether post-bronchiolitis asthma was associated with 

polymorphisms in the TLR3 rs3775291, TLR4 rs4986790, TLR7 rs179008, TLR8 rs2407992, TLR9 

rs187084, and TLR10 rs4129009 genes. The gene polymorphisms were studied at the age of 6.4 

years (mean) in 135 children hospitalised for bronchiolitis in infancy. The outcome measure was 

current or previous asthma. Current asthma was more common (30%) in children with the variant 

AG or GG genotype in the TLR10 rs4129009 gene versus those who were homozygous for the 

major allele A (11%) (p=0.03). The adjusted odds ratio (aOR) was 4.30 (95% CI 1.30–14.29). 

Asthma ever was more common (34.6%) in girls with the TLR7 variant AT or TT genotype versus 

those who were homozygous for the major allele A (12.5%) (p=0.03). The adjusted OR was 3.93 

(95% CI 1.06–14.58). Corresponding associations were not seen in boys. There were no significant 

associations between TLR3, TLR4, TLR8, or TLR9 polymorphisms and post-bronchiolitis asthma. 

Polymorphism in the TLR10 gene increases and in the TLR7 gene may increase the risk of asthma in 

preschool-aged children after infant bronchiolitis.  
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Introduction  

Bronchiolitis in infancy increases the risk of subsequent wheezing and childhood asthma.1 Although 

many asthma risk factors, such as asthma in parents, atopy or eosinophilia in children, and 

rhinovirus aetiology of bronchiolitis,2 are well documented, predicting the outcome of an individual 

patient is not possible. Innate immunity, which is highly regulated by genes, plays a crucial role in 

both infection and inflammation.3The development of asthma is a complicated and multifactorial 

process in which genes interact with the environment.4 In early life, the Th2-dominated immune 

responses shift towards Th1-dominated responses,5 but among genetically susceptible individuals, 

environmental factors like viruses may lead to the persistence of Th2-dominated immunity and to 

subsequent atopy and asthma.6 

Toll-like receptors (TLRs) are pattern-recognising proteins that, after recognising foreign material 

like microbes, are able to trigger the production of mediators of innate immunity and, subsequently, 

after complex signalling processes, the development of adaptive immune responses.7, 8 TLRs 1, 2, 4, 

5, 6, and 10 are located on the cell surface, whereas TLRs 3, 7, 8, and 9 are located inside the cells,9 

recognising microbial components after endocytosis. TLR1, TLR2, TLR6, and TLR10 comprise the 

TLR2 subfamily, and TLR1, TLR2, TLR6, and TLR10 gene polymorphisms seem to play a role in 

susceptibility to asthma, atopic eczema, and allergic rhinitis.10-12 TLR3 recognises double-stranded 

viral ribonucleic acid (RNA), and, in mice, TLR3 activation by viruses combined with allergen 

inhalation resulted in allergic airway disease.13 TLR4 recognises bacterial lipopolysaccharides and 

the F glycoprotein of the respiratory syncytial virus (RSV).14 TLR7 and TLR8, which are regulated 

by genes located in the X chromosome, recognise single-stranded viral RNA.15 An American study 

found that TLR7 contributed to human airway relaxation via the production of nitric oxide.16 There 

is evidence that polymorphisms in the TLR7 and TLR8 genes are associated with susceptibility to 

asthma and related atopic disorders15 and to susceptibility to respiratory viral infections.17 

Signalling via TLR7 and TLR9 affects the function of eosinophils, engendering a link between viral 
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infection and allergic exacerbations.18 Although TLR10 is a pattern-recognition receptor without 

known ligand specificity, it has shown to be a modulatory receptor with mainly inhibitory 

properties.19  

We have prospectively followed 166 children who were hospitalised for bronchiolitis at less than 6 

months of age.2 At 5 to 7 years of age, 127 of the children attended a clinical control visit, and 

questionnaire data were available for another 39 children.2 We have previously studied the TLR1 

rs5743618, TLR2 rs5743708, and TLR6 rs5743810 polymorphisms and reported their associations 

with post-bronchiolitis asthma at preschool age.10 The present study was carried out to complement 

this exploratory study series by evaluating whether the TLR3 rs3775291, TLR4 rs4986790, TLR7 

rs179008, TLR8 rs2407992, TLR9 rs187084, and TLR10 rs4129009 polymorphisms are associated 

with post-bronchiolitis asthma. The aim of this study was to compare these polymorphisms between 

children with and without current asthma, current atopic dermatitis, or current allergic rhinitis at 

preschool age, or with and without asthma ever combining current and previous asthma in children 

hospitalised for bronchiolitis in infancy. 

 

Results  

The mean age of the 135 patients was 6.4 years at the control visit, and 51% were males. Asthma 

ever was present in 37 patients (27.4%), current asthma in 18 (13.3%), atopic dermatitis in 46 

(34.1%), and allergic rhinitis in 39 (28.9%). The genotypes and minor allele frequencies (MAF) and 

population data on the MAFs are listed in Table 1. The MAFs of the cases and the Finnish 

population MAF data20 did not differ substantially in terms of TLR3 rs3775291, TLR4 rs4986790, 

TLR7 rs179008, TLR8 rs2407992, TLR9 rs187084, or TLR10 rs4219009 genes.  
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The TLR3 genotype was wild (CC) in 45.9% and variant (TC or TT) in 54.1% of the cases. The 

TLR4 genotype was wild (AA) in 83.7% and variant (AG) in 16.3% of the cases. The TLR9 

genotype was wild (TT) in 32.1% and variant (TC or CC) in 67.9% of the cases. There were no 

significant associations between the TLR3, TLR4, or TLR9 genotypes and asthma ever, current 

asthma, current atopic dermatitis, or current allergic rhinitis (Table 2). 

In females, the TLR7 genotype was wild (AA) in 60.6% and variant (AT or TT) in 39.4% of the 

cases. In males, allele A was present in 79.4% and allele T in 20.6%. Asthma ever was present in 

34.6% of the girls who had the variant AT or TT genotype compared to 12.5% of those who were 

homozygous for the major allele A (p=0.03) (Table 2). The odds ratio (OR) adjusted for age was 

3.71 (95% confidence intervals [CI] 1.08–12.77). This association was significant in logistic 

regression adjusted first for early-life risk factors, and then separately for current confounders (data 

not shown). The association remained significant in logistic regression adjusted for age, early-life 

risk factors, and current confounders in the same model (OR 3.93, 95% CI 1.06–14.58). The 

corresponding figures in boys were 33.3% (allele A present) and 37.5% (allele T present) (p=1.00). 

There were no significant associations between the TLR7 genotypes and current asthma, current 

atopic dermatitis, or current allergic rhinitis in either girls or boys (Table 3). 

In females, the TLR8 genotype was wild (GG) in 34.8% and variant (GC or CC) in 65.2% of the 

cases. In males, allele G was present in 50.7% and allele C in 49.3%. There were no significant 

associations between the TLR8 genotypes and asthma ever, current asthma, current atopic 

dermatitis, or current allergic rhinitis in either girls or boys (Table 3). 

The TLR10 genotype was wild (AA) in 84.3% and variant (AG or GG) in 16.7% of the cases. 

Current asthma was present in 30.0% of the children who had the variant AG or GG genotype 

compared to 10.6% of those who were homozygous for the major allele A (p=0.03) (Table 2). The 

OR adjusted for age and gender was 3.74 (95% CI 1.19–11.78). This association was significant in 
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logistic regression adjusted first for early-life risk factors, and then separately for current 

confounders (data not shown). The association remained significant in logistic regression adjusted 

for age, gender, early-life risk factors, and current confounders in the same model (OR 4.30, 95% 

CI 1.30–14.29). There were no statistically significant associations between TLR10 gene 

polymorphisms and asthma ever, current atopic dermatitis, or current allergic rhinitis (Table 2). 

 

Discussion  

There were three main results in our study on the association of TLRs with asthma at 5 to 7 years of 

age after hospitalisation for bronchiolitis at less than 6 months of age. Firstly, current asthma was 

more common in children who had the variant TLR10 rs4129009 genotype. Secondly, asthma ever 

was more common in girls who had the variant TLR7 rs179008 genotype. Both findings were robust 

to adjustments with known early-life risk factors for asthma as well as with current confounders at 

the age of 5 to 7 years. However, TLR10 and TLR7 gene polymorphisms had no significant 

associations with current allergy. And thirdly, there were no significant associations between TLR3 

rs3775291, TLR4 rs4986790, TLR8 rs2407992, or TLR9 rs187084 polymorphisms and earlier or 

current asthma or allergy.  

TLRs play a pivotal role in promoting and controlling innate immune responses. Functional gene 

polymorphism alters the amino acid structure of the receptor, as has been shown in the cases of 

TLR3 rs3775291 (Leu>Phe), TLR4 rs4986790 (Asp>Gly), TLR7 rs179008 (Glu>Leu), TLR9 

rs187084 (Arg>Trp), and TLR10 rs4219009 (Ile>Leu) gene polymorphisms.21, 22 The consequence 

of the mutation is dependent on its location. Mutation in the extracellular domain of the receptor 

may further lead to an altered binding affinity and subsequent immune response,23 whereas 

mutation in the cytoplasmic TIR (toll/interleukine-1 receptor) domain, as in the case of TLR10 
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rs4219009, may result in an altered downstream signalling, despite normal binding.12, 24 Although 

polymorphism in the TLR8 rs2407992 (2040 C/G) does not change the amino acid (651Leu>Leu), it 

can potentially affect TLR8 splicing.15 

TLR10 is a modulatory pattern-recognition receptor with mainly inhibitory properties, and it is able 

to reduce TLR2 responses by increasing the production of anti-inflammatory IL-1Ra.19 Further, a 

recent meta-analysis revealed that polymorphisms of the IL-1Ra encoding genes were associated 

with asthma, especially in Caucasian populations.25 Our finding that the TLR10 gene polymorphism 

was associated with current asthma is in accordance with these observations. The genetic variation 

in TLR10 rs4129009, which was also determined in the present study, was associated with asthma 

risk in two independent samples from the USA.26 In addition, in a Canadian–Australian study, a 

weak association was observed between another TLR10 polymorphism (rs11096957) and atopic 

asthma.27   

In a large German study, a protective effect of genetic variants on atopic asthma was identified in 

the TLR2-associated heterodimer network consisting of TLR1, TLR6, and TLR10.12 Corresponding 

findings in the genes encoding TLR1, TLR2, and TLR6 were also seen in the present post-

bronchiolitis cohort, but the direction of the effect was opposite.10 The variant genotype in the TLR1 

gene was associated with asthma during the first 6 years of life, and asthma was present in only two 

children with the wild genotype in all three polymorphisms.10 In the most recent study from this 

cohort,28 polymorphism of TLR6 was associated with bronchial hyper-reactivity, and if all of the 

four genes including TLR10 presented with the wild genotype, exercise-induced responses in 

resistance at 5HZ by impulse oscillometry were significantly smaller than in those with one or more 

variant genotypes. These findings are in accordance with our current observations stressing the role 

of the variant TLR10 genotypes in the emergence of post-bronchiolitis asthma. The differences 
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between the German12 and Finnish cohorts may be due to different asthma phenotypes, allergic 

asthma in the German study, and post-bronchiolitis asthma in the current study. 

The German study reported that primary cells derived from carriers of protective TLR1, TLR6, and 

TLR10 variants showed augmented inflammatory responses, increased Th1 cytokine expression, 

and reduced Th2-associated IL-4 production after specific stimulation.12 The suppressed secretion 

of allergy-related cytokines, like IL-4, IL-15, and IL-13, seems to be associated with asthma 

phenotypes not related to allergy.29  

We found preliminary evidence that the role of the TLR7 gene in asthma may differ between girls 

and boys, which may be explained by the situation of the TLR7 rs179008 in the X chromosome.30 A 

recent experimental study reported that a TLR7 gene defect and early pneumovirus infection in mice 

interacted with each other, first leading to a severe bronchiolitis-like disease, then to Th2-dominated 

immunity, and finally to an asthma-like pathology.31 A Danish study revealed that TLR7 rs179008 

polymorphism was associated with asthma.15 An American study found that TLR7 was expressed in 

human airway nerves and contributed to relaxation of the airways via the production of nitric 

oxide.16 Therefore, normal TLR7 function may be protective against airway hyper-reactivity and 

asthma, whereas TLR7 polymorphism may predispose to asthma, and our observations suggest that 

the influence is greater in girls than in boys.   

Polymorphism in the TLR8 rs2407992 gene had no association with current or earlier asthma, atopic 

dermatitis, or allergic rhinitis. This finding contradicts the results of the Danish study,15 in which 

the same TLR8 polymorphism was associated with asthma, atopic dermatitis, allergic rhinitis, and 

elevated allergen-specific immunoglobulin E. A Swedish case-control study found an association 

between TLR8 gene variation and allergic rhinitis in adults.9 
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Polymorphisms in the TLR3 rs3775291, TLR4 rs4986790, or TLR9 rs187084 genes were not 

associated with current or earlier asthma or allergies. A previous study from the present cohort 

offered preliminary evidence that the wild TLR3 rs3775291 genotype increased the risk for repeated 

post-bronchiolitis wheezing.32 The negative result of the present study at the preschool age was due, 

at least partly, to the more beneficial outcome of subjects hospitalised for RSV bronchiolitis 

compared to subjects hospitalised for rhinovirus bronchiolitis. Herein, subsequent asthma was more 

common after rhinovirus bronchiolitis than after RSV bronchiolitis.2, 33 Recent meta-analyses have 

failed to find any associations between TLR4 rs4986790 polymorphism and asthma,34 and between 

TLR9 rs187084 polymorphisms and asthma.35  

There were certain limitations in the present study. The number of patients was relatively small for 

genetic studies. In addition, blood samples for genetic studies were not available from all cases with 

sufficient follow-up data available, although we consider the 81% proportion as acceptable. The 

small number of patients means a risk of type-2 statistical error. On the other hand, we carried out 

multiple analyses for polymorphisms of six different TLR-encoding genes, which means a risk of 

type-1 statistical error. We considered our study as an exploratory study aimed at finding 

preliminary evidence for associations, if present, which needs to be confirmed or rejected in future 

confirmatory studies. Therefore, and because only two polymorphisms were associated with asthma 

risk, we did not regard any multiplicity adjustments as necessary.36, 37 Multivariate logistic 

regression was used, allowing adjustments with early-life risk factors and current confounding 

factors, but the power of the study was not sufficient for incorporation of all six polymorphisms in 

the same model. 

The strengths of the present study are the prospective design, relatively long follow-up period of six 

years, extensive virological test panel available during hospitalisation for bronchiolitis, and careful 

data collection during bronchiolitis and subsequent control visits. The homogeneity of study 

populations, as in the present study, is a clear benefit for genetic studies. We consider the revealed 
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significant association between TLR10 polymorphism and current asthma at preschool age a reliable 

finding, since the MAF figures were the same, 0.08, in both cases and population-based controls 

from the FIN data.20 Since TLR7 and TLR8 genes are located in the X chromosome, the analyses 

were carried out separately for both sexes, and indeed, the findings seemed to be different in girls 

and boys. RSV caused over 70% of the bronchiolitis cases, but subsequent asthma was more 

common after rhinovirus bronchiolitis than after RSV bronchiolitis.2 Therefore, the final analyses 

on the role of TLR10 rs4129009 were performed with multivariate logistic regression adjusted for 

age, sex, early-life risk factors, and current risk factors for asthma, including the RSV aetiology of 

early-life bronchiolitis, and the conclusions did not change.   

In conclusion, polymorphism in the TLR10 gene seems to increase the risk of post-bronchiolitis 

asthma in preschool-aged children, and polymorphism in the TLR7 gene seems to increase the risk 

of post-bronchiolitis asthma in preschool-aged girls. This result was rather strong, since the 

associations were robust to adjustments for early-life and current risk factors for asthma. 

 

Methods  

The study was conducted at the Department of Paediatrics, Tampere University Hospital, Finland, 

and the design was previously described.2 In brief, 166 previously healthy, full-term infants 

hospitalised for bronchiolitis at less than 6 months of age in 2002–2004 attended a follow-up study 

in 2008–2010, when the children were 5 to 7 years of age. In infancy, bronchiolitis was defined as 

an acute lower respiratory illness characterised by rhinorrhea, cough, and diffuse wheezes or 

crackles.38 Early-life data were collected by interviewing the parents during hospitalisation using 

structured questionnaires.2 This showed that 14.5% of the mothers and 6% of the fathers had 

asthma, and 29.5% of the children had atopic dermatitis or food allergy. Data on the viral aetiology 



11 
 

of bronchiolitis were studied on admission by antigen detection and polymerase chain reaction 

(PCR), and a viral infection was identified in most cases: RSV in 70.5% and rhinovirus in 12.7%.2 

During the follow-up study, 127 children attended the clinical control visit, and an additional 39 

children returned the study questionnaire. The structured questionnaire completed by the parents of 

both groups consisted of separate questions on wheezing episodes, asthma diagnoses, and use of 

bronchodilators and inhaled corticosteroids (ICS) for the preceding 12 months. The presence of 

atopic dermatitis and allergic rhinitis, night cough in the absence of infections, and prolonged cough 

for more than four weeks were also charted for the preceding 12 months. The subjects of the present 

study consisted of those 135 children for whom samples for genetic studies are available.  

Definition of asthma 

Current asthma was defined as the current use of continuous maintenance medication with ICS for 

asthma, or suffering from doctor-diagnosed episodes of wheezing, with a prolonged or night cough 

during the preceding 12 months and with a diagnostic finding in the exercise challenge test (ECT).2 

The ECT consisted of free running outdoors for 8 minutes and measurements of pre- and post-

exercise airway resistance by impulse oscillometry (Jaeger, Master Screen IOS, Höchberg, 

Germany). An increase in resistance of 35% or more at 5Hz was considered to be pathological.2, 39 

Previous asthma before the control visit was defined as the previous use of inhaled ICS as 

continuous or intermittent maintenance medication for asthma.2 If the child had either previous or 

current asthma, the term asthma ever was used. 

Allergic rhinitis was defined as episodes of watery nasal discharge not accompanied by fever or by 

other symptoms of respiratory tract infection.2 Atopic dermatitis was defined by doctor-diagnosed 

eczema and atopy.2 

Genotyping 
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Polymorphisms of TLR3 rs3775291 (1234 C/T), TLR4 rs4986790 (1194 A/G), TLR7 rs179008 (171 

A/T), TLR8 rs2407992 (2040 C/G), TLR9 rs187084 (1486 T/C), and TLR10 rs4129009 (2322 A/G) 

were selected due to their evident functional properties. The genotyping of TLR3 rs3775291 (1234 

C/T) was performed by pyrosequencing (PSQ™96MA Pyrosequencer, Biotage, Uppsala, Sweden) 

using a PSQ™96 Pyro Gold Q96 reagent kit according to the manufacturer's protocol.32 The 

genotyping of TLR4 rs4986790 (299 A/G) was performed by the ABIPRISM 7000 Sequence 

Detection System (Applied Biosystems, CA)40 supplemented later with pyrosequencing 

(PSQ™96MA Pyrosequencer, Biotage, Uppsala, Sweden) using a PSQ™96 Pyro Gold Q96 reagent 

kit.41, 42 The genotyping of TLR8 rs2407992 (2040 C/G) was performed in the same manner as 

described for TLR3 rs3775291 (1234 C/T). For TLR7 rs179008 (171 A/T), the PCR products were 

first purified using the QIA quick PCR Purification Kit (Qiagen, Hilden, Germany) according to the 

manufacturer's protocol. PCR products with low deoxyribonucleic acid (DNA) content were eluted 

to 30µl of elution buffer. After purification, the PCR products were pipetted to a 96-well plate (5µl) 

together with TLR7 rs179008 (171 A/T) forward primer (1.6µl), and the 96-well plate was sent to 

the Institute for Molecular Medicine laboratory in Helsinki, Finland, for sequencing, as described 

recently.28  

TLR9 rs187084 (1486 T/C) genotyping was performed using BspTI restriction enzyme 

(ThermoFhisher Scientific, Waltham, USA) for digestion of the PCR product.28 High-resolution 

melting analysis (HMR) (Roche Diagnostics Light Cycler 480, Basel, Switzerland) was used for 

genotyping of TLR10 rs4129009 (2322 A/G), as described previously.28 There were 135 samples 

available for genotyping of the TLR3, TLR4, TLR7, and TLR8. For the genotyping of the TLR9 and 

TLR10, 134 samples were available. 
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Ethics 

The study was carried out in accordance with the approved guidelines of the WMA Declaration of 

Helsinki. The protocol of the study was approved by the Ethics Committee of the Tampere 

University Hospital District, Tampere, Finland. Before we enrolled the children, we obtained 

informed parental consent, including the use of samples for genetic studies on bronchiolitis and 

asthma risk, during both hospitalisation and the control visit. The personal data of the study subjects 

were not given to the two laboratories that performed the genetic studies, the National Institute of 

Health and Welfare, Turku, Finland, or the Institute for Molecular Medicine, Helsinki, Finland.  

Statistics  

Statistical analyses were carried out with SPSS version 23.0 software (IBM Corp, NY, USA). The 

chi-square test and Fisher`s exact test were used, when appropriate, to analyse genotype frequencies 

between those with and without current asthma, asthma ever, current allergic rhinitis, or current 

atopic dermatitis. Multivariate analyses were conducted if univariate analyses revealed statistically 

significant (p<0.05) associations. Logistic regression was first adjusted for gender and age, and then 

for gender, age, maternal asthma, and RSV aetiology of bronchiolitis (early-life risk factors), and 

further for gender, age, and current atopic dermatitis (current confounders). Finally, age, gender, 

early-life risk factors, and current confounders were included in the same model. The results were 

expressed as OR and 95% CI. The FINETTI programme was used to evaluate the Hardy–Weinberg 

equilibrium (HWE) of the studied TLR3, TLR4, TLR9, and TLR10 alleles, and they were in the 

HWE. Since TLR7 and TLR8 genes are located in the X chromosome, the HWE was not studied, 

and males and females were analysed separately. 
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SNP  

(Major>Minor) 

Major/ 

Major 

Major/ 

Minor 

Minor/ 

Minor 

MAF FIN 

TLR3 rs3775291  

(C>T) 

0.46 0.41 0.13 0.33 0.33 

TLR4 rs4986790  

(A>G) 

0.84 0.16 0 0.08 0.12 

TLR7 rs179008 

 (A>T) 

0.61 (girls) 0.35 (girls) 0.04 (girls) 0.22 (girls 

and boys) 

0.31 (girls 

and boys) 

 0.79 (boys) 0 0.21 (boys)   

TLR8 rs2407992  

(G>C) 

0.35 (girls) 0.48 (girls) 0.17 (girls) 0.45 (girls 

and boys) 

0.36 (girls 

and boys) 

 0.79 (boys) 0 0.49 (boys)   

TLR9 rs187084 

 (T>C) 

0.32 0.43 0.25 0.46 0.45 

TLR10 rs4129009  

(A>G) 

0.84 0.15 0.01 0.08 0.08 

Table 1. Genotypes and minor allele frequencies of genes encoding toll-like receptors 3, 4, 7, 8, 9, 

and 10 in 135 children hospitalised for bronchiolitis and in the Finnish population. MAF=minor 

allele frequency, FIN=Finnish MAFs as in 20. N=135 for TLR3, TLR4, TLR7, and TLR8; N=134 for 

TLR9 and TLR10. 
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 Asthma ever Current asthma Current atopic 

dermatitis 

Current allergic                          

rhinitis 

TLR3 rs3775291 

N=135 

N=37 N=18 N=46 N=39 

Wild CC  

N=62 (%) 

19 (30.6) 8 (12.9) 

 

20 (32.3) 

 

16 (25.8) 

 

Variant CT, TT 

N=73 (%) 

18 (24.7) 

p=0.45 

10 (13.7) 

p=0.55 

26 (35.6) 

p=0.72 

23 (31.5) 

p=0.57 

TLR4 rs4986790 

N=135 

N=37 N=18 N=46 N=39 

Wild AA 

N=113 (%) 

31 (27.4) 

 

16 (14.2) 

 

39 (34.5) 

 

34 (30.1) 

 

Variant AG, GG 

N=22 (%) 

6 (27.3) 

p=1.00 

2 (9.1) 

p=0.74 

7 (31.8) 

p=1.00 

5 (22.7) 

p=0.61 

TLR9 rs187084 

N=134 

N=37 N=18 N=46 N=39 

Wild TT 

N=43 (%) 

11 (25.6) 

 

4 (9.3) 

 

10 (23.3) 

 

13 (30.2) 

 

Variant TC, CC 

N=91 

26 (28.0) 

p=0.44 

14 (15.4) 

p=0.25 

36 (40.0) 

p=0.06 

26 (28.6) 

p=0.50 

TLR10 rs4129009 

N=134 

N=37 N=18 N=46 N=39 

Wild AA 

N=113 (%) 

28 (24.8) 

 

12 (10.6) 

 

39 (34.5) 

 

31 (27.4) 

 

Variant AG, GG 

N=21 (%) 

9 (42.9) 

p=0.08 

6 (28.6) 

p=0.03 

7 (33.3) 

p=0.57 

8 (38.1) 

p=0.23 
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Table 2. Genotypes of TLR3 rs3775291, TLR4 rs4986790, TLR9 rs187084, and TLR10 rs4129009 

encoding genes in relation to asthma and allergy at preschool age in 135 former bronchiolitis 

patients  
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 Asthma ever Current asthma Current atopic 

dermatitis 

Current allergic                

rhinitis 

TLR7 rs179008 

Females  N= 66 

N=14 N=8 N=23 N=17 

Wild AA        

N=40 (%) 

5 (12.5) 3 (7.5) 15 (37.5) 10 (25.0) 

Variant AT, TT  

N=26 (%) 

9 (34.6)      

 p=0.03 

5 (19.2)       

p=0.25 

8 (30.8)                 

 p=0.61 

7 (27.0)        

p=1.00 

TLR8 rs2407992 

Females    N=66 

N=14 N=8 N=23 N=17 

Wild GG       

N=23 (%) 

5 (21.7) 2 (8.7) 8 (34.8) 5 (21.7) 

Variant GC, CC   

N=43 (%) 

9 (20.9)       

p=1.00 

6 (14.0)       

p=0.70 

15 (32.6) 

p=1.00 

12 (26.1)    

 p=0.77 

TLR7 rs179008 

Males      N=68 

N=23 N=10 N=23 N=22 

Wild, allele A present          

N= 54 (%) 

18 (33.3) 7 (13.0) 19 (35.2) 19 (35.2) 

Variant, allele T present         

N= 14 (%) 

5 (37.5)       

p=1.00 

3 (21.4)       

p=0.68 

3(21.4)                 

p=0.76 

3 (21.4)        

 p=0.36 

TLR8 rs2407992 

Males       N=69 

N=23 N=10 N=23 N=22 

Wild, allele G present  

N=35 (%) 

11 (31.4) 6 (17.1) 12 (34.3) 13 (37.1) 

Variant, allele C present  

N=34 (%) 

12 (35.3)     

p=0.80 

4 (11.8)       

p=0.73 

11 (32.4)              

p=1.00 

9 (26.5)        

p=0.44 
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Table 3. Genotypes of TLR7 rs179008 and TLR8 rs2407992 encoding genes in relation to asthma 

and allergy at preschool age in 135 former bronchiolitis patients. TLR7 and TLR8 are presented 

separately for females and males. One test result of a TLR7 male presented AT heterozygote and 

was deleted from the analyses. 
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Abstract 

 

Background and aim: Bronchiolitis is a leading cause of hospitalization in infants and is 

associated with a risk of subsequent asthma. The innate immunity genes, such as those encoding 

toll-like receptors (TLRs), are likely to play a role in bronchiolitis and post-bronchiolitis outcome. 

Thus far, only one study has considered TLR5 genes in respiratory syncytial virus (RSV) 

bronchiolitis.  The aim of this study was to investigate the association of TLR5 gene polymorphism 

with virus etiology and severity of bronchiolitis, and with post-bronchiolitis asthma.  

Methods: We recruited 164 infants (age < 6 months) hospitalized for bronchiolitis in this study, 

and determined TLR5 rs5744174 (C>T) single nucleotide polymorphism, virus etiology and 

severity markers of bronchiolitis, and presence of post-bronchiolitis asthma until age 11-13 years. 

Results: RSV was detected in 113 (68.9%), rhinovirus in 19 (11.6%) and some other virus in 20 

(12.2%) cases. Non-RSV etiology was more common among infants with the variant CT or TT 

genotype in the TLR5 rs5744174 gene than in those with the CC genotype (89.7% vs. 71.7%, 

p=0.03). TLR5 rs5744174 polymorphism was not associated with the need of supplementary 

oxygen or feeding support, with the length of hospital stay, or with post-bronchiolitis asthma at any 

age.  

Conclusion: The TLR5 rs5744174 variant genotype may increase the susceptibility to bronchiolitis 

not caused by RSV.  

 

 

 

 

 
 
 



Introduction 

 

Asthma is a chronic inflammatory disease of the airways, usually presenting with the dominance of 

Th2-type cytokines 1. Both genetic susceptibility and environmental factors, such as early-life virus 

infections, contribute to the development of asthma. Still, it remains unclear which abnormalities in 

the innate immunity-based host defense, such as cytokine misproduction, are hereditary, and which 

develop later due to environmental stress factors, such as infections 2. 

 

Bronchiolitis is the most common lower respiratory tract infection (LRTI) requiring hospitalization 

in young children 3. Among the various respiratory viruses causing bronchiolitis, respiratory 

syncytial virus (RSV) is the single most important one, especially in the youngest children 4,5. The 

clinical course of primary RSV infection is highly variable, and genetic variations in genes 

regulating the immune response certainly influence disease severity 6. Bronchiolitis in infancy is 

associated with subsequent wheezing in early childhood and asthma in later childhood 7-9. The link 

between bronchiolitis and subsequent asthma remains unclear, but it has been suggested that the 

causative virus modifies the immature immunity towards a Th2-oriented cytokine profile 10. 

 

Toll-like receptors (TLRs) are innate immune molecules that recognize conserved structures of 

microbial pathogens 11. They activate immediate and early mechanisms of innate host defense as 

well as initiate and orchestrate adaptive immune responses 11. Several single-nucleotide 

polymorphisms (SNPs) within the TLR genes have been associated with altered susceptibility to 

infectious, inflammatory, and allergic diseases 11,12. 

 

TLRs 1, 2, 4, 5, 6 and 10 are located on the cell surface, directly recognizing microbial components, 

whereas TLRs 3, 7, 8 and 9 are located inside the cell 13, recognizing microbial components after 



endocytosis. TLR5 recognizes bacterial flagellin, which is an important virulence factor of many 

bacteria 14 and is also found in house dust 15. The effect of bacterial products in house dust are 

mainly protective for allergy and asthma 16. In prior studies, activation of TLR5 by flagellin has 

been associated with atopic eczema 17 and also with asthma 15, but there are studies with 

contradictory results reporting that asthmatic patients have decreased expression18,19 or impaired 

function of TLR5 19. Moreover, polymorphisms in the TLR5 gene have been described to be 

associated with both acute and chronic lung diseases, e.g pneumonia caused by Legionella 

pneumophila 20 and bronchopulmonary dysplasia in preterm infants 21.  

 

TLR5, as a receptor of bacterial flagellin, is known to be involved in allergy development and 

subsequent asthma 15. A Dutch study found preliminary evidence that the association of TLR5 

rs5744174 (Phe616Leu) polymorphism with bronchiolitis risk may be divergent in preterm and 

term infants 22. We have previously investigated the associations of SNPs of nine TLR genes, not 

including the TLR5 gene, with bronchiolitis and post-bronchiolitis outcome 23-27. The aim of this 

study was to complete our previous exploratory studies by evaluating the association of TLR5 

rs5744174 gene polymorphism with bronchiolitis in infancy, with post-bronchiolitis wheezing until 

the age of 18 months, with preschool asthma at the age of five to 7 years, and with childhood 

asthma at the age of 11 to 13 years. 

 

Materials and methods 

Design 

The study was conducted at the Department of Pediatrics, Tampere University Hospital, Finland, 

and the design has previously been described 9. In brief, 187 previously healthy, full-term infants 

hospitalized for bronchiolitis at less than 6 months of age in 2001-2004 were eligible for the study. 



Of them, 139 attended a follow-up visit in 2002-2004 when the mean age of the children was 18 

months. The second follow-up visit was arranged in 2008-2010, at 5 to 7 years of age, to which 166 

attended, and the third took place in 2014-2015, at the age of 11-13 years, to which 138 attended. 

Whole blood samples were obtained for genetic studies in infancy, supplemented at age 5-6 years, if 

needed. Overall, data on the TLR5 rs5744174 (C>T) gene polymorphism were available from 164 

infants. In infancy, bronchiolitis was defined as an acute lower respiratory illness characterized by 

rhinorrhea, cough, and diffuse wheezes or crackles 28. The viral etiology of bronchiolitis was 

studied by antigen detection and polymerase chain reaction (PCR) in nasopharyngeal aspirates 

(NPA), as described previously 29. The studied viruses were RSV, rhinovirus, human 

metapneumovirus, influenza A and B virus, parainfluenza type 1, 2 and 3 viruses, bocavirus, and 

adenovirus. Data on disease severity, such as the need for supplementary oxygen and feeding 

support, and the length of hospital stay (LOS), were recorded during the inpatient care 27.  

 

After hospitalization for bronchiolitis, the children were invited to a follow-up visit at, on average, 

1.5 years of age. At the follow-up visit, the parents were interviewed using a structured 

questionnaire on the occurrence of atopic eczema, wheezing episodes, and the use of corticosteroids 

for wheezing after hospitalization for bronchiolitis 30. The parents had recorded all infections and 

wheezing periods diagnosed by a family doctor or a pediatrician and all given treatments in a diary 

during the 1.5 years post-bronchiolitis follow-up period. Only doctor-diagnosed episodes were 

included in the analyses. Repeated wheezing was defined as two or more wheezing episodes during 

the 1.5-year post-bronchiolitis follow-up period 30.   

The follow-up study when the children were 5-7 years old, consisted of medical histories since the 

last visit at the age of 1.5 years. The data were collected using structured questionnaires, which the 

parents had completed before the visit, and a clinical examination by a doctor that included an 

interview, checking the questionnaire data, and an exercise challenge test (ECT) with impulse 



oscillometry (IOS) for bronchial hyper-reactivity 9. Current asthma was defined as the current use 

of continuous maintenance medication with inhaled corticosteroids (ICS) for asthma, or suffering 

from doctor-diagnosed episodes of wheezing after the age of 1.5 years, or from prolonged or night 

cough during the preceding 12 months, with a diagnostic finding in the ECT with IOS 9. Previous 

asthma before the control visit was defined as the previous use of ICSs as continuous or intermittent 

maintenance medication for asthma 9. 

 

The follow-up study, when the children were 11-13 years old, consisted of medical histories since 

the last visit at the age of 5-7 years. As in previous visits, data were collected using structured 

questionnaires, which the parents had completed before the visit, and a clinical examination by a 

doctor that included an interview and checking the questionnaire data. Lung function was measured 

with flow-volume spirometer Vmax™ Carefusion (Becton, Dickinson and Company, NJ, USA), 

and a bronchodilation test was performed. Forced expiratory volume in one second (FEV1) was 

measured before and 15 minutes after salbutamol inhalation (Ventolin Evohaler 0.1mg/dos, 

GlaxoSmithKline, London, UK) with a spacer and in both times, the best value out of three 

technically acceptable measurements was considered into the analyses. An increase of 12% in 

FEV1 was considered as diagnostic for asthma. Current asthma was considered to be present if the 

child had used ICSs continuously during the last 12 months. It was also considered to be present if 

the child had suffered from repeated wheezing or from a prolonged cough or night cough for four or 

more weeks during the last 12 months, and, in addition, had a diagnostic increase of FEV1 in the 

bronchodilation test. Persistent asthma was considered to be present if the child with current asthma 

had also had asthma at the last control visit at the age of 5-7 years. 

 

At both the 5-7-year and the 11-13-year visit, the questionnaire consisted of questions concerning 

doctor-diagnosed atopic eczema, allergic rhinitis, and food allergies at different ages since the last 



control visit. It also covered the current use of asthma medication, current symptoms that could 

suggest asthma, and the current asthma diagnosis, if present.  

 

 

Genetic studies 

High resolution melting analysis (HRMA) (Roche Diagnostics Light Cycler 480, Basel, 

Switzerland) was used for genotyping of TLR5 rs5744174 (C>T) polymorphism, as published 

recently 31. HRMA is a post-PCR melt analysis method which is based on the detection of changes 

in fluorescence due to the binding of a double stranded –specific intercalacting fluorescent dye, at 

different temperatures. Primers (forward 5´-ACCTTCCGTGGAAAGAGAGAA-3´ and reverse 5´-

TGCAGACATATATTGTGTGTACCCT-3) were designed with Primer-Blast design tool. 

Amplicon size was only 70 bp which is small enough to maximize the difference between melting 

peaks (Tm) in variant genotypes and to avoid the other SNPs 32. Three samples with known 

genotypes were used to determine the proper concentration of MgCl2 and annealing temperature 

(Ta◦C) for assay.  

 

Each run reaction (20µl total) consisted of 3µl genomic DNA (~8,0ng/µl) and 17µl of master mix, 

which includes 10 µl melting master dye (LightCycler 480 High Resolution Melting Master, 

Product No.04909631001, Roche, Basel, Switzerland), 2.4 µl of MgCl2 with a final concentration of 

3 mM, 1 µl of each primer with a final concentration of 0.2µM, and 2.6µl of water. The Master mix 

provides a final concentration of 3 mM of MgCl2. HRMA reactions were run at 95°C for 10 min 

followed by 45 cycles amplification at 95°C for 10 s, at 60°C for 10 s and at 72°C for 15 s. After 

the PCR run, final melting cycle conditions were as outlined by Roche: first heating to 95°C and 

hold for 1 min and cooling to pre-hold temperature (40°C). Melting interval for collecting 



fluorescence from 60°C -95° at ramp rate 0.02°C per second. In each run, known TLR5 rs5744174 

standards (wild type, heterozygote and homozygote) were used. 

The 1000 Genome Project FIN data on TLR5 rs5744174 gene polymorphism was obtained from 99 

Finnish subjects 33, and the minor allele frequencies (MAF) were compared between our cases and 

that FIN data. 

 

Ethics 

The study was carried out in accordance with the approved guidelines of the WMA Declaration of 

Helsinki. The protocol of the study was approved by the Ethics Committee of the Tampere 

University Hospital District, Tampere, Finland. Before enrolling the children, we obtained informed 

parental consent, including the use of samples for genetic studies on bronchiolitis and asthma risk, 

both during hospitalization and at the control visit. The personal data of the study subjects were not 

given to the laboratory that performed the genetic studies, the Department of Medical Microbiology 

and Immunology, University of Turku, Finland.  

 

Statistics 

Statistical analyses were carried out with SPSS version 23.0 software (IBM Corp, NY, USA). The 

Chi-square test and Fisher`s exact test were used, as appropriate, for categorized variables. Logistic 

regression with adjustments for sex and age was used to analyze the association between the TLR5 

rs5744174 genotypes and virus etiology of bronchiolitis. The results were expressed as odds ratios 

(OR) and 95% confidence intervals (95% CI).  



The FINETTI program, version 3.0.5 (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl) was used to evaluate 

the Hardy-Weinberg equilibrium of the studied TLR5 alleles, and they were in the Hardy-Weinberg 

equilibrium. 

 

Results 

Hospitalization data 

There were 164 (87.7%) patients with available genetic and clinical data during hospitalization. 

Eighty-three (50.6%) of them were boys. Fifty-seven (34.8%) children needed feeding support and 

31 (18.9%), oxygen supplementation during the hospitalization. The mean age of the children was 

10.6 weeks (range 1-25 weeks, SD 6.77). The mean LOS in hospital was 4.49 days (range 0-22 

days, SD 3.21). The causative virus was RSV in 113 (68.9%) cases (RSV A in 61 and RSV B in 52 

cases), rhinovirus in 19 (11.6%), and some other virus in 20 (12.2%) (human metapneumovirus in 

6, Influenza A virus in 9, parainfluenza type-3 virus in 4 and adenovirus in 1 case). Thus, non-RSV 

etiology of bronchiolitis was present in 39 (23.8%) cases. The virus was not identified in 12 (7.3%) 

cases.   

 

The TLR5 rs5744174 genotype was CC in 39 (23.8%) cases, variant CT in 84 (51.2%) cases and 

variant TT in 41 (25%) cases. There was no significant association between sex and the genotypes. 

Variant genotypes (CT or TT) were more common in infants with bronchiolitis caused by some 

other virus (non-RSV group) than by RSV (89.7% vs. 71.7%, p=0.03) (Table 1.). The OR was 3.46 

(95% CI 1.14-10.52) and when adjusted by age and sex, the aOR was 3.17 (95% CI 1.03-9.74). 

When RSV A and RSV B were included separately in supplementary analyses, the difference was 

still clear. The variant genotypes (CT or TT) were more common in infants with bronchiolitis 

caused by non-RSV (89.7%) than by RSV A (70.5%, p=0.02) or by non-RSV than by RSV B 

http://ihg.gsf.de/cgi-bin/hw/hwa1.pl


(73.1%, p=0.04). Concerning RSV A, the OR was 3.66 (95% CI 1.14-11.82) and the aOR was 3.22 

(95% CI 0.98-10.62), and concerning RSV B, the OR was 3.22 (95% CI 0.97-10.73) and the aOR 

3.01 (95% CI 0.90-10.13). 

There were no significant associations between the TLR5 rs5744174 genotypes and the severity 

markers of bronchiolitis, such as the need of feeding support, oxygen supplementation, or the LOS 

(Table 2.). 

Comparison with FIN data 

The MAF (allele T) in this study population was 0.51 and did not differ from the general Finnish 

population according to FIN data of the 1000 Genomes Project 33, where the MAF of the TLR5 

rs5744174 (C>T) was 0.50. In the RSV group, the MAF was 0.47 (p=0.47 vs. the FIN data) and in 

the non-RSV group, the MAF was significantly higher, at 0.64 (p=0.03 vs. the FIN data) (Table 1). 

 

1.5 years follow-up visit 

There were 112 children with clinical data available from the 1.5 years follow-up visit. The TLR5 

rs5744174 genotype was CC in 22 (19.6%) cases and CT or TT (variant) in 90 (80.4%) cases. There 

were no significant associations between the TLR5 rs5744174 genotype and post-bronchiolitis 

wheezing, presence of atopic eczema, or the use of ICS medication (Table 3).  

 

5-7 years follow-up visit 

There were 139 children with clinical data available from the 5-7 years follow-up visit. The TLR5 

rs5744174 genotype was CC in 36 (25.9%) cases and CT or TT (variant) in 103 (74.1%) cases. 



There were no significant associations between the TLR5 rs5744174 genotype and prolonged 

cough, ICS use, current asthma, or presence of atopic eczema or allergic rhinitis (Table 4). 

 

11-13 years follow-up visit 

There were 123 children with clinical data available from the 11-13 years follow-up visit. The TLR5 

rs5744174 genotype was CC in 32 (26.0%) cases and CT or TT (variant) in 91 (74.0%) cases. There 

were no significant associations between the TLR5 rs5744174 genotypes and prolonged cough, ICS 

use, current asthma, persistent asthma continuing from preschool age until the latest follow-up visit, 

or presence of atopic eczema or allergic rhinitis (Table 5.).  

 

Discussion 

There are three main results in this study concerning the TLR5 rs5744174 (C>T) gene 

polymorphism in bronchiolitis and post-bronchiolitis outcome. First, the TLR5 rs5744174 variant 

genotype was associated with non-RSV etiology of bronchiolitis.  Second, TLR5 rs5744174 

polymorphism was not associated with severity of bronchiolitis. Third, TLR5 rs5744174 

polymorphism was not associated with post-bronchiolitis wheezing, preschool asthma or current 

asthma in 11-13 years old children after bronchiolitis in infancy. 

Approximately 2-3% of children are hospitalized for bronchiolitis before the age of 12 months 34. In 

a recent Finnish study, the figure was 2.6% in infants under 6 months of age 35. RSV is the most 

common cause for bronchiolitis, especially among infants less than 12 months, whereas other 

viruses, especially rhinovirus, become more frequent after that age 4. Consistent with this, RSV 



caused 68.9% of bronchiolitis cases (74.3% of the virus-positive cases) in the present study in 

infants hospitalized for bronchiolitis at less than 6 months of age. However, bronchiolitis caused by 

some other virus than RSV was significantly more common among children with the variant 

genotype in the TLR5 rs5744174 gene. This result was confirmed with adjusted analyses when 

infants with non-RSV bronchiolitis were compared to all RSV cases, but the significance was 

marginally lost when compared with RSV A and RSV B cases separately, though the risk was more 

than 3-fold in all analyses. Further, the MAF was significantly higher in the non-RSV group (0.64) 

than in the Finnish population (0.50), according to the FIN data of the 1000 Genome Project 33.  

There is some evidence that polymorphisms in the TLR5 gene are associated with bacterial 

infections 20,36, but their role in viral infections is less studied.  So far, there has been only one study 

on TLR5 in infant bronchiolitis, where TLR5 rs5744174, the same SNP as in the present study, did 

not have any significant effect on the risk of RSV bronchiolitis 22. In stratified analyses, however, 

preliminary evidence was found that the influence may be divergent in term and preterm infants 

with bronchiolitis. No studies are available on the association between TLR5 genes and bronchiolitis 

caused by other viruses, or between TLR5 genes and the post-bronchiolitis outcome. 

The TLR5 rs5744174 site is located in the coding region of the gene, and the SNP results in a 

missense mutation, where the 616th amino acid of the TLR5 protein, phenylalanine (Phe), is 

substituted by a leucine (Leu) 37. Depending on its location, polymorphisms in the encoding gene of 

TLRs may affect the level of expression or alternatively, lead to an altered binding affinity or to an 

altered downstream signaling 38. Subsequently, these changes in the primary defense may lead to 

attenuated immune responses, and further, to increased susceptibility to infections. In primary 

human cell cultures, TLR5 rs5744174 polymorphism was found to attenuate TLR5 signaling in 

response to bacterial flagellin 39. In addition to recognizing flagellin, there is preliminary evidence 

that TLR5 might have immune modulating effects in virus infections. A recent study found that 



flagellin-induced activation of TLR5 prevented rotavirus infection in mice through activating innate 

immunity 40. Moreover, flagellin has been shown to be effective as an adjuvant in influenza 

vaccines by triggering TLR5 activity and boosting immune responses 41,42. In the present study, the 

TLR5 rs5744174 variant genotype was associated with an increase in susceptibility to non-RSV 

bronchiolitis, which may take place via an attenuated function of TLR5. 

The data on the role of TLR5 in asthma is inconsistent, and even less is known about the effect of 

the genetic variants of the TLR5 rs5744174 gene on asthma susceptibility. In the present study, 

TLR5 rs5744174 polymorphism had no significant association with recurrent wheezing or asthma 

during the longer than 10 years follow-up after bronchiolitis in infancy. This is in agreement with a 

study of a German population in which no significant associations between TLR5 rs5744174 

polymorphism (the polymorphism studied here), or two other TLR5 gene polymorphisms, 

rs5744168 and rs2072493, and childhood asthma, was found 38.  

 

It has been suggested, that in healthy subjects, the activation of TLR5 induces Th1-type immune 

responses, but in asthmatic patients, the expression and activation of TLR5 and subsequent release 

of Th1-type and anti-inflammatory cytokines are decreased, and the normal function of TLR5 

probably is protective from asthma 19. In another study, TLR5 expression was decreased only in 

severe asthmatics 18. A different study reported contradictory results, proposing that the activation 

of TLR5 leads to Th2-oriented responses in mice 43. Further, a few studies have implicated that the 

effect of contact with bacterial flagellin may be dose-dependent: a small amount of flagellin may 

promote asthma by priming allergic responses 15, whereas higher amounts may suppress allergic 

asthma 44.  

Compared to other viruses, RSV is associated with more severe symptoms of bronchiolitis, whereas 

rhinovirus is more commonly associated with post-bronchiolitis asthma than is RSV 45. In the 

present study, TLR5 rs5744174 genotypes did not associate with severity markers of bronchiolitis 



during hospitalization, although non-RSV bronchiolitis was more common among children with 

variant genotypes of the TLR5 rs5744174 gene. This may be due to the small sample size, as only 

39 children had bronchiolitis caused by some other virus than RSV. It is also notable, that a loss-of-

function mutation in the ligand-binding domain of TLR5, 392STOP, was associated with defective 

responses to flagellin and increased susceptibility to Legionnaire’s disease 20.  This polymorphism 

is present in 5-10% of Europeans and in 23% of some other populations, and when present in both 

alleles, leads to a complete TLR5 defect without any general immunodeficiency 46. Thus, TLR5 

seems not to be crucial for host defense, and in case of attenuated or even complete loss of function, 

other molecules of innate immunity are able to compensate for its lacking function 46. 

The strengths of this study are the prospective design and carefully collected data during both the 

hospitalization and repeated follow-up visits, and a long follow-up time of over 10 years. The 

homogeneous ethnic background of the study children is also a benefit in genetic studies. One clear 

limitation of this study, however, is the fact that we were not able to measure the expression of 

TLR5 or the functionality of the TLR5 rs5744174 gene. However, the functionality of this 

polymorphism has been proven in previous studies 39. The small sample size is a limitation for 

genetic studies and, therefore, the findings need to be repeated in larger study populations. 

In conclusion, the TLR5 rs5744174 variant genotypes were associated with non-RSV etiology of 

bronchiolitis, but not with the severity of bronchiolitis or with the incidence of post-bronchiolitis 

asthma. Thus, the findings of this exploratory study suggest that TLR5 may have a modulating role 

in virus bronchiolitis but larger confirmatory studies in other populations are needed.  
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Table 1. TLR5 rs5744174 genotypes and minor allele T frequencies in relation to virus etiology of 

bronchiolitis, calculated by Chi-square test or Fisher’s exact test. 
 

  RSV 
 
 
 
 
n=113  

 Non-RSV 
 
 
 
 
n=39  
 

 Rhinovirus 
 
 
 
 
n=19 

 Other virus than RSV 
or rhinovirus 
 
 
 
n=20  

Genotype  n (%)  n (%) p *  n (%) p *  n ( %) p* 

CC  
n=39 
 

 32 (28.3)  4 (10.3) ---  2 (10.5) ---  2 (10.0) --- 

CT  
(variant) 
n=84 
 

 57 (50.4)  20 (51.3) 0.08  10 (52.6) 0.33  10 (50.0) 0.33 

TT  
(variant) 
n=41 
 

 24 (21.2)  15 (38.4) 0.008  7 (36.8) 0.07  8 (40.0) 0.04 

CT or TT 
(variant) 
n=125 
 

 81 (71.7)  35 (89.7) 0.03  17 (89.5) 0.15  18 (90.0) 0.10 

Minor 
allele T 
frequency  
n= 
164/328 

 105/226 
(46.5) 
 
p=0.47 vs. 
the FIN 
data ** 

 50/78  
(64.1) 
 
p=0.03 vs. the FIN 
data 
 

 24/38  
(63.2) 
 
p=0.14 vs. the FIN 
data 
 
 

 26/40  
(65.0) 
 
p=0.08 vs. the FIN 
data 

 * vs. the genotype CC 
** FIN data from the 1000 genomes Project33 
 
 
 

 

 

 

 

 

 

 

 

 



Table 2. TLR5 rs5744174 genotypes in relation to the severity markers of bronchiolitis, including 

the need of feeding support or oxygen supplementation during hospitalization, and the length of 

hospital stay, calculated by Chi-square test or Fisher’s exact test. 
 
 

  Genotype CC  
 
 
 
n=39 

 Genotype CT or 
TT (variant) 
 
 
n=125 

  

Clinical finding 
 

 n %  n %  P-value 

Feeding support  
n=57 
 

 13 33.3  44 35.2  0.83 

Oxygen 
supplementation 
n=31 
 

 78 17.9  24 19.2  0.86 

Length of hospital 
stay 
(mean, SD) 

 5.21 (SD 3.88)  4.27 (SD 2.95)  0.11 

 
 
 
 
 
Table 3. TLR5 rs5744174 genotypes in relation to clinical outcome at 1.5 years of age after 

bronchiolitis in infancy, calculated by Chi-square test or Fisher’s exact test.  

 

  Wild genotype 
(CC)  
 
n=22 

 Variant genotype 
(CT or TT) 
 
n=90 

  

Clinical finding 
 

 n %  n %  P-value 

Atopic eczema 
n=15 
 

 1  4.5  14 
 

15.6  0.16 

Repeated 
wheezing  
n=21 
 

 4  18.2  17 
 

18.9  0.60 

ICS use  
n=16 
 

 3  13.6  13 
 

14.4  0.59 

 



Table 4. TLR5 rs5744174 genotypes in relation to clinical outcome at 5-7 years of age after 

bronchiolitis in infancy, calculated by Chi-square test or Fisher’s exact test.  

 

  Wild genotype 
(CC)  
 
 
n=36 

 Variant 
genotype (CT or 
TT) 
 
n=103 

  

Clinical finding 
 

 n %  n %  P-value 

ICS use n=17 
 

 7  19.4  10 
 

9.7  0.13 

Current 
asthma n=15 
 

 6 16.7  9 
 

8.7  0.19 

Allergic rhinitis 
n=40 
 

 13 36.1  27 
 

26.2  0.26 

Atopic eczema 
n=40 
 

 8 22.2  32 
 

31.2  0.31 

 
 
 
 
Table 5. TLR5 rs5744174 genotypes in relation to clinical outcome at 11-13 years of age after 

bronchiolitis in infancy.  

 

  Wild genotype 
(CC)  
 
 
n=32 

 Variant 
genotype (CT or 
TT) 
 
n=91 

  

Clinical finding 
 

 n %  n %  P-value 

ICS use n=10 
 

 3  9.4  7 
 

7.7  0.72 

Current 
asthma n=14 
 

 6  18.8  8  8.8  0.13 

Persistent 
asthma n=8 
 

 3  9.4  5  
 

5.5  0.43 

Allergic rhinitis 
n=53 
 

 11  34.4  42  46.2  0.25 
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Abstract  

Aim: Toll-like receptors (TLR) are innate immunity molecules and our previous studies found that 

TLR1 gene polymorphism was associated with post-bronchiolitis asthma at one to six years of age, 

as was TLR10 at five to seven years of age. This study examined any associations at 11-13 years of 

age.  

Methods: This prospective follow-up study was part of an ongoing evaluation of children admitted 

to Tampere University Hospital Finland for bronchiolitis in 2001-2004 at less than six months of 

age. We evaluated the association of TLR1 rs5743618 and TLR10 rs4129009 polymorphisms with 

asthma and asthma medication in 125 children aged 11-13 years. 

Results: Associations were measured as adjusted odd ratios (aOR) with 95% confidence intervals 

(95% CI). The variant TLR1 rs5743618 (aOR 4.04, 95% CI 0-99-13.01) and TLR10 rs4129009 

(aOR 7.02, 95% CI 1.56-31.53) genotypes increased the risk of needing inhaled corticosteroids 

(ICSs) at 11-13 years of age. The variant TLR10 genotype (aOR 7.69, 95% CI 1.35-43.95) increased 

the risk of persistent asthma continuing from five to seven years of age until 11-13 years of age. 

The results were similar when the combined genotypes were analysed.  

Conclusion: Polymorphisms in both the TLR1 and TLR10 genes may increase the risk of asthma at 

11-13 years after infant bronchiolitis. 

 

Key notes 

 Our previous studies showed that TLR1 and TLR10 gene polymorphisms were associated 

with asthma at one to six and five to seven years of age, respectively, following infant 

bronchiolitis. 

 This study followed up 125 cohort members, hospitalised for bronchiolitis at less than six 

months of age, when they were 11-13.  
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 We found that variant TLR1 rs5743618 and TLR10 rs4129009 genotypes were associated 

with asthma medication and the variant TLR10 rs4129009 genotype with persistent asthma. 

 

INTRODUCTION 

Toll-like receptors (TLRs) are cell membrane proteins that recognise microbial pattern molecules 

and play a significant role in regulating innate immune responses and further activating adaptive 

immune responses (1-3). So far, 10 functional TLRs have been identified in humans (4) and TLRs 

1-10 are expressed in cells at all interfaces of the body, as well as in macrophages, neutrophils, 

dendritic cells and natural killer cells. TLR1, TLR2, TLR6 and TLR10 are considered to form a 

subfamily because of their close interaction (5). The susceptibility of an individual to infectious, 

inflammatory, autoimmune and allergic diseases may be changed by alterations in their molecular 

structure or in the expression of TLRs due to mutations in the encoding genes (6).  

 

Microbial exposure in early childhood is an essential process in shaping adaptive immunity (7) and 

normal TLR activation could be expected to protect an individual from chronic diseases like 

asthma. Certain early-life virus infections, especially infant bronchiolitis, are risk factors for 

subsequent asthma, probably because they modify the balance between Th1-dominated and Th2-

dominated immune responses (8). The role of putative genetic factors in the development of asthma, 

especially those regulating innate immunity, has been the subject of increased research interest in 

recent years.  

 

Genes encoding the TLR2 subfamily are located on chromosome 4 in close proximity to each other 

(3) and TLR2 forms heterodimers with TLR1, TLR6 and TLR10 (5). However, unlike other 

receptors in the subfamily, TLR10 also seems to act as a homodimer (9) and weakens the responses 

triggered by TLR2 heterodimers (3). Thus, TLR10 is a primarily anti-inflammatory receptor, which 
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also presents with certain pro-inflammatory effects.  Evidence has been published to support an 

association between polymorphisms in TLR2 subfamily genes and increased asthma risk (5,10,11). 

 

We have prospectively followed 166 Finnish children since they were hospitalised for bronchiolitis 

when they were less than six months of age (12) and by the age of 11-13, 138 children were still 

taking part in the study. Our explanatory studies of the polymorphisms of all 10 TLR genes in this 

cohort showed that TLR1 rs5743618 polymorphism was associated with asthma at one to six years 

of age (12) and TLR10 rs4129009 polymorphism was associated with asthma at five to seven years 

of age (13). In both polymorphisms, the variant genotype, including the minor allele, was associated 

with a greater asthma risk. However, asthma may still be transient at these ages or some non-

symptomatic cases may relapse (14), which is why it is important to carry out follow-up studies to 

confirm these findings as patients get older. 

 Our hypothesis for the present confirmatory study was that the variant genotypes of TLR1 and 

TLR10 gene polymorphisms would be associated with post-bronchiolitis asthma at 11-13 years of 

age.  The aim of this study was to examine the associations between TLR1 rs5743618 and TLR10 

rs4129009 polymorphisms and asthma at that age in our prospectively followed post-bronchiolitis 

cohort.  

 

MATERIAL AND METHODS 

A total of 166 children have been prospectively followed up after hospitalisation in 2001-2004 for 

bronchiolitis at less than six months of age in the Department of Pediatrics, Tampere University 

Hospital, Finland. The detailed study design has previously been described (12). During the 

subjects’ hospitalisation, bronchiolitis was defined as the first episode of lower respiratory infection 

with rhinitis, cough and audible diffuse wheezes or crackles (15,16). The causative virus was 
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determined in nasopharyngeal aspirates by antigen detection and polymerase chain reaction. This 

showed that the respiratory syncytial virus (RSV) caused 117 (70.5%) of the 166 bronchiolitis cases 

and rhinovirus caused 21 (12.7%) (15,16). Whole blood samples were obtained for genetic studies 

during hospitalisation and supplemented at later follow-up visits. 

 

Earlier follow-up visits were arranged at the ages of 1.5 years (15) and five to seven years (16) to 

evaluate the presence of recurrent wheezing, asthma and atopy. At the 1.5-year follow-up visit, data 

were collected on recurrent wheezing and atopic eczema during infancy. The follow-up study at 

five to seven years consisted of a structured questionnaire, interview with the doctor and assessment 

of bronchial reactivity with an exercise challenge test using impulse oscillometry, and in addition, 

early-life data were supplemented if needed. 

 

The current follow-up assessments took place between 1 June 2014 and 31 January 2015 when the 

children were 11-13 years old. Before the follow-up visit, the parents completed a structured 

questionnaire that evaluated the occurrence of doctor-diagnosed atopic eczema, allergic rhinitis and 

asthma, self-reported symptoms suggestive of asthma and the use of asthma medication since the 

control visit at 5-7 years of age. The follow-up visit included a medical examination and interview, 

the questionnaire data was checked and the bronchodilation test was carried out. In all, 138 of 166 

(83.1%) children took part in the follow-up visit and blood samples for genetic studies were 

available from 125 children, who formed the subjects of the present study. Of these, 89 attended the 

clinical follow-up visit and performed the bronchodilation test and 36 of the parents returned the 

completed questionnaire. 

 

The outcome events in this study at 11-13 years of age were continuous ICS medication during the 

preceding 12 months, current asthma and persistent asthma. Asthma was considered to be present if 
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the child had been on continuous inhaled corticosteroid (ICS) medication or alternatively, had 

suffered from repeated wheezing and, or, a prolonged cough and, or, night cough for four weeks 

without a respiratory infection during the preceding 12 months, and in addition, had a diagnostic 

increase in forced expiratory volume in one second (FEV1) in the bronchodilation test. Persistent 

asthma was considered if the child with current asthma also presented with asthma at the last 

control visit at five to seven years of age. 

 

Bronchodilation test 

Lung function was measured with the Vmax Carefusion flow-volume spirometer (Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA). The best FEV1 of three technically acceptable 

measurements were taken into account in the analyses, before and 15 minutes after the inhalation of 

400µg salbutamol using a Ventolin Evohaler 0.1mg/dos (GlaxoSmithKline, London, UK). FEV1 

was expressed as the percentage of the mean sex-specific, height-adjusted values in the population 

namely predicted FEV1. An increase of 12% or more in the bronchodilation test after inhaling 

salbutamol was regarded as a positive indicator of reversible airway obstruction. 

 

TLR1 and TLR10 genes 

Polymorphisms of the TLR1 rs5743618 (1805 G>T) and TLR10 rs4129009 (2322 A>G) genes were 

respectively determined by the National Institute of Health and Welfare, Turku (TLR1), and the 

Department of Medical Microbiology and Immunology, University of Turku (TLR10), Finland, as 

previously described (17,18). These single nucleotide polymorphisms were selected due to their 

previously reported functional properties (5,19) and the previous exploratory findings from this 

cohort (12,13). 
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Ethics 

The study was carried out in accordance with the Declaration of Helsinki and the Ethics Committee 

of Tampere University Hospital District approved the study. We obtained a written, informed 

parental consent for all subjects during hospitalisation and at the control visits, which included the 

use of samples for genetic studies on bronchiolitis and asthma risk. The personal data of the study 

subjects were not given to the laboratories that performed the genetic studies. 

 

Statistics 

The statistical analyses were performed by using SPSS for Windows version 21.0 (IBM Corp, 

Armonk, North Castle, NY, USA). Logistic regression was used to analyse the genotypes and 

genotype combinations between those with and without current asthma, persistent asthma, current 

ICS treatment for asthma, current allergic rhinitis and current atopic eczema. These were initially 

carried out as univariate analyses and then as multivariate analyses, adjusted for sex, age and early-

life risk factors, namely non-RSV aetiology of bronchiolitis and atopic eczema at less than 12 

months of age. The results were expressed as odds ratios (OR) and 95% confidence intervals (95% 

CI). 

 

RESULTS 

Basic data 

The mean age of the 125 (51.2% boys) subjects in this study was 11.7 years, with a range of 10.31-

13.19 years and a standard deviation (SD) of 0.95. We found that 11 (8.8%) children were on 

continuous ICS medication for asthma and another four (3.2%) had symptoms that suggested 

asthma and a positive bronchodilation test. Thus, 15 (12.0%) children had current asthma and, of 

these, nine (7.2%) had also presented with asthma at the control visit at the age five to seven years 

and were considered to have persistent asthma. In addition, 55 (44.0%) children had doctor-
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diagnosed allergic rhinitis with symptoms during the preceding 12 months, 31 (24.8%) children 

were reported to have atopic eczema and 12 (9.6%) had continued to have food allergies. Only 

doctor-diagnosed cases were included. 

  

Table 1 presents the genotypes and minor allele frequencies of the TLR1 rs5743618 and TLR10 

rs4129009 genes in this cohort, and the minor allele frequencies in the Finnish subjects from the 

1000 Genomes Project (20).  There were no significant differences in the minor allele frequencies 

between the subjects of the present study and the Finnish controls.  

 

Univariate analyses 

Children with the variant genotype GT or TT in TLR1 rs5743618 had an increased risk of needing 

continuous ICS medication during the preceding 12 months (OR 3.70, 95% CI 1.04-13.01) 

compared to the children with the wild genotype GG (Table 2). The presence of the variant TLR1 

genotype increased the risk of current asthma 2.0-fold and the risk of persistent asthma 3.7-fold, but 

the differences between those with variant and wild genotypes were not statistically significant 

(Table 2).  

 

Children with the variant genotype AG or GG in TLR10 rs4129009 had an increased risk for 

needing continuous ICS medication during the preceding 12 months (OR 5.05, 95% CI 1.38-18.53) 

compared to the children with the wild genotype AA (Table 2). Likewise, the variant TLR10 

genotype was associated with an increased risk of persistent asthma (OR 4.61, 95% CI 1.12-18.93) 

(Table 2). The presence of the variant TLR10 genotype increased the risk of current asthma 2.9-fold, 

but the difference between those with variant and wild genotypes was not statistically significant 

(Table 2).  
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There were no significant associations between the determined polymorphisms and atopic eczema 

or allergic rhinitis at 11-13 years of age in the present study (data not shown).   

 

Multivariate analyses 

Non-RSV aetiology of bronchiolitis in infancy and atopic eczema before the age of 12 months were 

significantly associated with the outcome of the patients at 1.5 years and five to seven years (16,17). 

Therefore, we re-analysed the data using multivariate logistic regression for the associations 

between the TLR1 variant genotype, the TLR10 variant genotype, and the combination of both these 

variant genotypes and the outcomes of ICS use, current asthma and persistent asthma at 11-13 years 

of age.  

 

When we included age, sex, non-RSV aetiology of bronchiolitis and atopic eczema at less than 12 

months of age in the model, the TLR1 variant genotype marginally lost statistical significance as a 

risk factor for current ICS use, but the TLR10 variant genotype retained statistical significance as a 

risk factor for persistent asthma and current ICS use (Table 3). The combination of the two variant 

genotypes was significantly associated with persistent asthma (aOR 7.1, 95% CI 1.58-31.9) and 

current ICS use (aOR 7.7, 95% CI 1.36-44.3). In these adjusted analyses, non-RSV aetiology of 

bronchiolitis was a significant risk factor for persistent asthma and current ICS use and atopic 

eczema at age less than 12 months was a significant risk factor for persistent asthma (data not 

shown).  

 

Ad hoc analyses 

We constructed a combined variable of wild (TLR1) + wild (TLR10) + RSV bronchiolitis and 64 

(51.2%) cases fell into this group. None of them had persistent asthma, compared to 14.1% of the 

children who did not fall into this group (p=0.003) and none of them had used an ICS in the last 12 
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months, compared to 17.2% of the other children (p=0.001). Furthermore, we constructed a 

combined variable of variant (TLR1) + variant (TLR10) + non-RSV bronchiolitis and found that 

seven (5.6%) cases belonged to this group. Of these seven cases, three (42.9%) had current asthma, 

versus 10.2% of the cases who were not in this group (p=0.037), three had persistent asthma (versus 

5.1% of the others, p=0.008) and three had used an ICS in the last 12 months (versus 6.8% of the 

others, p=0.015). 

 

 

DISCUSSION 

Three main results emerged from this study on TLR1 rs5743618 and TLR10 rs4129009 gene 

polymorphisms as predictors of asthma at 11-13 years of age in children who were hospitalised for 

bronchiolitis at under six months of age. First, having the variant TLR1 rs5743618 genotype 

resulted in a 4.0-fold increase for ICS use for asthma during the 12 months before the follow-up 

visit at 11-13 years and having the variant TLR10 rs4129009 genotype resulted in a 7.0-fold 

increase. The use of ICS was a surrogate for severe asthma requiring continuous maintenance 

medication. Second, having the variant TLR10 rs4129009 genotype resulted in a 7.7-fold increase 

for persistent post-bronchiolitis asthma continuing from preschool age until early adolescence. 

Third, the findings were robust when the analyses were adjusted for early-life risk factors and the 

aetiology of bronchiolitis and the findings did not change when the combined genotypes were 

analysed. 

 

TLR1 rs5743618 and TLR10 rs4129009 are both non-synonymous polymorphisms resulting in 

amino acid changes in TLR1 and TLR10 proteins, respectively, and further changes in their 

functions (11,18). TLRs play an important role as gatekeepers of innate immunity, especially in 
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infants, because of the premature adaptive immunity at that age. TLR1/2 heterodimers were 

originally described in connection with the recognition of bacteria-derived ligands, but increasing 

evidence has also emerged about their role in virus infections (21). The specific ligand for TLR10 is 

not known, but it seems to compete for the same ligands as TLR1 (22). TLR10 is the only receptor 

in the TLR2 subfamily that is capable of homodimerisation but it also seems to form heterodimers 

with TLR1 (9). The function of TLR10 is mainly inhibitory, via the production of the Interleukin-1 

receptor antagonist, which is a natural inhibitor of cytokine excretion (3,9).  

 

In the present study, 17.6% of the children with variant genotypes in the TLR1 rs5743618 gene 

needed continuous maintenance medication for asthma in early adolescence, compared with 5.5% 

of those with the wild genotype. The same was true for 23.8% of the children with variant 

genotypes in the TLR10 rs4129009 gene, compared to 5.8% of those with the wild genotype. The 

5.5-5.8% prevalence of asthma in the children with wild TLR1 or TLR10 genotypes was about the 

same as the 7-9% reported for children of the same age in the general population in Finland (23,24). 

TLR1 rs5743618 and TLR10 rs4129009 gene polymorphisms did not differ between bronchiolitis 

cases and controls from the Finnish data in the 1000 Genomes Project (20). Thus, the TLR1 and 

TLR10 genes do not play a role in bronchiolitis, but they have a specific impact on the development 

of post-bronchiolitis asthma. 

  

Only a few previous studies have been published on TLR1 in asthma or atopy. In a German study, 

two polymorphisms in TLR1 - rs5743595 and rs4833095 - were found to protect from atopic asthma 

in childhood (5). A 2017 Taiwanese study did not find an association between TLR1 rs4833095 and 

asthma or other atopic diseases, but the variant genotype was associated with lower total 

immunoglobulin E levels in allergic children (25). Another TLR1 polymorphism, namely 
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rs4543123, was also associated with a decreased risk of atopy in a study that analysed the data from 

four independent cohort studies. Interestingly, in the polymorphism and virus interaction analyses 

the same polymorphism seemed to increase the risk for atopy and atopic asthma after an RSV 

infection before 12 months of age.  This interaction with the RSV infection has also been reported 

in the case of several other polymorphisms in the TLR1, TLR6 and TLR10 genes, respectively (8). 

Our ad hoc analyses highlighted the fact that TLR1 and TLR10 gene polymorphisms are risk factors 

for asthma in adolescence when they are associated with infant bronchiolitis not caused by RSV.   

 

In line with the findings of our study, a case-control study from the US reported that the variant 

TLR10 rs4129009 genotype was associated with asthma and the results were repeated in an 

independent cohort study (10). However, the German study mentioned above reported opposite 

results and found the same polymorphism (rs4129009) in TLR10 to be protective for atopic asthma 

(5).  A large Canadian-Australian study aimed to replicate the findings from four genetic 

association studies on asthma and atopy candidate genes (8). It found a weak association between 

two TLR10 polymorphism (rs10776483 and rs11096957) and a decreased risk for atopic asthma in 

one of the studies, but could not replicate the associations in the three others.  The rs11096957 

polymorphism also retained its statistical significance in the analysis when all four studies were 

combined (8).  

   

Earlier follow-up studies in this prospective post-bronchiolitis cohort documented the association 

between TLR1 rs5743618 polymorphism and asthma at one to six years of age (12), and the 

association between TLR10 rs4129009 polymorphism and asthma at five to seven years of age (13). 

There have not been any other previous studies with regard to TLR1 rs5743618 and asthma. In fact, 

we evaluated all 10 TLRs that have been identified to date in these previous exploratory studies 

(12,13), but the rest of them did not show any associations with post-bronchiolitis asthma at any 
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age. Therefore, we just included TLR1 rs5743618 and TLR10 rs4129009 polymorphisms in this 

confirmatory study at 11-13 years of age. 

 

It is interesting to note that there were no significant associations between the determined TLR1 or 

TLR10 polymorphisms and atopic eczema or allergic rhinitis in early adolescence in the present 

study, even though the same TLR1 polymorphism was associated with atopic eczema at one to six  

years of age in this cohort (12). At that age, the prevalence of atopic eczema was 31.9% (12), while 

in the current study it was only 24.8% at the age of 11-13. Thus, the natural decrease in atopic 

eczema may at least partly explain the current negative result.  

 

The strengths of our study were the prospective design, the homogeneous study population of 

Finnish origin and the relatively long follow-up time of more than ten years, which enabled us to 

compare current and earlier findings. In fact, TLR1 rs5743618 and TLR10 rs4129009 

polymorphisms were selected based on the observations of our previous exploratory studies in this 

same post-bronchiolitis cohort (12,13). The small sample size was a clear limitation of our study 

and it may have led to us underestimating the associations between the determined polymorphisms 

and asthma. On the other hand, we were able to confirm the significant findings of crude analyses 

by carrying out multivariable analyses adjusted for sex, age and early childhood risk factors. 

Another limitation was that we did not study the functionality of the single nucleotide 

polymorphisms that we included by measuring, for example messenger ribonucleic acid expression 

or protein production. However, it is notable that the TLR1 rs5743618 and TLR10 rs4129009 

polymorphisms have been shown to be functional in other studies (5,9,19,22). 
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CONCLUSION 

The results of our study suggest that polymorphisms in the TLR1 and TLR10 gene may increase the 

risk of asthma at the age of 11-13 after bronchiolitis in early infancy through modified immune 

responses. Our patients represented severe bronchiolitis cases, since all were hospitalised at less 

than six months of age. Better understanding of innate immunity and the genetics behind it may 

help to identify those children who are at risk of asthma and in need of scheduled follow up after 

infant bronchiolitis.  

ABBREVIATIONS 

ICS, inhaled corticosteroid; TLR, toll-like receptors; FEV1, forced expiratory volume in one second. 
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Table 1. TLR1 and TLR10 genotypes and respective minor allele frequencies in 125 children 

hospitalised for bronchiolitis under the age of six months, compared to Finnish population data. 

Gene  SNPa  Genotype 

frequencies 

 MAFb in 

the study 

population 

 MAFb in 

Finnish 

populationc 

  

     

wild 

  

variant 

      

 

TLR1 

  

rs5743618 

  

GGd 

0.73 

 

  

GT 0.22 

TT 0.05 

  

0.16 

  

0.17 

  

TLR10  rs4129009  AA  

0.83 

 

 AG 0.16 

GG 0.01 

 0.09  0.09   

 

a SNP = single nucleotide polymorphism 

b MAF = minor allele frequency 

c Finnish data in the 1000 Genomes Project (20) 

d In Europe, the TLR1 rs5743618 wild genotype is GG and worldwide it is TT 

 

 

  



19 
 

Table 2. Univariate logistic regression: wild and variant TLR1 and TLR10 genotypes as risk factors 

for inhaled corticosteroid (ICS) use, current asthma and persistent asthma at 11-13 years of age in 

125 children hospitalised for bronchiolitis under the age of six months. 

 

 

TLR1 

rs5743618 

 ICS use during last 12 

months  (n=11) 

 Current asthma 

(n=15) 

 Persistent asthma  (n=9) 

  n  % OR 95% CI  n % OR 95% CI  n % OR  95% CI 

GG  

(wild) 

n=91 

 5  

 

5.5    9  

 

9.9    4 

 

4.4   

GT/TT 

(variant) 

n=34 

 6  

 

17.6 3.69 1.04-13.01  6  

 

17.6 1.95 0.64-6.00  5  

 

14.7 3.75 0.94-14.91 

                

TLR10 

rs4129009 

 ICS use during 

previous 12 months 

(n=11) 

 Current asthma 

(n=15) 

 Persistent asthma  (n=9) 

  n  % OR 95% CI  n % OR 95% CI  n % OR  95% CI 

AA  

(wild) 

n=103 

 6  5.8    10  

 

9.7    5  

 

4.9   

AG/GG 

(variant) 

n=21 

 5  

 

23.8 5.05 1.38-18.53  5  23.8 2.91 0.88-9.63  4  

 

19.0 4.61 1.12-18.93 

Statistically significant ORs are expressed as bolded. 
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Table 3. Multivariate logistic regression: current inhaled corticosteroid (ICS) use, current asthma, 

and persistent asthma at 11-13 years of age in relation to TLR1 and TLR10 genotypes, adjusted for 

age, gender and early-life risk factors of non-RSV aetiology of bronchiolitis and atopic eczema 

under 12 months of age. 

 

TLR1 and 

TLR10 

variant 

genotypes 

 ICS use during last  

12 months  (n=11) 

 Current asthma 

(n=15) 

 Persistent asthma 

(n=9) 

  OR  95% CI  OR  95% CI  OR  95% CI 

 

TLR1 

variant 

genotype 

(n=34) 

  

4.04 

  

0.99-16.54 

  

1.95 

  

0.64-6.00 

 

  

3.75 

  

0.94-14.91 

 

TLR10 

variant 

genotype 

(n=21) 

  

7.02 

 

  

1.56-31.53 

  

3.47 

  

0.95-12.64 

  

7.69 

  

1.35-43.95 

 

TLR1 and 

TLR10 

variant 

genotypes 

(n=21) 

  

7.09 

 

  

1.58-31.89 

  

3.52 

  

0.97-12.80 

  

7.76 

  

1.36-44.37 

 

Non-RSV aetiology of bronchiolitis at less than six months of age was present in 8/15, 8/11 and 7/9 

cases and atopic eczema was present at less than 12 months of age in 8/15, 6/11 and 6/9 cases. 

Statistically significant ORs are expressed as bolded. 
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