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ABSTRACT

JUHO VUONONVIRTA
Nasopharyngeal colonization by pathogenic bacteria: effect of polymorphisms in 
innate immune genes of young children
University of Turku, Faculty of Medicine, Department of Paediatrics; Turku University 
Hospital; University of Turku Doctoral Program of Clinical Investigation (CLIPD); 
Department of Infectious Disease Surveillance and Control, National Institute for Health 
and Welfare, Turku
Annales Universitatis Turkuensis, Medica – Odontologica, Painosalama Oy, Turku, 
Finland 2015
Nasopharyngeal bacteria can asymptomatically colonize the nasopharynx of infants and 
young children but are also associated with the development of respiratory infections and 
diseases. Such nasopharyngeal bacteria include Streptococcus pneumoniae, Moraxella 
catarrhalis, Haemophilus influenzae and Staphylococcus aureus. The host defense against 
invading pathogens is largely relies germline-encoded pattern recognition receptors (PRR), 
which are expressed on the cells of innate immunity, and different cytokines. These include 
toll-like receptors (TLR), mannose-binding lectin (MBL) and different cytokines such as 
IL-17A. Single nucleotide polymorphisms (SNP) in these receptors and cytokines have 
been reported. The aim of this study was to investigate genetic polymorphisms in the genes 
for TLR2, 3 and 4, MBL as well as for IL-17A and their associations with nasopharyngeal 
pathogenic bacterial colonization during a two-year follow-up.
The study revealed that polymorphisms in TLRs, MBL2 and IL17A are associated 
with the nasopharyngeal bacterial colonization in young children. Healthy young (2.6 
months of age) children with variant types of MBL2, TLR2 R753Q or TLR4 D299G 
had an increased risk to be colonized by S. pneumonia, S. aureus or M. catarrhalis, 
respectively. Moreover, variant types of MBL2 in healthy children with might facilitate 
human rhinovirus (HRV)-induced S. pneumoniae colonization at 2.6 months of age. 
The polymorphism of TLR4 D299G was shown to be associated with M. catarrhalis 
colonization throughout the whole two-year follow-up (2.6, 13 and 24 months of age) 
and also with the bacterial load of this pathogen. Also, the polymorphism of IL17A 
G152A was shown to be associated with increased risk to be colonized by S. pneumoniae 
at 13 and 24 months of age. Furthermore, the results suggest that IL17A G152A has an 
effect on production of serum IL-17A already at young age. 
In conclusion, the results of this study indicate that polymorphisms in the key PRRs and 
IL17A seem to play an important role to colonization of S. pneumoniae, M. catarrhalis, 
and S. aureus in healthy young Finnish children. The nasopharyngeal colonization by 
these pathogenic bacteria may further promote the development of respiratory infections 
and may be related to development of asthma and allergy in the later life of children. 
These findings offer a possible explanation why some children have more respiratory 
infections than other children and provide a rational basis for future studies in this field.
Keywords: Bacterial colonization, S. pneumoniae, M.catarrhalis, S. aureus, SNP, TLR, 
MBL, IL-17A, young children, respiratory infections
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TIIVISTELMÄ

JUHO VUONONVIRTA
Luontaista immuniteettiä ohjaavien geenien vaihtelevuuden vaikutus tauteja 
aiheuttavien bakteereiden asustamiseen nuorten lasten nenänieluissa 
Turun yliopisto, Lääketieteellinen tiedekunta, Lastentautioppi; Turun yliopistollinen 
keskussairaala, Turun yliopiston kliininen tohtoriohjelma (TKT); Tartuntatautiseurannan 
ja – torjunnan osasto, Terveyden ja hyvinvoinnin laitos, Turku
Annales Universitatis Turkuensis, Medica – Odontologica, Painosalama Oy, Turku, 
Suomi 2015
Nenänielu on erittäin monimuotoinen ekosysteemi, joka sisältää useita erilaisia baktee-
reja. Monet näistä bakteereista asustavat oireita aiheuttamatta nuorten lasten nenänie-
lussa, mutta ne voivat usein aiheuttaa myös hengitystieinfektioita ja sairauksia. Ylei-
simmät taudinaiheuttajabakteerit nenänielussa lapsilla ovat Streptococcus pneumoniae, 
Haemophilus influenzae, Moraxella catarrhalis ja Staphylococcus aureus. Luontaisen 
immuniteetin reseptorit, jotka ilmentyvät luontaisen immuniteetin solujen pinnalla, 
kontrolloivat elimistön puolustusta bakteereja vastaan. Tällaisia molekyylejä ovat muun 
muassa Toll-proteiinin kaltaiset reseptorit (TLR), mannoosia sitova lektiini (MBL) ja 
erilaiset sytokiinit, kuten IL-17A. Useita erilaisia polymorfismeja eli mutaatioita on tun-
nistettu geeneissä, jotka koodittavat luontaisen immuniteetin reseptoreita ja sytokiinejä. 
Tämän väitöskirjatyön tarkoituksena oli tutkia luontaista immuniteettiä ohjaavien gee-
nien vaihtelevuuden vaikutusta tauteja aiheuttavien bakteereiden asustamiseen terveiden 
suomalaisten lasten nenänieluissa lasten kahden ensimmäisen elinvuoden aikana. 
Tehty tutkimus osoitti, että TLR:ien, MBL2:n ja IL17A:n geneettiset polymorfismit vai-
kuttavat nuorten lasten nenänieluissa asustaviin bakteereihin. Terveillä 2.6 kuukauden 
ikäisillä lapsilla, joilla todettiin polymorfismeja MBL2:ssä, sekä polymorfismit TLR2 
R753Q ja TLR4 D299G, oli suurempi riski kantaa S. pneumonia, S. aureus ja M. catarr-
halis bakteereita nenänielussa, tässä järjestyksessä. Sen lisäksi tutkimuksessa havaittiin, 
että 2.6 kk ikäisillä lapsilla polymorfismit MBL2:ssa saattavat johtaa rinoviruksen in-
dusoimaan S. pneumoniae nenänieluasustamiseen. Noin kahden vuoden seurannan ai-
kana (2.6kk-24kk) huomattiin TLR4 D299G polymorfismin olevan mahdollisesti yhtey-
dessä nenänielun kolonisoitumiseen M. catarrhalis bakteereilla ja mahdollisesti myös 
M. catarrhalis bakteerien kantajuuteen nenänielussa. Lisäksi tutkimus osoitti, että 13 ja 
24 kuukauden ikäisillä lapsilla IL17A G152A polymorfismi oli yhteydessä nenänielun 
kolonisoitumiseen S. pneumoniae bakteereilla ja että IL-17A G152A polymorfismilla oli 
vaikutus IL-17A sytokiinin seerumipitoisuuteen.
Johtopäätöksenä voidaan todeta tutkimuksessa saatujen tulosten viittaavan siihen, että 
luontaisen immuniteetin reseptoreiden ja sytokiinien polymorfismeilla on mahdollisesti 
yhteyttä terveiden nuorten suomalaisten lasten nenänielujen kolonisoitumiseen S. pneu-
moniae, M. catarrhalis ja S. aureus bakteereilla. Tästä voi lasten myöhemmässä elä-
mässä olla seurauksena hengitystieinfektioiden lisääntyminen ja toisaalta se voi myös 
nostaa astman tai allergian kehittymisen riskiä. Tutkimuksessa havaitut polymorfismien 
ja nenänieluasustamisen mahdolliset yhteydet voivat antaa selityksen sille, minkä takia 
jotkut lapset saattavat sairastua hengitystieinfektioihin useammin kuin toiset lapset. 
Avainsanat: nenänielukolonisaatio, S. pneumoniae, M. catarrhalis, S. aureus, polymor-
fismi, TLR, MBL, IL-17A, nuoret lapset, hengitystieinfektiot
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ABBREVATIONS

AOM		  acute otitis media
ARI		  acute respiratory infection
CAP		  community acquired pneumonia
CD		  cluster of differentiation 
COPD		  chronic obstructive pulmonary disease
CRD		  carbohydrate-recognition domains
DC		  dendritic cell
DNA		  deoxyribonucleic acid
ds		  double stranded
Hib		  Type b Haemophilus influenzae
HIV		  human immunodeficiency virus
HRV		  human rhinovirus
Hsp		  heat shock protein
IFN		  interferon
Ig		  immunoglobulin
IL		  interleukin
IL-1R		  interleukin-1 receptor
IRAK		  IL-1 receptor-associated kinase
IRF		  interferon regulatory factor
LAM		  lipoarabinomannan
LBP		  LPS-binding protein
LPS		  lipopolysaccharide
LRI		  lower respiratory tract infection
LRR		  leucine-rich-repeat
LTA		  lipoteichoic acid
MAC		  membrane attack complex
MAL		  MyD88-adaptor-like
MALP2	 macrophage-activating lipopeptide 2
MAP		  mitogen activated protein kinase
MASP		  MBL-associated serine proteases
MBL		  mannose-binding lectin
MHC		  major histocompatibility complex
MMTV		 mouse mammary tumor virus
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mRNA		  messenger RNA
MRSA		  methicillin resistant S. aureus
MyD88		 myeloid differentiation factor 88
NF		  nuclear factor
NFAT		  nuclear factor activated T cell
NS		  nasopharyngeal samples
NTHi		  nontypeable Haemophilus influenzae
ODN		  oligodeoxynucleotide
OM		  otitis media
PAM3CSK4	 synthetic triacylated lipoprotein
PAMP		  pathogen associated molecular pattern
PCR		  polymerase chain reaction
PCV		  pneumococcal conjugate vaccine
PGN		  peptidoglycan
PKR		  protein kinase receptor
Poly:IC		 polyinosinic-polycytidylic acid
PRR		  pattern recognition receptor
RAPD		  randomly amplified polymorphic DNA
RNA		  ribonucleic acid
RSV		  respiratory syncytial virus
SARM		  sterile α- and armadillo-motif-containing protein
SNP		  single nucleotide polymorphism
ss		  single stranded
STEPS		  Steps to Healthy Development and Wellbeing of Children
Th		  T helper
THL		  National Institute for Health and Welfare
TIR		  toll/interleukin-1 receptor
TLR		  toll-like receptor
TNF		  tumor necrosis factor
TRAF		  TNF receptor–associated factor
TRAM		  TRIF-related adaptor molecule
TRIF		  TIR-domain-containing adaptor protein inducing IFN-β
URI		  upper respiratory tract infection
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1.	 INTRODUCTION

Respiratory infections are common during childhood. Acute respiratory infections 
are the most frequent cause of absence from school or day care. Viruses and bacteria 
are common causative agents of these infections. In addition to these two classes of 
pathogens, fungi can cause respiratory infections, but rather rarely and endemically. 
Bacterial respiratory infections are mainly caused by extracellular encapsulated bacteria 
such as Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis and 
in some cases Staphylococcus aureus. S. pneumoniae and M. catarrhalis colonize as 
many as 54% and 72% of children, respectively, by 1 year of age (García-Rodríguez 
& Fresnadillo Martínez, 2002). S. aureus colonizes up to 35% of young children and 
is associated with a wide range of diseases. Infants who have been colonized by these 
pathogens at young age (>3 months) have a greater risk of developing respiratory 
infections in the next 6 to 9 months during their early life (Givon-Lavi et al. 2002; 
Bisgaard et al. 2007). 

Toll-like receptors (TLRs) are important proteins of the innate immunity by recognizing 
several pathogen associated molecular patterns (PAMPs) from different organisms. 
Single nucleotide polymorphisms (SNPs) within TLRs can result in human susceptibility 
to infectious diseases (Schröder et al. 2005). Mannose-binding lectin (MBL) is also 
an important protein of innate immune system and it activates complement via lectin 
pathway. Polymorphisms in TLR2, TLR3, TLR4 and MBL2 are found to be associated 
with a higher risk of infectious diseases caused by gram-positive bacteria and to a 
reduced synthesis of pro-inflammatory cytokines (TLR2); reduced synthesis of pro-
inflammatory cytokines and susceptibility to viral infections (TLR3); decreased response 
to lipopolysaccharide (LPS), lower plasma concentrations of several pro-inflammatory 
markers and increased risk of infectious diseases caused by Gram-negative bacteria 
(TLR4) and low serum MBL concentration that is related to an increased risk of different 
infectious diseases (Van Rijn et al. 2004; Schröder et al. 2005; Woehrle et al. 2008; 
Dhiman et al. 2008; Rantala et al. 2008).

Recent studies in mice have suggested that IL-17s play an important role in naturally 
acquired immunity to extracellular pathogens including S. pneumonia. However, 
little is known about role of IL-17s in protection against pathogenic bacterial 
colonization in humans. One SNP in IL17A has been shown to be associated with 
childhood asthma and to link bacterial colonization and the onset of asthma (Chen 
et al. 2010).
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The study population for this thesis project was recruited from Finnish children, who 
are taking part in the ongoing study called Steps to Children's Healthy Development 
and Wellbeing (STEPS)-study. The STEPS-study is a prospective and observational 
cohort study in which 1827 children are followed-up from before birth. The outcome 
of this thesis is to provide a comprehensive view on the bacterial etiology and gene 
polymorphisms in the innate immunity. This project can also provide rational basis for 
further information and improvement to study respiratory infections in children.
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2.	 REVIEW OF THE LITERATURE

2.1	 Respiratory infections

Acute respiratory infections (ARIs) are one of the leading causes of mortality among 
young children, especially in developing countries but also in developed countries. It is 
estimated that in 1990’s among children who were less than five years of age, three to 
five million deaths were caused by ARIs, and 75% of these caused by pneumonia (Smith 
et al. 2000). Since then, the number of deaths caused by ARIs in young children has 
remained rather similar, approximately 4.25 million deaths each year, and 930000 (22%) 
of them were due to pneumonia (World Lung Foundation, 2010; WHO, 2014). This 
decrease in mortality rates has been achieved with vaccines and increased immunization 
coverage and better understading of the hygiene. Despite the decrease of mortality 
rates throughout the world in the past decades, ARIs remain a major problem in many 
countries and is even increasing in some countries due to factors such as improper use 
of antibiotics, under utilization of rapid diagnostic methods, suboptimal breastfeeding 
and malnutrion often caused by political unrest and poverty (Chen et al. 2013; Nair et al. 
2013; Selvaraj et al. 2014).

2.1.1	 Different types of respiratory infections

UPPER RESPIRATORY TRACT INFECTION (URI)

Most upper respiratory tract infections (URIs) are of viral etiology and are often 
complicated and followed by secondary bacterial infections. Common URIs includes 
rhinosinusitis, acute otitis media (AOM), pharyngitis and laryngitis. Most prevalent 
causative agents of these URIs are human rhinovirus (HRV) with its 100 different 
serotypes and respiratory syncytial virus followed by bacteria such as S. pneumoniae, 
M. catarrhalis, H. influenzae and, in some cases, S. aureus. All these organisms show 
seasonal variation in incidence. Although they are listed as potential pathogens, they still 
can colonize the nasopharynx of a young child asymptomatically (Jourdain et al. 2011; 
Rodrigues et al. 2013 Hamilos et al. 2014). Mortality rates due to upper respiratory tract 
infections are not high in developed countries. In 2010, URIs caused approximately 
3000 child deaths in United States and are are leading cause for a child to miss a day care 
or  school (Lozano et al. 2012).
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LOWER RESPIRATORY TRACT INFECTION (LRI)

Infections of the lower respiratory tract are often severe and can be fatal. The most 
common LRIs include bronchitis, bronchiolitis and pneumonia. Influenza can affect both 
the upper and lower respiratory tracts. Bacteria are dominant causative agents of LRIs in 
children. Approximately 60% of hospitalized pneumonia cases are caused by pathogens 
such as S. pneumoniae (the major causative agent), H. influenzae, S. aureus and Klebsiella 
pneumoniae. There are also atypical organisms such as Mycoplasma pneumoniae, which 
causes approximately 10% of hospitalized pneumonia cases (Michelow et al. 2004). 
Although bacteria are dominant agents behind pneumonia, nearly 40% of pneumonia 
cases in children are of viral etiology. Common viral pathogens include influenza A 
virus, respiratory syncytial virus (RSV) and human metapneumovirus (Nair et al. 2010; 
Krilov, 2011). It has been estimated that pneumonia accounts for approximately 20% 
of all paediatric deaths world wide. In the United States alone, pneumonia is the sixth 
leading cause of death and there has been little change in mortality due to LRIs (Carroll 
et al. 2002; Mizgerd et al. 2006).

2.2	 Microbiology

2.2.1	 Colonization of the nasopharynx

Nasopharynx contains various microorganisms, making it a complex ecosystem. In 
children, the nasopharyngeal flora becomes established within the first 12 months of 
their life including both commensal bacteria and potential pathogens (García-Rodríguez 
et al. 2002, Figure 1). This mixture of bacterial flora is in constant interaction between 
each other. Immune response of the host takes also part in this interaction and by doing 
this, it has an effect on the composition of the colonizing bacterial flora. Furthermore, 
there are external factors such as vaccines and antimicrobial treatment that can also 
affect bacterial flora of the nasopharynx. Commonly pathogens are persistently 
colonizing nasopharynx for months. Different strains of certain pathogen may colonize 
nasopharynx at the same time (Faden et al. 1995; Faden et al. 1997; Revai et al. 2006). 
Furthermore, Harrison et al studied nasopharyngeal bacterial flora in 72 infants from 
England and Wales since birth until 18 months of age, and observed that colonization 
of the nasopharynx by pathogenic bacteria in children younger than 3 months increases 
their risk to develop upper respiratory tract infections in the next 6 to 9 months of their 
early life (Harrison et al. 1999).
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Figure 1. The carriage rate of four important pathogenic bacteria in children during the first six 
months of life. Figure modified from Harrison et al. 1999

There are variations in reported rates of bacterial carriage between studies and 
geographical sites. These differences have been related to genetic backgrounds and 
socio-economic conditions such as housing, access to health care, family size, number 
of siblings, day-care centers, overcrowded living conditions and poor hygiene (García-
Rodríguez et al. 2002). 

2.2.2	 Characteristics of respiratory viruses

There are several viruses that colonize the respiratory tract and cause acute respiratory 
infections in children. One of the most common viral agents that cause URIs and common 
colds in young children are HRV belonging to the genus Enterovirus of the family 
Picornaviridae. HRV are isolated from all different age groups, but there have been studies 
showing greater incidence in HRV colonization and infection among children rather than 
adolescents and adults (Blomqvist et al. 2002). Although HRV is known to be associated 
in respiratory tract illnesses in children, it has not been thought to play a role in respiratory 
tract infections in infants. During the past decade, studies by using sensitive techiques 
such as Real Time-PCR have shown that HRV is associated with a significant burden of 
disease in infants and young children (Miller et al. 2011; Midulla et al. 2010). In a recent 
study carried out in Finland, it was oberved that from 77 healthy children (no symptoms) 
who were at 2 or 13 months of age, 5% were HRV positive and from 33 children with 
respiratory symtoms at 2 or 13 months of age, 45% were HRV positive (Toivonen et al. 
2015). Bronchiolitis caused by HRV infection during infancy has been shown to cause 
wheezing, which in turn has been shown to be associated with development of asthma in 
later childhood (Gern et al. 2002; Jartti et al. 2004; Miller et al. 2007). 
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Human respiratory syncytial virus (RSV) is another common respiratory pathogen in infants 
and young children. It belongs to genus Pneumovirus in the family Paramyxoviridae. These 
include other respiratory viruses such as those causing measles. Most infants experience 
RSV infection during their first RSV season and approximately 20% of infants experience 
RSV associated wheezing during the first 12 months of their life. It is shown that about 
3% of these infants require hospitalization (Glezen et al. 1986; Welliver et al. 2003). 
Toivonen et al observed that of Finnish children aged between 2 to 13 months and with 
respiratory symptoms, 3% were positive for RSV and that of children between the same 
ages but without respiratory symptoms, 3% as well were positive for RSV (Toivonen et al. 
2015). In Finland, the latest large RSV epidemic season was 2012 when 2345 laboratory 
confirmed cases were reported and approximately 90% of these cases were from children 
aged 0-4 years (National Institute for Health and Welfare, Finland, Annual Infectious 
Diseases Surveillance Report 2013, www.thl.fi visited 14th January 2015). During the 
epidemic seasons, almost 90% of acute wheezing disease may be ascribed to RSV. Other 
acute wheezing disease episodes during the epidemic are attributed to other viruses such as 
HRV, human metapneumovirus and less frequently enterovirus, coronavirus or bocavirus 
(Marguet et al. 2009). RSV is one of the major causative agent in bronchiolitis among 
young children, a disease that has been shown to be associated with development of 
recurrent wheezing and asthma during childhood (Pullan et al. 1982; Sigurs et al. 2000). 
However, although RSV is the most common cause of bronchiolitis worldwide, this clinical 
condition may also be caused by parainfluenza viruses, influenza viruses and adenovirus. 

2.2.3	 Charasteristics of respiratory bacteria

S. pneumoniae

S. pneumoniae is a Gram-positive encapsulated diplococcus and it produces many 
virulence factors, the most important being its polysaccharide capsule which protects 
the bacterial cell from phagocytosis and hampers the complement activation. The 
polysaccharide capsule determines the serotype of S. pneumoniae; so far 93 different 
serotypes have been described. Other important virulence factors include pneumolysin, 
a pore-forming toxin which is able to lyse eukaryotic cells, and pneumococcal surface 
protein A that can protect the bacteria from host immune defence mechanisms (Hausdorff 
et al. 2005; Mitchell & Mitchell, 2010; Croucher et al. 2013). 

S. pneumoniae is a common bacterium colonizing the nasopharynx of humans. Its 
carriage rate is higher in children than in adults and up to 90% of healthy children are 
able to carry S. pneumoniae in their nasopharynx asymptomatically (Bogaert et al. 2004; 
Rupa et al. 2014). Over 50% of children are colonized by S. pneumoniae at least once 
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during the first 12 months of life and its prevalence increases during the first 24 months 
of life and then starts to decrease at 3-5 years of age (Syrjänen et al. 2001; Murphy et al. 
2009; Jourdain et al. 2011). However, apart of being a part of normal nasal microbiota, 
S. pneumoniae is also a major pathogen among children. It is a common cause of 
community-acquired pneumonia (CAP) (Table 1), AOM, rhinosinusitis and meningitis 
(Jacobs, 2004; Lynch & Zhanel, 2010). It accounts for more than half of all community 
acquired bacterial pneumonias and one third of acute bacterial rhinosinusitis (Anon et al. 
2004; Johansson et al. 2010). Its also the most common bacterial finding in AOM since 
nearly 50% cases are positive for S. pneumoniae (Ruohola et al. 2006). 

Each year, infections caused by S. pneumoniae contribute to a significant morbidity and 
mortality world wide each year leading to high burden and cost to health care systems. 
In developing countries, especially in children under 5 years of age, mortality rates for 
pneumococcal infections can be up to 50%, whereas in developed countries mortality 
rates from pneumococcal infections can be as low as 1-4% (O'Brien et al 2009; Rodgers 
et al. 2011; Gessner et al. 2010). In Finland, it is estimated that the annual incidence rate 
for S. pneumoniae community acquired pneumonia is 6.4/100 000 in children (Heiskanen-
Kosma et al. 2003). In addition, in 2013 there were 724 invasive pneumococcal cases 
reported of which 4.6% were from children under 5 years of age (National Institute for 
Health and Welfare (Finland), Annual Infectious Diseases Surveillance Report 2013, 
www.thl.fi visited 14th January 2015). Furthermore, it is estimated that 500 000 cases of 
AOM occur annually, of which up to 60% have, major causative factor is S. pneumoniae 
(Niemelä et al. 1999; Kilpi et al. 2001). The incidence rates of these pneumococcal 
infections have remained quite stable within the past decade.

There are two types of vaccines available to prevent pneumococcal infection: a capsular 
polysaccharide and a conjugate vaccine (Mirsaeidi et al. 2014). Pneumococcal vaccines 
have had positive effect on decreasing the disease severity in community acquired 
pneumoniae and effectively reducing the incidence of invasive pneumococcal disease in 
children (Poehling et al. 2004; Pletz et al. 2008).

Table 1. Pathogens isolated from patients with community-acquired pneumonia

Common causes Less common causes Uncommon causes
S. pneumoniae Pseudomonas aeruginosa Mycobacterium tuberculosis
H. influenzae Pneumocystis jirovecii M. pneumoniae

S. aureus M. catarrhalis Chlamydophila pneumoniae
Influenza virus

Modified from Musher & Thorner, 2014
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M. catarrhalis

M. catarrhalis, previously known as Branhamella catarrhalis, is a human restricted, 
uncapsulated, Gram-negative bacterium. For a long period of time, M. catarrhalis was 
thought be just a normal commensal of the upper respiratory tract. During the past decades, 
this bacterium has started be recognized as a pathogen of the upper and lower respiratory 
tracts (de Vries et al. 2009). M. catarrhalis is the third most common pathogen causing 
AOM during childhood; it being responsible for approximately 15%-20% of AOM cases 
(Verduin et al. 2002). Moreover, approximately 20% of sinusitis cases in young children 
are caused by M. catarrhalis (Wald, 1998). It is also the second most common causative 
agent in chronic obstructive pulmonary disease (COPD) in adults, and estimated to be 
responsible for 15% of acute exacerbations in COPD (de Vries et al. 2009; Aebi, 2011). 
The carriage rate of M. catarrhalis is rather high in healthy children; 8% at one month 
of age and increasing up to 80% at two years of age. Its carriage rate in healthy adults is 
considerablely lower, around 3% to 5% (Faden et al.1997; Murphy et al. 2005; Bisgaard 
et al. 2007).

M. catarrhalis has specific receptors that allow it to bind to host epithelia and extracellular 
matrix. Due to these receptors, it is able to colonize the mucosal surface of the middle 
ear of young children (Tan et al. 2006; Hall-Stoodley et al. 2006; Hallström et al. 
2011). M. catarrhalis is able to invade the host epithelial cells and thus evade the host’s 
immune surveillance. It also interacts and competes with other commensal flora and is 
able to survive and multiply under challenging conditions by forming microcolonies 
and biofilm (de Vries et al. 2009). Currently, there are no vaccines available to prevent 
M. catarrhalis infections; there have been some vaccine studies have showed promising 
results in animal models (Hassan, 2013). 

H. influenzae

H. influenzae is a gram-negative bacterium and a part of normal human respiratory tract 
microbiota. It is also a major pathogen to cause several respiratory conditions in children. 
The nasopharynegal colonization of H. influenzae starts in early childhood (King, 2012). 
It is estimated that up to 20% of children will be colonized by H. influenzae during the 
first 12 months of their life while by the age of 5 years approximately 50% of children 
are colonized by it (Howard et al. 1988). 

H. influenzae is divided into typeable and nontypeable H. influenzae (NTHi), based 
on the precence or absence of a polysaccharide capsule. The typeable H. influenzae 
strains have a polysaccharide capsule and they include six serotypes (a to f). Serotype 
b H. influenzae (Hib) is the most notable and can cause severe invasive diseases 
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such as meningitis, epiglottitis and pneumonia (King, 2012). However, incidence of 
invasive diseases has decreased dramatically since the introduction of Hib vaccine in 
1989 (Wenger et al. 1993; Madore et al. 1996). In contrast to typeable H. influenzae, 
NTHi rarely causes infections outside the respiratory tract and is responsible for 
majority of respiratory tract infections and diseases together with S. pneumoniae and 
M. catarrhalis (Klein, 1997). Nontypeable H. influenzae are responsible for one-third 
of AOM episodes in children and it is the most common cause of recurrent AOM 
(Murphy et al. 2009). The 10-valent pneumococcal conjugate vaccine (PCV) includes 
a protein D antigen, which is expressed by some NTHi and could therefore indirectly 
reduce the incidence of NTHi. Results of one studies suggest that this vaccine may 
prevent episodes of AOM more effectively than the previous 7-valent PCV (Prymula 
et al. 2006).

S. aureus

S. aureus is a gram-positive commensal bacterium that frequently colonizes various 
epithelial surfaces such as the human respiratory tract, especially the nasopharynx. 
Despite being a commensal bacterium S. aureus also causes many infectious syndromes. 
It is the most common cause of surgical wound infections and the second most 
common cause of bloodstream infections (Lowy et al. 1998). S. aureus bacteremia can 
be complicated by a.o.t. endocarditis, metastatic infections or the sepsis syndrome. 
Nasopharyngeal carriage rate of S. aureus is high in young children, the rate being close 
to 50% during the first eight weeks of life and then decreasing to 20% by the age of six 
months. Moreover, more than 70% neonates are at least once positive for nasal culture 
(Peacock et al. 2003). Children are also considered to be persistent carriers of S. aureus 
more frequently than adults and there is a transition from persistent carriage to non-
persistent state during adolescence (Wertheim et al. 2005). 

S. aureus expresses many potential virulence factors such as surface proteins that 
promote the colonization of host tissues and membrane damaging toxins that can lyse 
eukaryotic cell membranes and damage host tissues (Lowy et al. 1998). S. aureus has 
become increasingly antibiotic resistant over the decades, a good exmaple of this being 
methicillin-resistant S. aureus (MRSA) which is strongly associated with skin and soft 
tissue infections (Blumental et al. 2013). Currently there is no vaccine against S. aureus. 
Clinical human trials aiming to develop efficient vaccines have unfortunately failed 
(Fowler et al. 2014).
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2.3	 Immunology

2.3.1	 Innate and adaptive immunity  

The human immune system comprises two integrated and cooperative sub-systems, 
innate and adaptive immunity. The innate immunity is the first line of host defense 
against the invading pathogens and it consists of phagocytes such as macrophages and 
dendritic cells (DCs) that trigger immune system as well as humoral factors and surface 
barriers (Kumar et al.2011). The cells of innate immunity express a set of germline 
encoded pattern recognition receptors (PRRs). These recognize many different pathogen-
associated molecular patterns (PAMPs). The PAMPs, such as lipopolysaccharide (LPS), 
peptidoglycan (PGN), lipoteichoic acid (LTA), lipoarabinomannan (LAM), lipopeptides, 
yeast wall mannans, bacterial DNA and flagellin are capable of stimulating innate immunity 
responses. This recognition of PAMPs by PRRs results in phagocytosis and/or activation 
of pro-inflammatory pathways (Maródi, 2006; Strunk et al. 2011). Adaptive immunity is 
involved in the “late” phase of the infection by eliminating invading pathogens as well as 
generating the immunological memory (Akira et al. 2006; Iwasaki & Medzhitov, 2010). 
In contrast to innate immunity, adaptive immunity is mediated by two types of antigen 
receptors, T-cell receptors and B-cell receptors that are expressed on T and B lymphocytes. 
These receptors recognize specific antigen epitopes that are presented the cells of adaptive 
immunity by the cells of innate immunity or, in the case of thymus independent antibody 
responses, antigens are directly recognized by the B cell receptor (Iwasaki & Medzhitov, 
2010). The recognition of antigen epitopes is a very effective mechanism to protect the 
host but is activated more slowly compared to innate immunity. In addition to T and B 
lymphocytes there are important innate lymphoid cells (ILCs). These ILCs produce many 
Th cell-associated cytokines but they do not express cell-surface markes that are associated 
with other immune cell lineages. Moreover, these ILCs subsets do not express T cell receptor 
and therefore do not respond in an antigen-specific manner (Walker et al. 2013). However, 
when the immune system of the host encouters the same infective antigenic agent, the 
activation of the adaptive immunity is rapid as a result of the immunological memory 
created after the first encouter with the same antigenic agent (Iwasaki & Medzhitov, 2010). 

2.3.2	 Pattern recognition receptors (PRRs)

Host defense is largely relies on germline encoded PRRs which are expressed on the 
cells of innate immunity. These PRRs recognize PAMPs from different organisms. 
Recent evidence suggests that PRRs can also recognize endogenous molecules from 
damaged cells (Takeuchi et al. 2010). PRRs are generally divided into three distinct 
groups based on their localization and functional properties. The first group consists of 
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soluble PRRs such as MBL, the second group consists of endocytic receptors such as the 
macrophage scavenger receptor and the third group are signaling receptors consisting 
of membrane-bound and cytoplasmic receptors such as TLRs. Soluble receptors are 
involved in activating the complement cascades and opsonizing invading pathogens, 
whereas the signaling receptors are responsible of activation of inflammatory signaling 
after pathogen exposure (Takeuchi et al. 2010; Schlapbach et al. 2010; Deban et al. 2011). 
The endocytic PRRs play an important role in uptake and clearance of components, such 
as modified host molecules, apoptotic cells and microorganisms. However, the “signaling 
pathways” of endocytic PRRs are not well understood since they function without any 
intracellular signal (Mukhopadhyay et al. 2004; Canton et al. 2013).

2.4	 Toll-like receptors (TLRs)

The story of TLRs started in 1980s, when antimicrobial peptides were found to be key 
mechanisms of innate host defense in insects. A decade later it was found that the fruit 
fly Drosophila melanogaster had a protein called Toll and it had an intracellular Toll/
interleukin-1 receptor (TIR) domain in common with mammalian interleukin-1 receptor 
(IL-1R) (Casanova et al. 2011). This quickly led to a finding of the mammalian TLR 
family. The first mammalian TLR was found and described in 1997 (Medzhitov et al. 
1997; Rock et al. 1998). The human TLRs act as receptors for pathogens and there are 
10 active human TLRs described thus far ( Lee et al. 2014). TLRs are characterized by 
the varying numbers of leucine-rich-repeat (LRR) motifs in their extracellular domains 
and the cytoplasmic TIR domain. Each LRR domain consists 19-25 LRR motifs, each 
of which is 24-29 amino acids in length (Akira et al. 2006; Botos et al. 2011). TLRs 
can be divided into five subfamilies based on their genomic structure and amino acid 
sequence and these five subfamilies are TLR2, TLR3, TLR4, TLR5 and TLR9. The TLR2 
subfamily is composed of TLR1, TLR2, TLR6 and TLR10 whereas the TLR9 subfamily 
is composed of TLR7, TLR8 and TLR9. TLR 1 and TLR6 can form heterodimers with 
TLR2 (Kawai & Akira, 2010). Various immune cells such as dendritic cells, macrophages, 
B cells, T cells and even non-immune cells express TLRs extra- or intracellularly. TLRs 
1, 2, 4, 5 and 6 are expressed on the cell surface whereas TLRs 3, 7, 8, and are expressed 
in intracellular compartments like endosomes (Moresco et al. 2011). TLR10 is the only 
TLR in which ligand and function have not been defined. However, a recent study has 
shown that TLR10 is able to dampen TLR2 responses, thereby suppressing immune 
responses through production of IL-1Ra (Oosting et al. 2014). 

TLR4 was the first TLR to be indentified as a signal transducer for LPS which is a 
major cell wall component of gram-negative bacteria (Poltorak et al. 1998). Thereafter, 



22	 Review of the Literature	

TLRs have been shown to recognize and transmit signals for wide range of microbial 
components (Table 2). In addition to microbial ligands, TLRs also recognize some 
endogenous ligands such as heat shock proteins (Hsp) and some synthetic ligands such 
as polyinosinic-polycytidylic acid (Poly-IC). The interaction between TLRs and PAMPs 
indicate the presence of foreign antigen and may activate specific signaling pathways 
leading to inflammatory and immune responses ( Yu et al. 2010). The recognition 
of PAMPs by TLR2, TLR3 and TLR4 as well as the activation of specific signaling 
pathways of TLRs will be discussed in more detail. 

Table 2. Some examples of microbial, endogenous and synthetic ligands for TLRs.

Toll-like receptor Microbial, endogenous and synthetic ligand
TLR1/2 heterodimer Triacyl lipopeptides (bacterial), PAM3CSK4 (synthetic)

TLR2 Lipoproteins and Peptidoglycans (bacterial), MALP2 and PAM3CSK4 
(synthetic), zymosan (fungi)

TLR3 dsRNA (viral), Poly-IC (synthetic)
TLR4 LPS (bacterial), HSPs (endogenous)
TLR5 Flagellin (bacterial)

TLR6/2 heterodimer Lipoproteins and PGN (bacterial), MALP2 (synthetic), Zymosan (fungi)
TLR7 ssRNA (viral), Imidazoquinoline (synthetic)
TLR8 ssRNA (viral), Imidazoquinoline (synthetic)
TLR9 CpG-DNA (bacteria), CpG-ODN (synthetic)
TLR10 Not yet identified

2.4.1	 Recognition of PAMPs by TLR2, TLR3 and TLR4

TLR2 is a transmembrane signaling receptor that can recognize various type of PAMPs 
and it was shown to recognise the widest spectrum of different ligands among all TLRs as 
described in Table 3.  Earlier in vitro studies on TLR2 knockout mice and by the deletion 
of TLR2 to macrophages has resulted in loss of lipoprotein and peptidoglycan recognition 
and responsiveness (Medzhitov&Janeway 2000). TLR2 has an unique ability to form 
heterodimers with TLR1 and TLR6 and this is thought to enable TLR2 to recognize 
such a large number of ligands (Kawai & Akira, 2010). Studies employing diacylated 
and triacylated lipoproteins have shown that they require TLR2/6 heterodimers for 
cell activation, while for TLR2/1 heterodimers are required for triacylated lipoprotein-
induced activation (Lee et al. 2012). Moreover, Hoebe et al. showed that TLR2/6 
heterodimers require CD36 to be able to sense diacylated lipoproteins but for TLR2/1 
heterodimers this is not needed (Hoebe et al. 2005).

TLR3 is an intracellular signaling receptor that recognizes viral double-stranded RNA 
(dsRNA). DsRNA is known to bind only intracellular targets such as dsRNA-dependent 
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protein kinase (PKR). The existense of TLR3 was discovered when PKR-deficient mice 
where it was found to respond to Poly-IC which is a synthetic version of viral dsRNA 
(Alexopoulou et al. 2001). Furthermore, TLR3 has been shown to recognise endogenous 
messenger RNA (mRNA) and sequence-independent small interfering RNAs (Karikó et 
al. 2004; Karikó et al. 2004). TLR 3 has evolved principally to recognize viral dsRNA 
for example during viral replication (Zhang et al. 2013)

TLR4 is a trans-membrane signaling receptor and principally expressed in macrophages 
and dendritic cells. Studies have shown that several different PAMPs are capable of 
stimulating TLR4 (Takeuchi et al. 1999; Medzhitov&Janeway, 2000). These PAMPs 
include LPS from Gram-negative bacteria, the fusion protein F from RSV and the envelope 
protein from mouse mammary tumor virus (MMTV). In addition, endogenous molecules 
such as heat-shock proteins can also interact directly or indirectly with TLR4 (Erridge, 
2010). LPS, an important bacterial cell wall component for gram-negative bacteria, is the 
best characterized and described ligand for TLR4 (Sender & Stamme, 2014). Functional 
TLR4 requires MD-2 molecule to form a complexed with the extracellular domain of 
TLR4 to enable effective LPS recognition (Park & Lee, 2013). Lipopolysaccharide binds 
to serum LPS-binding protein (LBP) which rapidly then catalyzes the transfer of LPS 
to membrane bound CD14. CD14 presents LPS to the TLR4/MD-2 complex leading to 
activation of TLR4 signaling pathway (Peri et al. 2010).

2.4.2	 Toll-like receptor signaling

The specific signaling pathways that are activated by different TLRs after they have 
recognised PAMPs in the host, are important for innate immunity. TLR signaling 
involves five adaptor proteins which link with downstream protein kinases eventually 
leading to the activation of transcription factors such as members of nuclear factor-
kappaB (NF-kappaB) and interferon (IFN)-regulatory factor (IRF) families. TIR domain 
is the key signaling domain in the TLR system. It is located in the cytosolic face of 
each TLR and also in the adaptor proteins (Jenkins & Mansell, 2010). The TIR-domain 
containing adaptor proteins are myeloid differentiation factor 88 (MyD88), MyD88-
adaptor-like (MAL or TIRAP), TIR-domain-containing adaptor protein inducing IFN-β 
(TRIF or TICAM1), TRIF-related adaptor molecule (TRAM or TICAM2) and sterile 
α- and armadillo-motif-containing protein (SARM) (Jenkins & Mansell, 2010). 

MyD88 is a key adaptor protein that is shared by all TLRs except TLR3 and by this way 
TLR signaling is divided into two pathways, the MyD88-dependent pathway and the 
MyD88-independent pathway (Figure 2). TLR4 can activate either MyD88-dependent or 
MyD88-independent pathway, of these the latter pathway is unique to TLR3 ( Yamamoto 
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& Takeda, 2010; Frans et al. 2014). In MyD88-dependent pathway MyD88 associates 
with TIRAP and recruits IL-1 receptor-associated kinases (IRAK1-4) to TLRs. After 
IRAK (1/2/4) recruiment, they are activated by phosporylation and associate with TNF 
receptor–associated factor-6 (TRAF-6) eventually leading to activation of NF-kβ and 
MAP-kinase pathways as well as expression of pro-inflammatory cytokines (Yamamoto 
& Takeda, 2010; Frans et al. 2014). The MyD88-independent pathway is activated by 
TLR3 and TLR4 through TRIF leading to activation of IRF-3 and NF-kβ. TLR3 can 
directly associate with TRIF, whereas TLR4 needs an additional adaptor protein called 
TRAM to be able to associate with TRIF. IRF-3 is phosporylated and translocated to the 
nucleus where it induces INF-β gene and several other targets. Moreover, the association 
of TLR3 and 4 with TRIF can also lead to NF-kβ activation through TRAF-6 which 
leads to gene expression of IFN-β and inflammatory cytokines (Kawasaki & Kawai, 
2014). Human monogenic immunodefiencies in these signaling pathways are known to 
be caused by mutations in MYD88, IRAK4, TLR3, UNC93B1, TRIF, TRAF3 and TBK1, 
and cause severe susceptibility to certain bacteria and viruses (Alsina et al. 2014)

Figure 2. TLR-mediated immune responses: MyD88-dependent and MyD88-independent 
pathways. Figure modified from Frans et al.2014. 
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2.5	 Mannose-binding lectin 

MBL initiates complement lectin pathway (Daha, 2010). MBL belongs to the collectin 
family of proteins and has an oligomeric structure, each monomere containins a C-type 
carbohydrate recognition domain that is joined to a collagenous region. MBL shares 
similarities to C1q which is the antibody-recognizing moiety of the first component 
of the classical pathway of complement activation. MBL is mainly synthesized by the 
liver and it circulates as a serum protein. However, MBL has been identified also from 
other sites such as middle ear fluid and nasopharyngeal secretions (Garred et al. 1993). 
In blood circulation, MBL associates with four proteins that are structurally related to 
it. These proteins are MBL-associated serine proteases (MASP)-1, 2, 3 and Map19 of 
which MBL-MASP-2 complex seems to be the most efficient activator of the lectin 
pathway of the complement system (Beltrame et al. 2015). In addition to activation 
of complement system, MBL has also been shown to promote the complement-
independent opsonophagocytosis, modulate inflammation and to promote apoptosis 
(Daha, 2010). 

2.5.1	 MBL binding to microorganisms

MBL has the ability to bind sugar groups such as N-acetylglucosamine, mannose, 
N-acetylmannosamine and fucose, which are displayed on the surfaces of wide range 
of microorganims through multiple carbohydrate-recognition domains (CRD). These 
microorganisms include gram-positive and gram-negative bacteria, viruses, fungi, and 
protozoa (Table 3). MBL’s ability to bind to these specific sugar groups of different 
microorganisms makes it possible to differentiate self from non-self. MBL can also bind 
to nucleic acids, phospholipids and non-glycosylated proteins (Palaniyar et al. 2004; 
Dommett et al. 2006). 

Table 3. Some microorganisms that bind to MBL. Table modified from Dommett et al. 2006.

Gram +/- bacteria Viruses Fungi Protozoa

S. pneumoniae HIV* Aspergillus fumigatus Cryptosporidium parvum
H. influenzae Herpes simplex 2 Candida albicans Plasmodium falciparum

S. aureus Influenza A Cryptococcus neoformans Trypanosoma cruzi
Escherichia. coli SARS-CoV*

Klebsiella aerogenes
*SARs-CoV, severe acute respiratory syndrome–coronavirus; *HIV, human immunodeficiency
virus 
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As described earlier, in circulation MBL is bound with MASP proteins. The activation 
of MBL-MASP complex leads to activation of the lectin pathway. MASP-2 cleaves 
C4 to produce C4b and ultimately C4b2a, which is the C3 convertase. The following 
production of C3b, which is a key opsonic molecule, alleviates the activity of C4b2a3b 
(C5-convertase). The following cleavage of C5 produces anaphylatoxin C5a and finally 
C5b fragment activates membrane-attack complex formation that eventually causes the 
lysis of invading pathogen (Figure 3, Beltrame et al.  2015). 

*MAC, membrane attack complex

Figure 3. Complement activation (lectin) pathway. Based on information from Beltrame et al. 
2015. 

2.6	 T helper cells and Th17 cytokines

Cytokines are responsible for most of the biological effects in the immune system, such as 
cell-mediated immunity and allergic responses. They can be functionally divided to pro- 
and anti-inflammatory cytokines. T lymphocytes are the major cytokine producing cells 
and express CD3.  There are two main subsets of T lymphocytes, distinguished by the 
presence of cell surface molecules known as CD4 and CD8. T lymphocytes expressing 
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CD4, called T helper (Th) cells, are proficient cytokine producers. They can be divided 
to several subsets, including Th1, Th2, Th9, Th17, Th22 and regulatory T cells (Tregs) 
(Figure 4) (Raphael et al. 2014). CD4 T lymphocyte differentiation is initiated when 
dendritic cells recognize invading pathogens through their TLRs (Iwasaki & Medzhitov, 
2010). DCs express all the reported TLRs, major histocompatibility complex (MHC) 
and the co-stimulatory molecules CD80 and CD86 (Schreibelt et al. 2010). DCs migrate 
to lymph nodes to activate antigen-specific naïve T cells where the cytokine environment 
surrounding the naïve CD4 cells determines their differentiation: production of IL-12 
drives naïve T cells to Th1 cells and they produce INF-γ, IL-2 and tumor necrosis factor 
(TNF)-β, whereas IL-4 drives naïve T cells into Th2 cells that produce IL-4, IL-5, IL-6, 
IL-10 and IL-13 (Figure 4, Coomes et al. 2013). A new paradigm in naïve T cells biology 
indicates that T cells are much more flexible than what was previously thought. T cells 
have shown plasticity with the ability to change between helper phenotypes and even 
between helper and regulatory functions (Coomes et al. 2013)

Figure 4. Th0 cell differentiation. Modified from Raphael et al. 2014.

The identification of IL-17 family of cytokines together with IL23- mediated expansion 
of IL-17 producing T cells led to the discovery of newer subset of Th cells defined as 
Th17 cells. Th17 cells produce IL-17A, -B, -C, IL-17E (IL-25), IL-17F, IL-21 and IL-22 
(Song et al. 2014). The majority of research related to Th17 cells has been focused on IL-
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17A, commonly known as IL-17. IL-17 is involved in host defense against infection and 
development of inflammation by inducing production of pro-inflammatory cytokines, 
chemokines and antimicrobial peptides. Moreover, IL-17 is a key cytokine for recruiting 
neutrophils to the site of inflammation and infection (Reynolds, 2010). IL-17 has been 
shown to play an important role in protecting the host from extracellular pathogens such 
as S. pneumoniae and S. aureus in epithelial and mucosal tissues (Ishigame et al. 2009; 
Wright et al. 2013). Recent studies have linked IL-17 to the development of allergic 
and autoimmune diseases such as asthma, multiple sclerosis and rheumatoid arthritis 
(Iwakura et al. 2011; Chien et al. 2013). 

2.7	 Single nucleotide polymorphisms in the genes of innate immunity

Humans and other multicellular organisms have evolved immunological defense 
mechanisms, categorized as innate and adaptive immunity, under the pressure from 
infectious microorganisms. The initial response to infection is provided by the innate 
immune system enabling the host to discriminate among pathogens and to trigger 
subsequent adaptive immune responses through antigen-specific mechanisms. Many 
single nucleotide polymorphisms (SNPs) have been reported in the genes of innate 
immunity and SNPs in these genes have been associated to various bacterial/viral 
infections, autoimmune diseases and cancers. Innate immunity genes where potentially 
important SNPs have been identified include genes such as those for the TLR family, 
MBL (MBL2), caspase recruitment domain-containing protein 15 (CARD15/NOD2) 
and macrophage migration inhibitory factor (MIF) (Forrest et al. 2006). Below, 
polymorphisms in TLR2, -3 and -4, MBL2 and IL17A will be described in more detail.

2.7.1	 SNPs in TLRs

TLRs can be classified based on their known agonists. Intracellular TLRs recognise 
nucleic acid-based agonists whereas cell-surface TLRs recognise other products such 
as glycolipids, lipopeptides and flagellin. Intracellular TLRs (TLR3, -7, -8 and -9) are 
mostly involved in recognition of different viruses. These TLRs have been evolving 
under a strong purifying selection and it is thought that neither nonsense nor missense 
mutations that are predicted to be damaging are endured in these four TLRs (Ramensky et 
al. 2002). This selection demostrates that intracellular TLRs have an essential biological 
role in host survival and polymorphisms in these genes could be expected lead to severe 
disorders. This hypothesis has been validated by clinical genetic studies on TLR3 (Zhang 
et al. 2007; Gorbea et al. 2010; Guo et al. 2011). For cell-surface TLRs (TLR1, 2, 4, 
5, 6 and 10) which recognise PAMPs other than nucleic acids, the purifying selection 



Review of the Literature 29

described for intracellular TLRs is not as strong as with intracellular TLRs. It has been 
shown that up to 23% in general population have damaging missense polymorphisms at 
least in one of the cell-surface TLRs. However, some of the SNPs in cell-surface TLRs 
are unlikely to play critical role in host survival (Barreiro et al.2009). Furthermore, 
some polymorphisms in cell-surface TLRs can, under particular circumstances, be 
advantageous for protective immunity and polymorphisms in these TLRs are not only 
endured but may also be subject to positive selection in certain populations. In other 
words, impaired TLR-mediated responses may in some cases be beneficial for the 
survival of the host (Casanova et al. 2011).

Figure 5. Proportion of individuals in the general population (158 healthy individuals from Sub-
Saharan Africa, Europe and East Asia) carrying a probably damaging or a nonsense mutation for 
each individual TLR (Barreiro et al. 2009).

TLR2 recognises a wide spectrum of ligands through its unique ability to form 
heterodimers with TLR1 and TLR6. Several SNPs in TLR2 have been reported in 
functional and genetic association studies. A polymorphism R753Q (arginine changes to 
glutamine in amino acid position 753 as a result of nucleotide substitution G>A in mRNA 
position 2258; rs5743708 is a reference SNP cluster report code for TLR2 R753Q, Table 
4) which is located in the TIR-domain is the best characterized in functional studies
and has been shown to be associated with altered signaling (Schröder et al. 2005). It 
has been suggested that the compromised signaling by TLR2 R753Q is not due to lower 
expression of polymorphic receptor but instead due to deficient tyrosine phospholyration. 
This defect compromises TLR2-TLR6 assembly to form heterodimer and impairs the 
recruitment of MyD88 (Xiong et al. 2012). The SNP R753Q has been shown to be 
associated with different diseases and infections. It is associated with pneumococcal 
meningitis, staphylococcal infections, S .aureus colonization and with increased risk for 
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tuberculosis in adult patients (Lorenz et al. 2000; Tellería-Orriols et al. 2014). However, 
TLR2 R753Q polymorphism has a protective effect against late stage Lyme disease in 
Europeans (Schröder et al. 2005). The frequency of TLR2 R753Q differs among different 
case cohorts and control cohorts. A study carried out by Ma et al. showed variation 
between three ethnic groups, African American, European American and Hispanic. In 
African American control group (n=194), none of the subjects (0%) had heterozygote 
TLR2 R753Q (guanine changes to adenine [G/A] in mRNA position 2258 creating two 
different alleles of a gene) and, in the same ethnic group, from 339 cases only two 
subjects (0.6%) had TLR2 R753Q. In European American controls, five subjects (4.5%) 
out of 110 had TLR2 R753Q and in cases nine subjects (5%) out of 180 had TLR2 R753Q. 
In Hispanic controls, four subjects (4%) out of 110 had TLR2 R753Q and in cases only 
one subject (0.3%) out of 374 had TLR2 R753Q (Ma et al. 2007). Similar frequencies 
were observed in another study that was carried out using a New Zealand Caucasian 
cohort. From 182 Crohn's disease patients and from 188 ethnically matched controls,  
3% and 2%, respectively, had TLR2 R753Q (Hong et al. 2007, Table 5). In none of 
these studies, homozygote TLR2 R753Q (guanine changes to adenine in mRNA position 
2258 to create two identical alleles of a gene [A/A] that are present in both homologous 
chromosomes) was detected in the study subjects. However, frequency of TLR2 R753Q 
and its associations with infections and nasopharyngeal bacterial colonization in Finnish 
population have not been reported. 

TLR3 is an important intracellular signaling receptor responsible for recognition of viral 
dsRNA. Several SNPs in TLR3  has been recently studied. The SNP L412F (leucine 
changes to phenylalanine in amino acid position 412 as a result of nucleotide substitution 
C>T in mRNA position 1234; rs3775291, Table 4) is one of the most well-described 
polymorphisms of TLR3. It affects a residue localized near the concave surface of the 
TLR3 ectodomain. It has been hypothesized that the TLR3 L412F polymorphism will 
alter hydrophobic interactions and glycosylation of neighboring residues which are 
critical for TLR3 function. Moreover, TLR3 L412F has an effect on a residue that is 
highly conserved from human to fish implying that a polymorphism in this site is likely 
to be obstrusive for the structure and function of TLR3 (Choe et al. 2005; Bell et al. 
2006; Ranjith-Kumar et al. 2007). For instance, TLR3 L412F has been shown to be 
associated with increased susceptibility to chronic mucocutaneous candidiasis, with 
decreased secretion of INF-γ in response to stimulation with Poly:IC in vitro in HEK293 
cells, with risk for recurrent herpes simplex virus infection and with bronchiolitis leading 
to hospitalization and postbronchiolitis wheezing in young infants (Nahum et al. 2011; 
Yang et al. 2012; Nuolivirta et al. 2012). The frequency of TLR3 L412F in different 
ethnic groups is rather high when compared for example to SNPs reported in TLR2 
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and TLR4 and it also differs between ethnic groups. For TLR3 L412F, in a study that 
consisted of 135 healthy ethnic Lithuanians, 29% were heterozygotes (cytosine changes 
to thymine [C/T] in mRNA position 1234 creating two different alleles of a gene) and 
19% homozygotes (cytosine changes to thymine in mRNA position 1234 to create two 
identical alleles of a gene [T/T] that are present in both homologous chromosomes) 
(Kindberg et al. 2011). In healthy 131 Hispanic controls, 40% were heterozygotes and 
12% were homozygous for TLR3 L412F (Sironi et al. 2012). In 274 healthy Asian 
controls,  53% were heterozygous and 5% were homozygotes for TLR3 L412F (Palikhe 
et al. 2011, Table 5). The frequency of TLR3 L412F and its possible association in Finnish 
infants with bronchiolitis and postbronchiolitis wheezing have been studied (Nuolivirta 
et al. 2012). However, frequencies for TLR3 L412F polymorphism, possible disease 
associations and associations to nasopharyngeal bacterial or viral colonization have not 
been reported in Finnish population.

TLR4 is the major receptor for innate immune response to LPS or endotoxin which are 
the key components of the Gram-negative bacteria. The TLR4 gene has two important 
SNPs,  D299G and  T399I, that are in linkage disequilibrium. From these two SNPs, 
TLR4 D299G has been intensively studied in functional and genetic association studies 
(Trejo de la et al. 2014). The TLR4 D299G (aspartic acid changes to glycine in amino 
acid position 299 as a result of nucleotide substitution A>G in mRNA position 1194; 
rs4986790, Table 4) polymorphism lies within the extracellular domain of the receptor 
but the mechanism behind the dysregulated TLR4 D299G signaling is unclear. It has 
been shown with crystallography that LPS binds to TLR4/MD2, where TLR4 gene 
contains D299G polymorphism, to form receptor dimers in the same manner as the 
TLR4 normal type but local conformational differences in the formed receptor dimers are 
observed between the normal type and the variant type (Ohto et al. 2012). TLR4 D299G 
has been shown to be associated with increased susceptibility to infections caused 
by gram-negative bacteria with a hyporesponsiveness to LPS, resulting in improper 
activation of TLR4 signaling pathways and insufficient production of proinflammatory 
cytokines and interferons (Agnese et al. 2002; van der Graaf et al. 2005; Miller et al. 
2005). Furthermore, TLR4 D299G has been associated with increased susceptibility to 
infections caused by RSV and increased risk to Gram-negative septic shock (Tal et al. 
2004; Lorenz et al. 2002). The frequency of TLR4 D299G differs marginally between 
different ethnic groups. In 1482 ethnic German volunteers, 10% were heterozygote for 
TLR4 D299G (adenine changes to guanine [A/G] in mRNA position 1194 to create two 
different alleles of a gene), only 0.2% were homozygote TLR4 D299G (adenine changes 
to guanine in mRNA position 1194 to create two identical alleles of a gene [G/G] that 
are present in both homologous chromosomes)  (Weyrich et al. 2010). In 140 healthy 
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African control subjects, 13% were heterozygotes, while 1.4% were homozygoous 
for TLR4 D299G (Omrane et al. 2014). In a study consisting 439 American caucasian 
controls, 6% heterozygotes and only 0.2% homozygous for TLR4 D299G (Zareparsi 
et al. 2005). Furthermore, in a study carried out in China, 13% subjects out of 287 
controls were heterozygote for TLR4 D299G (Yang et al. 2012). However, in one study 
it has been observed that the frequency of TLR4 D299G was not that strong in African 
populations and that it was almost totally absent from Asian populations (Ferwerda et 
al. 2007, Table 5). The TLR4 D299G frequency has been reported in Finnish population. 
TLR4 D299G was shown to be associated with increased carotid artery compliance in 
young Finnish adults. The study consisted 2201 study subjects and 17% of them were 
heterozygote for TLR4 D299G and 1% of them had the rare homozygote of TLR4 D299G 
(Hernesniemi et al. 2008). Another study by Löfgren J et al. suggested that TLR4 D299G 
could be associated with increased risk of severe RSV infection in Finnish infants. The 
study included 356 controls and 16.5% of them were for TLR4 D299G and 2% were 
homozygotes (Löfgren et al. 2010). However, the possible association between TLR4 
D299G and nasopharyngeal bacterial colonization in Finnish children is not known. 

Table 4. Information of nonsynonomous SNPs in TLR2, TLR3 and TLR4 gene.

Gene SNP id (rs-code) Nucleotide substitution Amino acid change
TLR2 rs5743708 2258G>A 753 Arginine>Glutamine
TLR3 rs3775291 1234C>T 412 Leucine> Phenylalanine
TLR4 rs4986790 1194A>G 299 Aspartic acid>Glycine

Table 5. The frequency of heterozygote and homozygote variants of TLR2 R753Q, TLR3 L412F 
and TLR4 D299G in different ethnic groups. 

Ethnicity
TLR2 R753Q TLR3 L412F TLR4 D299G

G/A A/A C/T T/T A/G G/G
African 1% 0% 0% 0% 13% 1%

Caucasian 5% 0% 29% 19% 6-17% 1%
Asian 0% 0% 53% 5% 13% 0%

Hispanic 4% 0% 40% 12% 3% 0%

2.7.2	 SNPs in MBL2 

MBL serves in host defence by recognizing a broad range of microorganisms and 
activating the lectin-pathway of the complement system. MBL is important during 
the period of time when maternal-derived antibodies start to disappear and the child’s 
own immune system is still being matured and before a primary immune response is 
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generated following microbial challenges (Garred et al. 2006). Polymorphisms located 
in the promoter region and exon 1 of MBL2 gene have been described. In the promoter 
region, two promoter variants, H allele and L allele at position -550 (H/L) are in linkage 
disequilibrium with two other promoter variants X allele and Y allele at position −221 
(X/Y). Other promoter variants, P allele and Q allele occur at position −66 (P/Q). In 
the presence of normal allele A, the MBL2 haplotypes HYP (HYPA), LYP (LYPA) and 
LXP (LXPA) have been shown to be associated with high, intermediate and low MBL 
concentrations, respectively (Madsen et al. 1995; Steffensen et al. 2000). Three different 
genetic polymorphisms located in exon 1 of human MBL2 have been shown to lead 
to dramatic reduction of the serum MBL concentration by distrupting the collagenous 
structure of the MBL protein. The designation of these MBL2 variant alleles is B, C and 
D. The MBL2-B variant (glycine changes to aspartic acid in amino acid position 54 as 
a result of a nucleotide substitution G>A in mRNA position 161; rs1800450, Table 6) 
occurs in codon 54, the MBL2-C variant (glycine changes to glutamic acid in amino acid 
position 57 as a result of a nucleotide substitution G>A in mRNA position 170; rs1800451, 
Table 6) occurs in codon 57 and the MBL2-D variant (arginine changes to cysteine in 
amino acid position 52 as a result of a nucleotide substitution C>T in mRNA position 
154; rs5030737, Table 6) occurs in codon 52 (Larsen et al. 2004; Verdu et al. 2006). As 
mentioned before, all these three polymorphisms have a dominant effect on the level of 
MBL blood concentration. In the heterozygous situation, the level of functional MBL in 
the serum might be decreased as much as 90%. Homozygosity leads to a total deficiency 
of functional MBL in the blood. These polymorphisms make the MBL protein unstable, 
easily degraded to lower oligomeric forms and the mutated proteins probably have a 
shorter half-life in the circulation (Heitzeneder et al. 2012). The presence of these MBL2 
polymorphisms have been found to be associated with increased risk of several infection 
types such as acute respiratory tract infection during childhood and in particular during 
the vulnerable time period of infancy from 6-18 months when the immune system is still 
maturing, with increased risk of meningococcal disease, with increased risk to invasive 
pneumococcal infection, with mycobacterial infection and with HIV susceptibility and 
disease progress (Koch et al. 2001; Eisen & Minchinton, 2003; Larsen et al. 2004). 
MBL2 variant frequencies differ among different ethnic populations. The B-allele is 
almost absent in Sub-Saharan Africans or occurs with a low frequency, 0-6%, whereas in 
Caucasians (European) and Asians the B-allele is rather common exceeding frequencies 
between 12-14%. However, in South American Indians the frequency of the B-allele 
may exceed 50%. The C-allele is rather common (12-30%) in Sub-Saharan Africans 
whereas it is rare (≤3%) in Caucasians and absent in Asians and South American Indians. 
The frequency for D-allele is low (5-8%) and occurs mostly in Caucasian and Northern 
African populations (Garred et al. 2006; Ermini et al. 2012, Table 7). The frequencies of 
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these three MBL2 gene polymorphisms and disease associations have been described in 
Finnish population. In a study carried out by Rantala et al. they showed that MBL2 gene 
polymorphisms affecting the MBL serum concentration were associated with respiratory 
tract infcetions among young Finnish men. Of the 362 healthy Finnish men as a control 
group in this this study, the frequency for normal allele-A (A/A) was 65%, for B-allele 
(A/O; in literature heterozygote variants of MBL2 [A/B, A/C and A/D] are referred as 
A/O) was 21%, for C-allele (A/O) 2% and for D-allele (A/O) 7%. The homozygous 
variants (in literature homozygote variants of MBL2 [B/C, B/D, B/B, C/C, C/D and D/D] 
are referred as O/O) frequency was 5% (Rantala et al. 2008). In another Finnish study, 
Seppänen et al. showed that MBL2 gene polymorphisms were associated with recurrent 
herpes simplex virus 2 infection. Their study included 147 healthy Finnish controls 
and the frequency for B-allele was 16%, for C-allele 1% and for D-allele 5%. The 
homozygous O/O frequency was 3% (Seppänen et al. 2009). However, the information 
about possible association between MBL2 gene polymorphisms and nasopharyngeal 
bacterial colonization with respiratory pathogens in Finnish children is unknown.

Table 6. Information of nonsynonomous SNP located in exon 1 of  MBL2.

Gene variant SNP id (rs-code) Nucleotide substitution Amoni acid change
MBL2-B rs1800450 161G>A 54 Glycine>Aspartic acid
MBL2-C rs1800451 170G>A 57 Glycine>Glutamic acid
MBL2-D rs5030737 154C>T 52 Arginine>Cysteine

Table 7. The frequency of different MBL2 allele variants in different ethnic groups

Ethnicity MBL2-B MBL-C MBL2-D
African 0-6% 12-30% 5%

Caucasian 12-30% 3% 7%
Asian 15-20% 0% 0%

South American Indians 50% 0% 0%

2.7.3	 SNP in Th17 cytokine IL-17A

The Th17 cytokine IL-17A is involved in host defense against infection and development 
of inflammation by inducing production of pro-inflammatory cytokines, chemokines and 
antimicrobial peptides as well as recruiting neutrophils to the site of inflammation and 
infection. IL-17A has received considerable attention since its discovery. One of the 
SNPs in IL17A gene, IL17A G152A (nucleotide substitution G>A in mRNA position 152, 
rs2275913), is interesting since it is located within the binding motif for the nuclear factor 
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activated T cells (NFAT), which is a critical regulator of the IL-17 promoter. Because of 
this, it is perceivable that IL17A G152A has an effect on the transcriptional regulation 
of IL-17A (Espinoza et al. 2011). The presence of IL17A G152A has been shown to 
be associated with pulmonary tuberculosis, with childhood asthma, and with bacterial 
colonizations of S. pneumoniae or M. catarrhalis in patients having bronchiolitis (Chen 
et al. 2010; Ocejo-Vinyals et al. 2013). Moreover, IL17A G152A has been found to be 
associated with cancer (Omrane et al. 2014). Omrane et al. demonstrated that IL17A 
G152A was associated with colorectal cancer (Omrane et al. 2014). In their study, of 139 
healthy Sub-Saharan African controls 27% were heterozygote G/A and 4% homozygote 
A/A (Omrane et al. 2014). Another study carried out by Narbutt J et al. showed that A/A 
variant of IL17A G152A predisposed to increased severity of atopic dermatitis and to 
its coexistence with asthma. In this study, they had 153 healthy controls with Caucasian 
background and the frequency for heterozygote G/A was 48% and for homozygote A/A 
it was 7% (Narbutt et al. 2014). A study by Chen J et al. showed that IL17A G152A 
was associated with childhood asthma and bacterial colonization of the hypopharynx 
in patients with bronchiolitis. In this study, they had 205 healthy Asian controls and 
the frequency for the heterozygote G/A was 51% and for the homozygote A/A it was 
16% (Chen et al. 2010, Table 8). Based on these recent studies, it can be seen that 
the frequency for IL17A G152A differs among the different ethnic populations. The 
frequency and possible disease and colonization associations for IL17A G152A have not 
been reported in Finland before. 

Table 8. The frequency of IL17A G152A in different ethnic groups.

Ethnicity
IL17A G152A

G/A A/A
African 27% 4%

Caucasian 48% 7%
Asian 51% 16%
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3. AIMS OF THE STUDY

The main object of this study was to investigate nasopharyngeal pathogenic bacterial 
colonization and genetic polymorphisms in the genes of the innate immunity that 
could be potential risk factors for respiratory infections in infants and young children. 
We investigated nasopharyngeal bacteria such as S. pneumoniae, M. catarrhalis, H. 
influenza, S. aureus and their association with SNPs in different TLRs, MBL2 and Th17 
cytokine gene IL17A. 

We studied the frequencies of common respiratory pathogens in healthy infants and 
young children during two-year follow-up to explore the possible changes in bacterial 
colonization rates. We also investigated the frequencies of SNPs in the genes encoding 
the different TLRs, MBL and IL-17A in the same study cohort, mostly previously 
unstudied in this research field before. 

More specific aims of this study were to investigate:

1. The association between nasopharyngeal bacterial colonization and polymorphisms 
of the MBL2 and TLRs in Finnish healthy infants.

2. The possible effects of HRV infection on nasopharyngeal bacterial colonization in
Finnish infants with wild or variant types of MBL and TLRs.

3. The possible association between TLR4 D299G polymorphisms and M. catarrhalis
colonization in healthy children during a two-year period of follow-up

4. The possible differences in IL-17A cytokine production among healthy infants and
infants with IL17A G152A polymorphism and its association with nasopharyngeal
pneumococcal colonization.
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4. MATERIALS AND METHODS

4.1	 Study design and study subjects (I, II, III, IV)

Finnish children taking part in the ongoing STEPS-study were recruited. The STEPS-study 
was designed as a prospective, observational cohort study which consisted of all mothers 
who had live deliveries in the Hospital District of Southwest Finland from January 2008 
to April 2010 and their children (n = 9811 mothers, n = 9936 children). Of these, 1797 
mothers and their 1827 children were recruited to an intensive follow-up group during the 
first trimester of pregnancy or soon after delivery (Lagström et al. 2013). 

Healthy infants or young children visited the study clinic at the ages of <3 months, 
12 months and 24 months on Monday or Tuesday during the period between August 
2008 and June 2012. Three-month visit was preferably scheduled before universal 
vaccinations at 3 months, resulting in a mean age of 0.22 years (standard deviation, 0.08 
years). Nasopharyngeal (NP) samples were collected from 489 children at 2.6 months 
of age, 202 children at 13 months of age and 176 children at 24 months of age (Figure 
6). There were 161 children whose NP samples were available at all three different time 
points. NP samples were collected by using flocked NP swabs (Copan, Brescia, Italy). 
Duplicated NP swabs were taken from nostrils of each study subject, one of which was 
used for bacterial culture and the other for viral culture and antigen detection. The swab 
was immersed in 1 mL of 0.9% NaCl, and homogenized by vortexing and the sample 
was transported within 3 hours to laboratory for bacterial culture. Blood samples were 
collected from a total of 412 children for DNA isolation at three months of age.

Figure 6. NP swab should be taken precisely 
from back of the nasopharynx (arrow).
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The study protocol was approved by the Ethics Committee of the Hospital District of the 
South-Western Finland, Turku, Finland. All parents of participating children gave their 
written informed consent.

4.2	 Bacteriology (I, II, III, IV)

For bacterial culturing, a semi quantitative culturing method was used where 10 µl-
loopful of bacterial suspension was plated and spread over one-quarter of the plate and 
then streaked onto remaining three quadrants by using the same 10 µl loop. For the 
semi-quantitative culture, the number of colonies on each of 4 quadrants of the plates 
were counted and categorized as growth 1 to 5: growth 1, <25 colonies in quadrant 
1; growth 2, ≥25 colonies in quadrant 1 and <25 colonies in quadrant 2; growth 3, 
≥25 colonies in quadrant 2 and <25 colonies in quadrant 3; growth 4, ≥25 colonies in 
quadrant 3 and <25 colonies in quadrant 4; and growth 5, ≥25 colonies in quadrant 4 
(Figure 7).

Figure 7. A semi quantitative culturing method and the number of colonies on each of 4 quadrants 
to be counted.

Four different culture plates were used: a blood agar plate containing 5% sheep blood, 
a heated blood agar (chocolate agar) plate, a H. influenzae selective plate (a heated 
blood agar plate containing 300 mg/l bacitracin) and a S. pneumoniae selective plate 
(sheep blood agar plate containing 5 mg/l colistin and 2.5 mg/l oxolinic acid). Plates 
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were incubated in 5% CO2 at 35°C for 48 hours. The plates were inspected every day. 
Suspected colonies of each species were identified as follows: S. pneumoniae isolates by 
using the optochin disk susceptibility test (Oxoid, Basingstoke, England), H. influenzae 
isolates by the X, V and X+V factor test (Oxoid), M. catarrhalis isolates by the oxidase 
and tributyrin test (Rosco Diagnostica, Taastrup, Denmark) and S. aureus isolates by the 
coagulase, catalase and latex agglutination test (Staphaurex, Remel Inc., Lenexa, KS, 
USA). Other genera or species of bacteria were identified based on the morphological 
appearance and by standard biochemical methods such as catalase positivity test, oxidase 
test and Gram-staining.

All different bacteria isolates from three different time points were stored at -70 °C in 
glycerol containing medium for future studies.

4.3	 Virology (II)

The nasopharyngeal swab was eluted with 1.0 or 0.5 ml of phosphate buffered saline, of 
which 550 µl or 200 µl was used for the extraction by Nuclisense easyMag (BioMerieux, 
Boxtel, The Netherlands) or MagnaPure 96 system (Roche Applied Science) automated 
extractor, with an elution volume of 55 µl or 50 µl, respectively. Rhinoviruses were 
detected by reverse transcription and a real-time PCR assays for rhino-, entero-, and 
respiratory syncytial virus as described earlier (Peltola et al. 2008) with the modification 
that proprietary dual-label probes specific for rhino- and enteroviruses were used for 
their differentiation. In this present project, we focused on the rhinoviruses.

4.4	 DNA isolation (I, II, III, IV)

DNA was extracted from 200 µl of whole blood by QIAGEN QIAamp DNA Blood Mini 
Kit 250 (Qiagen, Hilden, Germany) according to the manufacturer's protocol. 

4.5	 SNP detection (I, II, III, IV)

The genotyping of MBL2 gene in codons 52 (allele D, rs5030737), 54 (allele B, rs1800450) 
and 57 (allele C, rs1800451), TLR2 R753Q (rs5743708), TLR3 L412F (rs3775291) 
and TLR4 D299G (rs4986790) 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. The PCR and sequencing primers used for the 
genotyping have been described earlier (Roos et al. 2006; Woehrle et al. 2008; Ahmad-
Nejad et al. 2009). All the primers were HPLC purified and synthesized by Sigma-
Aldrich, Finland. Presence of the PCR products was verified on a stained agarose gel. 



40	 Materials and Methods	

The genotyping of IL17A G152A (rs2275913) was performed from extracted DNA by 
Sequenom massARRAY iPlex Gold® system (Sequenom Inc, CA, USA) in University 
of Eastern Finland, Kuopio, Finland.

4.6	 Randomly amplified polymorphic DNA analysis (III)

To study whether colonization by M. catarrhalis represents repeated acquisition of 
different strains or persistent colonization by the same strain, a simple method “randomly 
amplified polymorphic DNA analysis (RAPD)” was used to see differences between 
M. catarrhalis strains that were isolated at 3, 13 and 24-month time point within same 
individual. The method for RAPD used for this study has been published 1999 (Vu-
Thien, 1999). We used the following primer: 5´-GCAATTAACCCTCACTAAAG-3´ 
(SIGMA-ALDRICH, Finland). The PCR program consisted 40 cycles 95°C for 1 
minute, 49°C for 1 minute and 72°C for 1 minute. The first denaturation at 95°C lasted 
for 3 minutes and the extension at 72°C lasted for 5 minutes. After the PCR, the PCR 
products were visualized by gel electrophoresis in a 1.5% agarose gel and stained by 
ethidium bromide. 

4.7	 Cytokine measurements with Luminex (IV)

Bio-Plex Pro Human Cytokine Group IL-17A Assay Kit (Bio-Rad Laboratories, Finland) 
was used to measure cytokine IL-17A production from selected samples. These assay 
kits were allowed to quantitatively measure the IL-17A concentration from as little a 
volume as 15µL of serum within 4 hours. A total of 93 sera collected from 93 subjects 
aged 13 months were tested by Luminex (Luminex 100/200TM System, Luminex B.V., 
The Netherlands). The standard curve ran from 1.0 to 20000pg/mL. Cytokine IL-17A 
measurements were performed according to manufacturer’s protocol.

4.8	 Statistical analyses (I, II, III, IV)

For the original publications I, III and IV, the differences between groups were analyzed 
and evaluated with GraphPad Prism 4 (San Diego, CA), using the Chi-square test or 
Fisher's exact test. For the original publication IV, Kruskal-Wallis test was applied 
to analyze the differences in IL-17A production between subjects with different 
genotypes of IL17A G152A. Odds ratios, relative risk and 95% confidential intervals 
were also calculated in original publications I, III and IV. In the original publication II 
the statistical analyses were carried out in two steps. First, the effect of rhinovirus on 
bacterial colonization was examined by cross-tabulation and tested with Chi-Square test, 
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Fisher’s exact test, and unadjusted binary logistic regression analysis. In second, the gene 
polymorphisms of MBL, TLR3 and TLR4 and socio-demographic background variables 
were included to adjusted logistic regression analysis to adjust the effect of rhinovirus 
on bacterial colonization in order to exclude the possible confusing factors. Two tailed 
P-value <0.05 was considered as significant in all analyses. Statistical analyses were 
carried out using SPSS version 16 and SAS version 9.1.
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5. RESULTS

5.1	 Bacterial colonization at 2.6 months of age (I)

A total of 489 NP samples were collected from study subjects at 2.6 months of age. From 
these 489 samples, 290 (59%) were culture positive for at least one of the four bacterial 
species: 55 (11%) for S. pneumoniae, 114 (23%) for M. catarrhalis, 122 (25%) for S. 
aureus and 5 (1%) for H. influenzae (Figure 8, Figure 1 in the original publication I). 
Twenty-four (5%) children were found to be culture negative. This, however, does not 
mean that these children did not have any bacteria in their nasopharynx since our semi-
quantitative culturing method was optimized for the bacterial species listed in Figure 8. 
Since the bacterial prevalence for H. influenzae was only 1%, it is noteworthy to mention 
that a larger volume (50 µL) of the original bacterial suspension, together with 10 µL, was 
spread on the plates with the semi-quantitative culture method. However, this addition 
did not increase prevalence of H. influenzae observed from the plates. From 290 children 
who were culture positive for one of the four pathogens, 128 (26%) were culture positive 
for two different pathogens at the same time. Of the 55 children who were positive for S. 
pneumoniae, 19 (35%) were also positive for M. catarrhalis and 8 (15%) for S. aureus. 
There were only four children who were positive for S. pneumoniae, M. catarrhalis and S. 
aureus at the same time. When the possible seasonal variation in the colonization rates of 
these pathogens was studied, no significant difference was observed (Figure 9). 

Figure 8. Different bacterial colonization rates from 489 healthy Finnish children at 2.6 months 
of age.
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Figure 9. Seasonal variation among different nasopharyngeal bacteria isolated from 2.6 months 
old infants (August 2008 – July 2009, N=136). 

5.1.1	 The frequency of TLR2 R753Q, TLR4 D299G and SNPs in MBL2 together 
with bacterial colonization at 2.6 months of age (I)

Altogether, there were 412 extracted DNA samples available from the study cohort. 
For TLR2 R753Q, 392 (95%) of the children were C/C homozygote normal allele and 
20 (5%) were C/T heterozygotes (Table 9). No subjects with homozygote for T/T were 
found in this study cohort. For TLR4 D299G, 340 (83%) children were A/A homozygote 
normal allele, 69 (17%) were A/G heterozygotes and three were G/G homozygotes 
(Table 9). Genotypes with mutant alleles were combined for statistical analyses. For the 
MBL2 polymorphisms, 279 (68%) children were A/A normal allele, 124 (30%) were 
A/O heterozygotes and 9 (2%) were O/O homozygotes. Of the 124 children who had 
A/O, 86 were A/B, 37 were A/D and one child was A/C. Of the nine children who had 
O/O homozygote, five were B/B, two were C/B, one was B/D and one was D/D (Table 
9). 

Table 9. The frequency of TLR2 R753Q, TLR4 D299G and SNPs in MBL2 412 children.

TLR2 R753Q TLR4 D299G MBL2 variants
C/T (%) T/T (%) A/G (%) G/G (%) A/O (%) O/O (%)
20 (5) 0 (0) 69 (17) 3 (1) 124 (30) 9 (2)
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Of the 124 children with MBL2 A/O, 24 (19%) were colonized by S. pneumoniae, one 
(11%) child out 9 children with MBL2 O/O was S. pneumoniae positive and 27 (10%) 
children out of 279 with MBL2 A/A were positive for S. pneumoniae. Carrying one or 
two mutant alleles (A/O or O/O, respectively) were combined together for statistical 
analyses and referred to below as “A/O”. Interestingly, it was observed that children with 
MBL2 A/O (A/O or O/O) had a higher risk (OR 2.16) to be colonized by S. pneumoniae 
at 2.6 months of age compared to the children with MBL2 A/A (P=0.011). Moreover, 
these same children with MBL2 A/O had a higher risk (OR 1.75) to be colonized by 
S. aureus and Staphylococcus sp. at 2.6 months of age (P=0.024 and P=0.016, Table 1 
in the original publication I). Of the 20 children with TLR2 heterozygote C/T, 9 (45%) 
children were positive for S. aureus, while only 86 (23%) of children with C/C normal 
allele were nasopharyngeal carriers of S. aureus. Also, TLR2 heterozyote C/T carriers 
had a higher risk (OR 2.91) to be colonized by S. aureus at 2.6 months of age compared 
with C/C normal allele carriers (P=0.027, Table 2 in the original publication I). Of the 72 
children with TLR4 heterozygote A/G, 38 (40%) were positive for M. catarrhalis while 
72 (21%) with A/A normal allele were M. catarrhalis positive. Children with TLR4 
D299G A/G variant type had a higher risk (OR 2.37) to be colonized by M. catarrhalis 
at 2.6 months of age compared to the children with A/A normal allele (P=0.002, Table 3 
in the original publication I).

Further associations between any of the SNPs studied and colonization with other 
bacteria were not found in study I.

5.2	 Respiratory symptoms and viral findings together with bacterial 
colonization at 2.6 months of age (II) 

A total of 337 NP samples were available for both viral and bacterial detection from 
children at 2.6 months of age. Of the 337 children, 61 (18%) were positive for HRV, 46 
(14%) were positive for S. pneumoniae, 86 (25%) were positive for M. catarrhalis, 96 
(28%) were positive for S. aureus and only three (1%) were positive for H. influenza 
(Table 2 in the original publication II). When bacterial co-colonization was studied, 18 
children were found to be positive for S. pneumoniae and M. catarrhalis. In addition, 4 
children were found to be positive for co-colonization of S. pneumoniae, M. catarrhalis 
and S. aureus and 8 children were co-colonized by S. pneumoniae and S. aureus.

From 337 children, 53 (16%) were reported to have mild respiratory symptoms 
such as nasal congestion, runny nose or cough on the day of sampling. Twenty-three 
(43%) of 53 children with respiratory symptoms were positive for HRV compared 
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to 38 (13%) of 284 children without respiratory symptoms (P=<0.001). Moreover, 
27 (51%) children out of 53 with respiratory symptoms were positive for M. 
catarrhalis compared to 57 (20%) children out of 284 without respiratory symptoms 
(P=<0.001) (Table 2 in the original publication II). No significant associations were 
observed between other bacterial colonization rates and children with or without mild 
respiratory symptoms.

There was no significant association observed between HRV infection and S. pneumoniae 
colonization. Those 46 children out of 337 who were positive for S. pneumoniae, 11 
(24%) were also positive for HRV at the same time compared to those 50 (17%) children 
out of 291 who were negative for S. pneumoniae but who had HRV infection (P=0.271). 
When looking at M. catarrhalis colonization it was observed that from those 84 children 
out of 337 who were M. catarrhalis positive, 22 (26%) were also positive for HRV at 
the time of sampling. When this was compared to those 39 (15%) children out of 253 
who were M. catarrhalis negative but who had had HRV infection, an association was 
noticed between these two variables (P=0.026). No significant association was observed 
between HRV infection and S. aureus colonization. Those 96 children out of 337 who 
were positive for S. aureus, 11 (12%) were also positive for HRV at the time of sampling 
compared to those 50 (21%) children out of 241 who were S. aureus negative but who 
had HRV infection (P=0.046, Table 3 in the original publication II).

5.2.1	 Nasopharyngeal bacterial colonization in relation to background variables 
(II)

Different background variables such as sex, breastfeeding at 3 months of age, two 
or more children in family, smoking and antibiotics use before 3 months of age were 
studied to see whether there was any association with NP bacterial colonization. It was 
observed that having one or more siblings in a family was associated with S. pneumoniae 
colonization (P=<0.001) and with M. catarrhalis colonization (P=0.001). No other 
associations between the different background variables and colonization with other NP 
bacteria were observed.

5.2.2	 Nasopharyngeal bacterial colonization, HRV infection and gene 
polymorphisms in MBL2, TLR3 L412F and TLR4 D299G (II)

The associations between polymorphisms in MBL2 (230 [68%] with A/A, 101 [30%] 
with A/O and six [2%] with O/O), TLR3 L412F (128 [49%] with C/C, 134 [51%] with 
C/T and T/T) and TLR4 D299G (277 [82%] with A/A, 60 [18%] with A/G) as well 
as HRV with bacterial colonization were analyzed. In children with MBL2 wild type 
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alleles A/A, there was no significant association observed between the colonization of S. 
pneumoniae and HRV positivity or HRV negativity. However, when looking at children 
with variant type of MBL2 (A/O and O/O combined) colonization rate of S. pneumoniae 
was significantly higher in children with HRV infection compared to the children who 
were HRV negative (8 of 20 [40%] with HRV, vs. 9 of 87 [10%] without HRV, P=0.003, 
Table 4 in the original publication II). 

In children with TLR4 D299G wild type alleles A/A, the colonization rate of M. 
catarrhalis was significantly higher in those children with HRV infection compared to 
children without HRV infection (18 of 51 [35%] with HRV vs. 44 of 226 [19%] without 
HRV, P=0.014). When looking at children with TLR4 D299G heterozygosity (A/G), it 
was noticed that there was no significant difference in colonization rates of any of the 
three pathogens studied between children who had HRV infection and who were HRV 
negative. In children with wild type TLR4 A/A, the colonization rates of S. aureus were 
significantly lower in children with HRV infection compared to those children without 
HRV infection (8 of 51 [16%] with HRV vs. 72 of 226 [32%] without HRV, P=0.021, 
Table 4 in the original publication II). 

In children with TLR3 L412F wild type alleles C/C, the colonization rates of M. 
catarrhalis were higher in children with HRV infection than in those children without 
HRV infection (9 of 23 [39%] with HRV vs. 21 of 105 [20%] without HRV, P=0.050). 
Moreover, in children with wild type TLR3 L412F C/C, the colonization rates of S. aureus 
were significantly higher in children without HRV infection compared to children with 
HRV infection (48 of 105 [46%] without HRV vs. 5 of 23 [22%] with HRV, P=0.034). 
When looking at children with TLR3 L412F C/T and T/T, it was observed that there 
was no significant difference in colonization rates of any of the three pathogens studied 
between children who had HRV infection and children who were HRV negative (Table 
4 in the original publication II). 

5.3	 Nasopharyngeal bacterial colonization during the follow-up in 161 
children (III)

Altogether there were 161 children who had their NP samples available at all three 
different time points. It was observed that the colonization rates of S. pneumoniae, M. 
catarrhalis and H. influenzae increased during the follow-up, whereas the nasopharyngeal 
carriage of S. aureus decreased with time (Figure 10). Of these 161 children 103 (64%) 
were culture positive for at least one of the four bacterial species at 2.6 months of age, 
102 (63%) at 12 months of age and 119 at 24 months of age.
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Figure 10. Nasopharyngeal bacterial colonization of four potentially pathogenic bacteria in 161 
children at 2.6 months, 13 months and 24 months of age. 

5.3.1	 Nasopharyngeal bacterial colonization and TLR4 D299G polymorphism in 
161 children during the follow-up (III)

In this study cohort, 126 children (78%) had TLR4 D299G wild type allele (A/A) while 
35 (22%) had heterozygosity A/G and there were no G/G homozygotes in this cohort. 
From those 126 children with A/A, 23 (18%) were positive for M. catarrhalis at 2.6 
months of age, 54 (43%) were positive at 13 months of age and 74 (59%) were positive 
at 24 months of age. From those 35 children with A/G, 15 (43%) were positive for M. 
catarrhalis colonization at 2.6 months of age, 21 (60%) were positive at 13 months of 
age and 20 (57%) were positive at 24 months of age. 

It was observed that the M. catarrhalis nasopharyngeal carriage was significantly higher 
in those children with heterozygote A/G alleles compared with the children with wild 
type alleles A/A at 2.6 months of age (P=0.005). However, this phenomenon was not 
observed at 13 months and 24 months of age. When looking at H. influenzae colonization 
rates between different TLR4 D299G genotypes in three different time points, it was 
noticed that children with heterozygous A/G had a higher nasopharyngeal carriage rate 
of H. influenzae at 24 months of age when compared to the children with wild type alleles 
A/A (20% vs. 6%, P=0.020). No significant differences were observed in colonization 
rates of S. pneumoniae and S. aureus between the different genotypes of TLR4 D299G 
during the follow-up. 
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5.3.2	 TLR4 D299G gene polymorphism and repeated nasopharyngeal 
colonization and load of M. catarrhalis during the follow-up (III)

There were 23 (18%) children out of 126 with wild type alleles A/A who were colonized 
by M. catarrhalis at 2.6 months of age. From these 23 children, 18 were also colonized 
by M. catarrhalis at 13 months of age and 11 children at 24 months of age. From 
children with heterozygous A/G, there were 15 (43%) out of 35 who were colonized by 
M. catarrhalis at 2.6 months of age. Again, the same 15 children were also colonized 
by M. catarrhalis at 13 months and 24 months of age. Repeated colonization rate for M. 
catarrhalis was significantly higher in children with the heterozygous A/G compared to 
the children with A/A (15 of 35 [43%] vs. 11 of 126 [9%], P=0.001, Figure 2 A and B in 
the original publication III).

As mentioned before, 15 children out of 35 with heterozygous A/G were colonized 
by M. catarrhalis in all three different time points. Altogether 45 bacterial cultures 
were performed from these 15 children by using the semi quantitative culture method. 
From these 45 bacterial cultures, 30 (67%) had bacterial growth category 3 to 5 for 
M. catarrhalis. From those 126 children with wild type A/A only 11 were colonized 
by M. catarrhalis in all three different time points. Altogether 33 bacterial cultures 
were performed from these 11 children only 10 (30%) bacterial cultures had the 
growth category 3 to 5 for M. catarrhalis. Children with the heterozygous A/G had 
significantly higher bacterial load of M. catarrhalis (P=0.003). RAPD testing showed 
that the children were colonized by different strains of M. catarrhalis during the two-
year study period indicating that these children were not persistently colonized by M. 
catarrhalis. 

5.4	 Nasopharyngeal bacterial colonization and gene polymorphism of 
IL17A G152A during the two years follow-up (IV)

The colonization rates of S. pneumoniae, M. catarrhalis and H. influenzae increased 
from 2.6 months of age to 24 months of age whereas the colonization rates of S. aureus 
decreased during the same period of time (Figure 11). 
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Figure 11. Nasopharyngeal bacterial colonization at 2.6 months, 13 months and 24 months of age 
(N=405 at 2.6 months, N=198 at 13 months and N=176 at 24 months). 

At 2.6 months of age, there were NP samples available from 405 children that also had 
IL17A G152A data available. Of these 405 children, 146 (36%) had wild type allele 
G/G, 181 (45%) had heterozygous G/A and 78 (19%) had homozygous mutant A/A. The 
colonization rates of S. pneumoniae were found to be significantly higher in children with 
homozygous A/A in 13 months and 24 months of age when comparing to the children 
with the two other genotypes of IL17A G152A. This phenomenon was not observed at 
2.6 months of age between the same genotypes (Table 10). No significant differences 
were observed between any other bacterial colonization such as S. aureus and the three 
different genotypes of IL17A G152A. When looking for differences in S. pneumoniae 
colonization rates between baby boys and girls, no associations were observed. 

Table 10. S. pneumoniae colonization rates (%) in subjects with different IL17A genotypes at 2.6, 
13 and 24 months of age.

Time point 
(months) N

S. pneumoniae (%)
IL17A G/G IL17A G/A IL17A A/A

2.6 405 17/146 (12) 17/181 (9) 8/78 (10)
*13 198 12/70 (17) 16/90 (18) 15/38 (39)
**24 176 14/52 (27) 25/87 (29) 19/37 (51)

* A/A vs. G/G: P= 0.02, RR=2.30, 95% CI=1.20 - 4.40.
** A/A vs. G/G: P= 0.03, RR=1.91, 95% CI=1.10 – 3.30
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5.4.1	 Gene polymorphism IL17A G152A and serum IL-17A concentration in 
study cohort (IV)

Altogether there were 93 serum samples available from the children at 13 months of age. 
Of these 93 children, 18 were A/A homozygotes and only one (6%) of these 18 children 
had detectable IL-17A in the serum compared to 15 (35%) heterozygotes G/A and 24 
(75%) of 32 with homozygous wild type allele G/G. Levels of IL-17A were significantly 
lower in children with homozygote A/A and heterozygote G/A than in children with the 
normal allele IL-17A (Figure 12). In total, of the 93 serum samples at 13 months of age, 
40 (43%) children had detectable serum IL-17A.

* A/A vs. G/A (P >0.050),** A/A vs. G/G (P =0.001), *** G/A vs. G/G (P <0.050)

Figure 12. IL-17A serum levels from 93 children with different IL17A G152A genotypes at 13 
months of age.
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6. DISCUSSION

6.1	 Nasopharyngeal bacterial colonization in young children 

The microbiota in the nasopharynx of young child is a complex ecosystem. It can include 
several non-pathogenic (commensals) and pathogenic bacteria such as S. pneumoniae, 
M. catarrhalis, H. influenzae and S. aureus. The nasopharynx of a young child becomes 
colonized rather rapidly after birth and serves as a major reservoir for transmission 
of these bacterial species (García-Rodríguez&Fresnadillo Martínez, 2002). There are 
changes in the bacterial microbiota since bacteria are aquired, eliminated and re-aquired 
constantly during the first months and years of life. Most of young children are colonized 
by potentially pathogenic bacteria during the first year of life and probably in most 
cases these bacteria are colonizing the nasopharynx without causing any respiratory 
symptoms. It has also been demonstrated that non-pathogenic bacteria can antagonize 
the colonization of pathogenic bacteria. In vitro studies carried out by Tano et al. have 
suggested that α-hemolytic streptococci may inhibit the colonization of S. pneumoniae, 
M. catarrhalis and H. influenzae (Tano et al. 1999; Tano et al. 2000). Pathogenic bacteria 
can colonize the nasopharynx for 4-5 months, in a persistent manner, before they are 
eliminated by the host immune system or by some other factor (Faden et al. 1995). 
However, pathogenic bacterial colonization is one of the key factors in development of 
respiratory infections in children and this is closely related to the outcome of respiratory 
infections and studies have demonstrated that an early bacterial colonization (< 3months 
of age) can increase the risk of having respiratory infections in the next 6-9 months of 
early life and even that the early colonization by pathogenic bacteria is associated with 
development of asthma in young children (Harrison et al. 1999; Bisgaard et al. 2007). 

6.1.1	 The prevalence of different respiratory bacteria in children (I, II, III and IV)

The colonization rates of common nasopharyngeal pathogenic bacteria can vary between 
different studies and different countries (García-Rodríguez&Fresnadillo Martínez, 2002; 
Xu et al. 2012). There are several factors such as age, ethinicity, socioeconomic living 
conditions, vaccine programs and differences in sampling and isolation techniques, that 
can have an effect on colonization rates. In this study we demonstrated the prevalency 
of common pathogenic respiratory bacteria in healthy Finnish children at 2.6 months, 
13 months and 24 months of age. Based on cultures we found that 11% children were 
colonized by S. pneumoniae at 2.6 months of age and this corroborates to a study where 
it was demonstrated that approximately 12% of healthy children were colonized by S. 
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pneumoniae at 3 months of age (Syrjänen et al. 2001). In another study, 10% of infants 
already at one month of age were colonized by S. pneumoniae (von Linstow et al. 
2013). Since colonization rates of over 20% for S. pneumoniae in 3 months old children 
have been found, this indicates differences among different populations (Harrison et 
al.1999). S. pneumoniae colonizes approximately 54% of children by one year of age 
and the mean age of first acquisition of S. pneumoniae is 6 months and within a range 
of 1-30 months of age. However, the colonization can happen as early as 8-10 days 
in particularly predisposed populations such as Australian aboriginal infants (Leach et 
al. 1994; Faden et al. 1997; García-Rodríguez&Fresnadillo Martínez, 2002). We also 
investigated the seasonal variation nasopharyngeal bacterial colonization in 2.6 months. 
The nasopharyngeal colonization rates for S. pneumoniae were stable throughout all 
seasons (Aug-Oct, Nov-Jan, Feb-Apr and May-Jul). No data about serotype variation 
during the four seasons were available since we did not perform any serotyping. It has 
been demonstrated that cold air exposure can stimulates increased secretion by nasal 
glands in adults, but wheter this increased secretion could enhance nasopharyngeal 
bacterial colonization, is not known (Hendley et al. 2005).

Another important respiratory pathogen, M. catarrhalis, was found to be present in 
23% of children at 2.6 months of age. Our finding is in line with other studies where 
it has been demonstrated colonization rate of M. catarrhalis vary from 8% up to 30% 
in young children (Bisgaard et al. 2007; Verhaegh et al. 2010). However, there appears 
to be great geographical and socioeconomical variation in the colonization rates. Up 
to 100% of Australian aboriginal  children were colonized by M. catarrhalis within 
the first 12 months of their life, suggested mainly to be caused by overcrowding, 
poor hygiene and high rates of bacterial carriage (Leach et al. 1994). Like some other 
pathogenic respiratory bacteria, M. catarrhalis is capable of colonizing the nasopharynx 
of young children without causing disease and symptoms, and because the very reason 
it was thought to be just a commensal pathogen for decades. Since M. catarrhalis 
was recognized as a real respiratory pathogen, the dynamics of the colonization has 
been carefully studied in young children. For instance, Faden et al demonstrated with 
restriction enzyme digestion that a child acquires and eliminates 3 to 4 different strains 
of M. catarrhalis during the first two years of life (Faden et al. 1994). We did study 
seasonal variation for M. catarrhalis colonization at 2.6 months of age. The colonization 
rates of M. catarrhalis seemed to be higher during the winter months, but the observed 
differencies turned out to be statistically insignificant. Our finding corroborates those 
from another study (Verhaegh et al. 2011). Both of these findings suggest that M. 
catarrhalis nasopharyngeal colonization occurs via regular cycles of colonization and 
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clearance with virtual increase during the winter months perhaps due to increased viral 
infections at that time of a year (Verhaegh et al. 2011).

H. influenzae is a normal commensal bacteria of the nasopharynx in healthy children. 
Although in many studies the colonization rate of H. influenzae is rather low, its 
colonization is established early in life and increases with age. In this present study the 
prevalence of H. influenzae colonization was only 1% at 2.6 months of age. The recorded 
prevalence is slightly lower compared with other studies with colonization prevalencies 
as high as 10% at three months of age (Harrison et al. 1999). However, a recent study 
exists, where the colonization rate of H. influenzae is rather similar and in line with the 
findings of this present study (Shiri et al. 2013). The recent drop in colonization rates 
may be caused by the cross protection against NTHi offered by the recently introduced 
conjugated pneumococcal vaccines and potential herd immunity incited. The colonization 
of H. influenzae is dynamic and the transmission among children is quite frequent, as 
shown by studying H. influenzae strains among children attending the same day care 
center (Farjo et al. 2004). The low prevalence that was recorded in this present study 
could also be due to the young age (2.6 months) of the study children as it is known that 
the colonization rates are generally low in very young children (Leach et al. 1994; Shiri 
et al. 2013). As described previously in the results section, a larger volume (50µL) of the 
original bacterial suspension was introduced on the culture plates in addition to normal 
volume (10µL). However, this adjustment to methodology did not increase H. influenzae 
detection rate at 2.6 months of age. The same volume (10µL) for bacterial culture was 
used throughout the whole study and it did not have an effect on the detection rates of 
other respiratory bacteria. Due to low number of children positive for H. influenzae 
nasopharyngeal colonization, it was impossible to study seasonal variation for this 
respiratory pathogen. However, it has been suggested that nasopharyngeal colonization 
by H. influenzae peaks during winter/spring months (Verhaegh et al. 2011).  

The colonization prevalence of S. aureus among the study children was 25% at 2.6 
months of age. The colonization rates of S. aureus become markedly high soon after 
birth and up to 30%-50% of children are colonized by this bacteria during the first eight 
weeks of their life, after which the colonization rates start to decrease around six months 
of age. However, it has been demonstrated that 70% infants are colonized by S. aureus 
(Harrison et al. 1999; Peacock et al. 2003). It has been described that up 10%-35% 
of healthy children carry one strain of S. aureus in their nasopharynx almost all the 
time and these children are regarded as persistent carriers. There is transmission from 
the persistent carriage status to intermittent and non-carrier status during adolecense 
(Kluytmans & Wertheim, 2005; Wertheim et al. 2005). Because strain typing was not 
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performed in this study, we cannot tell whether there were persistent carriers among the 
children positive for the same species at different time points of the follow-up. At young 
age (2.6 months), infants are in very close contact with the mother and it is possible 
that the rather high S. aureus nasopharyngeal colonization rates observed could be due 
to transmission between healthy, lactating mothers and their infants by breastfeeding 
(Kawada et al. 2003). There were no statistical differencies in S. aureus nasopharyngeal 
colonization rates when different seasons were studied. However, an apparent increase 
was observed during autumn and winter months. Our findings corroborate earlier findings 
(Harrison et al. 1999).

In the present study, the colonization rates of S. pneumoniae, M. catarrhalis and H. 
influenzae continued to increase during the follow-up between 2.6 to 24 months of age. 
For S. pneumoniae, the prevalence increased from 11% to 33%, for M. catarrhalis from 
23% to 59% and for H. influenzae from 1% to 11%, perhaps due to increased contacts 
with other children for example in day-care centers (Figure 10). The reported constant 
increases in the colonization rates of these respiratory bacteria are typical during 
childhood (Gunnarsson et al. 1998; García-Rodríguez et al. 2002). On the contrary, the 
colonization rate of S. aureus decreased constantly between the 2.6 and 24 months of age 
from 26% to 8%. Our findings corroborate those of a previous study (Regev-Yochay et al. 
2004). Though approximately 5% of children were found to be culture negative, the semi-
quantitative culture method used in this present study has been optimized for detection 
of these four respiratory bacteria and other commensal or pathogenic nasopharyngeal 
bacteria have likely been missed. There are several issues that can have an effect on the 
early nasopharyngeal bacterial colonization in children, such as microbial (bacteria and 
viruses) interactions in the respiratory tract and genetic host factors, and next these will 
be discussed in more detail. 

6.2	 Bacterial interactions in the respiratory tract (I, III and IV)

There are two, positive and negative, types of associations between respiratory bacteria. 
A positive association occurs when two different bacteria are found together more often 
that it is expected to happen by chance. A negative association occurs when two different 
bacteria compete for growth within the same environment (Pettigrew et al. 2008). 

It is known that there is a negative association between S. pneumoniae and S. aureus 
(Regev-Yochay et al. 2004; Bae et al. 2012). Both of these bacteria are common 
pathogens colonizing the respiratory tract of children, however, not at the same 
colonization rates and not necessarily colonizing at the same time and this indicates 
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that one organism interferes with colonization of the other organism. In the original 
publication I, the prevalence of S. pneumoniae was 9% and for S. aureus it was 26% 
whereas dual carriage of both of these respiratory bacteria was only 2%. The existing 
evidence of negative association between S. pneumoniae and S. aureus could partially 
explain the colonization rates reported in this current study for these two bacteria at 2.6 
months of age. Furthermore, when looking at the colonization rates at 13 and 24 months 
of age, the colonization rates of S. pneumoniae increased constantly while those of S. 
aureus decreased, again suggesting a negative association. The biological mechanisms 
behind the negative association between these two bacteria are incompletely understood. 
S. pneumoniae is capable of killing S. aureus in vitro via the production of soluble 
hydrogen peroxide (Regev-Yochay et al. 2006). Furthermore, there is evidence that 
soluble hydrogen peroxide can have an impact on lysogenic prophages in S. aureus 
(Selva et al. 2009). Regev-Yochay et al found that the S. aureus colonization rate was 
lower (7%) in children aged 40 months or younger with S. pneumoniae colonization than 
without (13%) and that S. pneumoniae colonization was lower (28%) in children with S. 
aureus colonization than without (45%). The highest colonization rate for S. aureus was 
30% and 9% for S. pneumoniae at 3 months old children (Regev-Yochay et al. 2004). 
The colonization rates in our study for both, S. pneumoniae and S. aureus, are in line 
with those reported above. 

Negative association between S. aureus and Corynebacterium sp. has also been 
suggested. In a study carried out by Uehara et al, the colonization rate of S. aureus in 
the nasal cavity of healthy hospital staff with Corynebacterium sp., was significantly 
lower than in those without. Furthermore, those with extremely large bacterial loads of 
Corynebacterium sp. in their nasal cavity never acquired S. aureus during the three year 
study period (Uehara et al. 2000). These findings suggest competition between bacteria 
which may partly be explained by for example competition for a specific attachment 
molecule. In our study the prevalence for Corynebacterium sp. were around 50% in all 
three different timepoints and this rather high prevalence could partially explain the low 
positivity rate of S. aureus in children at 13 and 24 months of age.

Contrary to what has been observed with S. aureus, positive associations have been 
observed between colonizing S. pneumoniae, M. catarrhalis and H. influenza in the 
nasopharynx. Why this positive association occurs between them is not clearly understood. 
Jacoby et al. have demonstrated the positive association between S. pneumoniae 
and H. influenzae in aboriginal and non-aboriginal children in Australia (Jacoby et 
al. 2007). Furthermore, several other studies have showed the positive association 
between these two pathogens and even the carriage densities of these pathogens are 
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positively correlated (Dunne et al. 2013; Chien et al. 2013). In original publication I, 
the colonization prevalence for H. influenzae was only 1% and for S. pneumoniae 11% 
at 2.6 months of age. As evidence exist that there is a positive association between these 
two respiratory pathogens one would have expected to find more even colonization 
rates than 1% vs. 11%. The interaction between S. pneumoniae and H. influenzae is not 
always beneficial. A similar phenomenon like with S. aureus is possible when soluble 
hydrogen peroxide inhibits the growth of H. influenzae in vitro under aerobic conditions 
(Pericone et al. 2000). The ability of S. pneumoniae to produce hydrogen peroxide and 
neuraminidase could inhibit the growth of H. influenzae, and may partly explain the low 
colonization rate of the nasopharynx of the 2.6 month old children. Constant increases 
in the colonization rates were observed for both pathogens (Figure 10) during the 
follow-up at 13 (6% vs. 22%) and 24 (13% vs. 33%) months of age which seems to be 
typical for both pathogens. However, the continuously low prevalence of H. influenzae 
could be due to the factors mentioned above and the received conjugate pneumococcal 
vaccine offering immunity against NTHi expressing group D antigen. When looking at 
M. catarrhalis colonization in children, a positive association with S. pneumoniae has 
been observed in several studies (Pettigrew et al. 2008; Dunne et al. 2013). Again, the 
information about the mechanisms behind this positive association is very limited. One 
possible explanation could be the ability of the majority of M. catarrhalis isolates to 
produce β-lactamase which has a self-protective role for M. catarrhalis but at the same 
time may indirectly affect pathogenicity in mixed infections. Our study offered further 
evidence for the previously found positive association between M. catarrhalis and S. 
pneumoniae. In original publication I, the prevalence for M. catarrhalis was 23% and 
of these children 17% were positive for S. pneumoniae indicating the possibility for 
positive association for these two pathogens already at 2.6 months of age.

6.2.1	 Viral and bacterial interactions in the respiratory tract (II)

Nontypeable H. influenzae and S. pneumoniae have been isolated more frequently 
from patients with viral respiratory infections when compared to subjects without viral 
infections, indicating a possible link between viral infection and bacterial colonization 
(White et al. 2003). Neuraminidase seems to play a role also in virus and bacteria 
interactions. It is known that influenza and parainfluenza virus produce neuraminidase 
that could promote S. pneumoniae colonization in the host (Peltola & McCullers, 2004). 
Moreover, it has been demonstrated in mice that influenza A virus can promote fatal 
septicemia which is followed by the infection by S. pneumoniae serotype 3 (Speshock 
et al. 2007). There is also debate going on about viral-bacterial synergy, which of them 
is colonizing and causing the infection first? The overall opinion seems to be that it is 
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the virus that is causing the infection which can further promote the infection possibly 
caused by colonizing bacteria.. The presence of influenzae A virus is usually essential for 
bacterial colonization of lower respiratory tract (Bakaletz, 1995). The use of influenza 
A virus and S. pneumoniae by Giebink et al. have shown an increase in AOM in which 
S. pneumoniae could be cultured in co-inoculated chichillas (67%) compared to those 
given either the virus or the bacteria alone, 4% and 21%, respectively (Giebink, 1989; 
Bakaletz, 1995). In original publication II, the interaction between HRV infection and 
bacterial colonization was studied at 2.6 months of age.  There were no discernible 
associations between HRV infection and colonizations caused by S. pneumoniae or 
S. aureus alone.  Interestingly, there was an association between HRV and bacterial 
colonization by both S. pneumoniae and S. aureus simultaneously. As already stated, 
there is competition in colonization by S. pneumoniae and S. aureus. It is rather difficult 
to speculate the reasons behind this phenomenon since evidence for synergy between 
HRV and S. pneumoniae exists (Ishizuka et al. 2003; Wang et al. 2009). Children in 
original publication II were 2.6 months old and perhaps the viral-bacterial synergy is not 
yet established in them or it is not detected as these children are rarely colonized by S. 
pneumoniae. The situation could be different with older children. In original publication 
II we also noted the association between HRV infection and M. catarrhalis colonization, 
since 26% of children who had HRV infection were also positive for M. catarrhalis 
colonization at the time of sampling (P=0.026). Our findings corroborate those from 
children during URI. In a recent study, 22% of children who had HRV infection were 
also positive for M. catarrhalis (Marom et al. 2014). In another study where bacterial 
detection together with HRV was evaluated on children with and without asthma, HRV 
infection was more likely to precede M. catarrhalis detection (Kloepfer et al. 2014). 
However, the mechanisms for the positive associations between these two pathogens 
are not fully understood. Unfortunately, any association between HRV infection and H. 
influenzae colonization was impossible to be evaluate due to the low positivity rate of H. 
influenzae in children at 2.6 months of age.

6.3	 TLR2 R753Q and nasopharyngeal bacterial colonization (I)

In the original publication I, the association between TLR2 R753Q and colonization by 
different respiratory bacteria at 2.6 months of age was investigated. We oberved that 
children who had heterozygote C/T had higher risk (OR 2.91) to be colonized by S. aureus 
when compared with those with normal allele C/C of TLR2 at position 753 (P=0.027). 
There were no association between TLR2 R753Q and other nasopharyngeal bacteria. 
It has been shown that TLR2 R753Q is also associated with staphylococcal  and other 
gram-positive bacteria. This may partly be explained by susceptibility to colonization 
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(Lorenz et al. 2000). Moreover, Iwaki et al have demonstrated that the extracellular 
domain of TLR2 binds directly to PGN, a major cell wall component of S. aureus (Iwaki 
et al. 2002). Structural changes in TLR2 caused by R753Q polymorphism may affect 
the ability of TLR2 to recognize, and activate corresponding signaling pathways prior 
to S. aureus colonization. However, it should be kept in mind that the frequency of 
this polymorphism in Caucasian population is generally below <5%. Whether there are 
critical structural differences between recognition sites of PGN and the studied TLR2 
polymorphic site in S. aureus and S. pneumoniae remains to be studied. We found no 
association between TLR2 R753Q and S. pneumoniae colonization, This may have been 
caused by the low numbers of events, since the number of children who were positive for 
S. pneumoniae at this age was low as was the  frequency (5%) of mutated TLR2 at position 
753. Indeed, only 4 subjects with mutated TLR2 were positive for S. pneumoniae. The 
reported frequency for TLR2 R753Q in Finnish population is similar to those found in 
other Caucasian populations (Lorenz et al. 2000; Ma et al. 2007).  

6.4	 TLR3 Leu412Phe and nasopharyngeal bacterial-viral colonization (II)

In the original publication II, the effects of TLR3 L412F on bacterial colonization and 
HRV infection at 2.6 months of age were studied. No significant associations were 
found. We did however observe that S. aureus colonization decreased in those children 
with TLR3 normal allele C/C who also had HRV infection (P=0.034). TLR3 L412F is 
associated with risk for recurrent herpes simplex virus infection and with bronchiolitis 
leading to hospitalization and postbronchiolitis wheezing in young infants (Zhang et al. 
2007; Yang et al. 2012; Nuolivirta et al. 2012). At 2.6 months of age, children with the 
normal allele and variant genotypes had almost similar prevalence for HRV infection 
(18% vs. 21%). It remains to be seen whether TLR3 L412F has a role in early childhood 
of these children regarding bacterial-viral colonization. 

6.5	 TLR4 D299G and nasopharyngeal bacterial colonization (I, II and III)

TLR4 D299G has been in the scope of interest in many studies. In original publications 
I-III D299G polymorphism was assessed together with bacterial and viral colonization. 
In the original publication I, children with TLR4 D299G heterozygosity A/G had higher 
risk (OR 2.37) to be colonized by M. catarrhalis than those with normal allele A/A, 
indicating that TLR4 plays an important role in protecting against M. catarrhalis and 
perhaps other gram-negative bacteria. In the original publication II, no associations 
were observed in children with TLR4 D299G heterozygosity A/G or with wild type 
A/A between bacterial colonizations and HRV infection. In the original publication II, 
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children with normal allele A/A were more often colonized by M. catarrhalis when HRV 
infection was present compared to children with the same genotype but without HRV 
infection. This observation is most likely due to interaction between M. catarrhalis and 
HRV rather than the possibility that TLR4 normal allele A/A would endanger the host 
for mixed colonization of these two pathogens. In the original publication III, where 
161 children were followed from 2.6 to 24 months of age, children with TLR4 D299G 
heterozygote A/G were found to have significantly higher M. catarrhalis colonization 
rates when compared to those with wild type allele A/A at 2.6 months of age. The 
phenomenon noticed at 2.6 months of age was no longer present at the ages of 13 and 
24 months. However, it was noticed that those children with heterozygous A/G still 
had higher risk (OR 4.90) to have repeated colonizations of M. catarrhalis throughout 
the follow-up when compared to children with wild type A/A (P=0.001) and children 
with heterozygous A/G also had higher bacterial loads of M. catarrhalis implying that 
heterozygous A/G renders children still more susceptible to M. catarrhalis. We did 
not study the effect of antibiotics received between the different time points thus our 
findings do not reflect the natural history of patients having an access to antibiotics. 
The colonization rate of H. influenzae was also significantly higher in children with 
TLR4 D299G heterozygosity at 24 months of age. No difference between the genotypes 
and bacterial colonization by gram-positive bacteria S. pneumoniae and S. aureus were 
observed. These findings seem plausible since TLR4 senses antigens on gram-negative 
bacteria. Our findings may support the suggestion that TLR4 D299G polymorphism may 
be associated with hyporesponsiveness to LPS, a important bacterial cell wall component 
of gram-negative bacteria, leading to an improper activation of TLR4 specific signaling 
pathways and insufficient production of pro-inflammatory cytokines and interferons 
(van der Graaf; et al. 2005; Miller et al. 2005). This impaired response could be the 
factor that  influences the host in the clearance of M. catarrhalis and other gram-
negative bacteria. Furthermore, this information could support the findings reported in 
the original publication III that children are more susceptible to gram-negative bacterial 
colonizations as well as to increased bacterial loads already in early childhood. Even 
though the children with heterozygous A/G were at higher risk to be repeatedly colonized, 
based on RAPD analysis performed in original publication III, these children seemed to 
be colonized by different M. catarrhalis strains during the follow-up. This indicates that 
the children are not persistently colonized by the same strain and the colonizing strain 
is cleared at some point but is rapidly replaced by another strain. The findings from the 
original publication III support the role for TLR4 D299G in predisposing young children 
to infections caused by gram-negative bacteria.
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The frequency for TLR4 D299G was 18% in the present study. Similar frequencies were 
also reported in other studies carried out in Finland (Hernesniemi et al. 2008; Löfgren et 
al. 2010). Another common SNP of TLR4, T399I, was not tested in this study. However, 
it is known that the two SNPs are generally in linkage disequilibrium in Caucasian 
population (Schröder et al. 2005). The SNP T399I has been shown to be associated 
with symptomatic RSV disease in high-risk infants and support a dual role for TLR4 
SNPs (Awomoyi et al. 2007). Furthermore, TLR4 T399I has been shown to influence 
susceptibility and severity of pulmonary tuberculosis (Najmi et al. 2010).

6.6	 Polymorphisms in MBL and nasopharyngeal bacterial-viral 
colonization (I and II)

The role of MBL in innate immune system is most pronounced during the time when 
maternal-derived antibodies start to disappear and the immune system of a child is still 
under maturation before primary immune responses can be launched following pathogen 
challenges (Garred et al. 2006). In the original publications I and II, possible associations 
between MBL2 polymorphisms and bacterial colonzations as well as HRV infection 
were studied. In the original publication I, it was observed that children with variant 
type of MBL (A/O and O/O combined) had a higher risk (OR 2.31) to be colonized by 
S. pneumoniae than children with the wild type MBL (A/A). Moreover, it was observed 
that these children were also more often colonized by S. aureus and other staphylococci. 
In the original publication II, it was observed that HRV infection was associated with 
S. pneumoniae colonization in children with variant types of MBL2 and that these 
children had an increased risk (OR 5.78) to be colonized by this bacterium during the 
HRV infection. This information supports the results from the original publication I 
indicating that children with variant types of MBL2 have an impaired clearance of the 
important respiratory pathogens S. pneumoniae and S. aureus. Impaired clearance and 
increased rates of colonization may partly explain why MBL deficiencies are associated 
with infectious complications at early life. Whether it is the lower concentrations of 
serum MBL or the disrupted structure of the molecule or both that make children more 
prone to certain bacterial colonizations, remains to be shown. In the original publication 
II, HRV infection was associated with S. pneumoniae colonization in children with 
variant types of MBL. Again, MBL deficiency has been associated with community-
aquired pneumonia in patients with viral co-infections (Endeman et al. 2008). There 
was a positive association between HRV infection and S. pneumoniae colonization. 
Furthermore, children with variant types of MBL2 were more often colonized by S. 
pneumoniae when HRV infection was present. It has been shown that HRV infection 
increases the expression of platelet-activating factor receptor in the respiratory tract 
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epithelium; this acts as a receptor for S. pneumoniae as well (Wang et al. 2009; Ishizuka 
et al. 2003). Children with variant types of MBL2 may display somewhat compromised 
immune response to HRV infection, which while affecting the epithelium also makes it 
more favorable for S. pneumoniae to bind to it. 

The frequency (32%) of variant types of MBL2 in our study closely corroborates those 
found in earlier studies (Rantala et al. 2008; Seppänen et al. 2009).

6.7	 IL17A G152A and nasopharyngeal bacterial colonization (IV)

IL-17A appears to be the major Th17 cytokine and is involved in host defense against 
infection and development of inflammation. In original publication IV association 
between IL17A G152A and bacterial colonization was studied during the follow-up 
period, and the effect of IL17A G152A on blood concentrations of this protein in young 
children was examined at 13 months of age. Children with IL17A G152A homozygote 
A/A had increased risk (OR 2.30) of being colonized by S. pneumoniae when compared 
to children with normal allele G/G at 13 and 24 months of age (table 4). This phenomenon 
was not observed at 2.6 months of age. No association between IL17A G152A and 
other studied colonizing bacteria were observed during any of the time points. It has 
been demonstrated that immunization of mice with S. pneumoniae endowes CD4+ T 
cell-dependent protection against its colonization and IL-17A production promotes the 
clearance of S. pneumoniae by neutrophilic infiltration (Lu et al. 2008). Results suggest 
that IL-17A has an important role in protection against S. pneumoniae at least in mice. 
Moreover, Lu et al demonstrated that IL-17A can accelerate pneumococcal killing by 
human neutrophils in both the absence and presence of antibodies and complement 
system, proposing a major role for IL-17A in pneumococcal immunity in humans. Based 
on this demonstration, individuals with Th17 cell deficiencies would be expected to be 
more prone to S. pneumoniae colonization and infections as well as diseases such as 
rare primary immune deficiency the classical hyper-IgE syndrome (HIES, caused by 
dominant negative mutations of STAT3) which is characterized by elevated serum IgE and 
recurrent bacterial infections of the lung (McDonald, 2012). Our results obtained in the 
original publication IV further suggest that IL17A G152A may influence the levels of IL-
17A and cause impaired clearance of S. pneumoniae in children with homozygote A/A. 
Chen et al reported a similar finding and observed higher S. pneumoniae colonization 
rates in bronchiolitis patients with homozygote A/A of IL17A G152A (Chen et al. 2010). 
However, their study cohort was comprised of patients with bronchiolitis whereas our 
study recruited healthy young children. The lack of association between S. pneumoniae 
colonization and the homozygote A/A at 2.6 months of age could be due to the low 



62	 Discussion	

frequency of S. pneumoniae at this age. Also, serum IL-17A is generally low in young 
children and thus IL-17A may not play a critical role in epithelial and mucosal tissues yet 
at this age. The negative association reported with other bacterial species in all three age 
groups could indicate that the clearance of S. pneumoniae is more IL-17A-dependent as 
suggested by different studies in mice and humans (Wright et al. 2013; Wang et al. 2014; 
Kim et al. 2013). It is also known that IL-17A plays an important role against S. aureus 
colonization, the cause to our failure to find any association could be the low colonization 
rate of S. aureus at 13 and 24 months of age. However, Th17 cell deficiencies have been 
reported to be associated with recurrent S. aureus colonization for example in HIES 
(McDonald, 2012)

To study effects of different genotypes of the IL17A G152A polymorphism, we analyzed 
serum IL-17A concentrations of these subjects. Serum samples were selected from 
children at 13 months of age. This was done because there was only limited amount 
of sera available from different age groups; at 13 months of age sera was most readily 
available. Children with homozygote A/A had undetectable serum concentrations for IL-
17A and children with heterozygote G/A had lower IL-17A concentrations than children 
with normal allele G/G (Figure 11). It is noteworthy to mention that generally the levels 
of circulating IL-17A were low in all tested subjects. However, those 43% of the children 
who had detectable concentrations, the concentrations were still within the detection 
limit of the test kit. The reported concentrations are in line with other studies indicating 
the levels of IL-17A may be low in young children and even in adults (Chien et al. 2013; 
Pavlovic et al. 2014). The findings in the original publication IV indicate that IL17A 
G152A genotype has an effect on the concentration of this particular cytokine already 
at young age and since IL-17A is a potent activator of neutrophils responsible for early 
pathogen clearance, children with homozygote A/A may display impaired eradication of 
pathogens (Wang et al. 2014). 

The frequencies for IL17A G152A were 19% for homozygote A/A and 45% for 
heterozygote G/A. This is the first study to report the frequency of IL17A G152A in 
Finns. Similar frequencies have been observed in studies carried out in Norwegian and 
Spanish populations (Ocejo-Vinyals et al. 2013; Nordang et al. 2009).

6.8	 Other external factors affecting nasopahryngeal bacterial 
colonization in young children (II)

Other known factors contributing to the bacterial colonization outside microbial 
interactions and host genetic factors include mostly socio-economical factors like the 
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number of siblings, day-care attendance, smoking of the parent, breastfeeding, housing, 
access to health care, vaccinations, antibiotics and poor healthcare (García-Rodríguez 
& Fresnadillo Martínez, 2002). The proportional role of the social factors compared 
to individual variation (genetic factors) in resistance or susceptibility to bacterial 
colonization is incompletely understood, although available evidence suggest that 
both acquisition and carriage of bacteria in young children is influenced by their socio-
economic status (Leach et al. 1994). There are differences in bacterial carriage even 
in countries with similar environments and socio-economical conditions (De Lencastre 
et al. 1999; Principi et al. 1999). In the original publication II, S. pneumoniae and M. 
catarrhalis colonizations were found to be associated with having one or more siblings 
in a family. This indicates that elder siblings from the family, who are attending daycare 
or school might help transmit both bacteria and viruses to younger siblings especially at 
2.6 months of age when these children are yet to receive their first vaccinations.  

6.9	 Limitations of the study

There are limitations in this study. The SNPs selected for this study from TLRs, MBL2 
and IL17A were based on their previously reported importance for bacterial colonization 
and respiratory infections. However, we did not perform any studies to characterize the 
functional consequences of these selected SNPs, but focused on studying associations of 
any of the SNPs with nasopharyngeal bacterial colonization. However, functional studies 
for TLRs have been carried out in mice and in vitro as described earlier in the text. It is 
important to see which functional mechanisms are behind the phenomenon that certain 
SNPs in TLRs, MBL2 and IL17A increase the risk for certain bacterial colonization. 
There are several SNPs reported in each of TLRs, however, we only studied one SNP 
each from TLR2, -3 and -4. Using high throughput SNP analysis would have enabled 
us to study more SNPs in these genes of the innate immunity. In addition, we did not 
perform haplotype analysis for the three studied TLRs. The sample size for NP samples 
was 489 at 2.6 months of age but the sample size decreased considerably to 202 at 13 
months of age and to 176 at 24 months of age, making the sample size maintained 
throughout the whole study period relatively small.
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7.	 SUMMARY AND CONCLUSIONS

Nasopharynx is a complex ecosystem and contains various bacteria and viruses. These 
micobes can asymptomatically colonize infants and young children but some are also 
associated with various respiratory infections. Common pathogenic bacteria include S. 
pneumoniae, H. influenzae, M. catarrhalis and S. aureus. Innate immunity molecules 
control the first line of defense against pathogenic bacteria. These molecules include 
TLRs, MBL and different cytokines. Gene polymorphisms in these key molecules 
have been reported. However, the overall effect of genetic variations in TLRs, MBL 
and different cytokines on bacterial colonization needs further study. The aims of this 
thesis project were (I) to investigate the association between nasopharyngeal bacterial 
colonization and gene polymorphisms of MBL2, TLR2 and -4 in Finnish healthy children 
at 2.6 months of age, (II) to study the possible effects of HRV infection on nasopharyngeal 
bacterial colonization in these children with respect to genetic variations in MBL2, TLR3 
and -4, (III) to investigate the association between TLR4 D299G polymorphisms and M. 
catarrhalis colonization in healthy children during a two-year follow-up, and (IV) to 
investigate the possible differences in IL-17A cytokine production among healthy infants 
and infants with IL17A G152A polymorphism and its association with nasopharyngeal 
bacterial colonization.

I) The results from the study demonstrate that healthy young children with variant types 
of MBL2, TLR2 or TLR4 have an increased risk to be colonized by S. pneumoniae, S. 
aureus or M. catarrhalis, respectively. This supports the role of these genetic variants 
to make children perhaps more susceptible to nasopharyngeal carriage of respiratory 
pathogens which may render them more susceptible to respiratory infcetions..

II) It is unclear why some children are prone to acquire bacterial infections after viral 
infections. In this study it was demonstrated that variant types of MBL2 in healthy 
children may facilitate HRV-induced S. pneumoniae colonization. This finding indicates 
that genetic variations may play specific roles on the viral–bacterial interactions and in 
the pathogenesis of certain respiratory infections.

III) In the first study children with TLR4 D299G were more often colonized by M. 
catarrhalis at 2.6 months of age. The results from this third study showed that children 
with TLR4 D299G had an increased risk of repeated M. catarrhalis colonization by 
different strains during the first two years of life. Furthermore, this polymorphism also 
had an effect on the bacterial load of M. catarrhalis colonization. Both of these findings 
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suggest that TLR4 D299G has a role in the susceptibility to gram-negative bacterial 
infections.

IV) The results from the fourth study showed that children with IL17A G152A were at
increased risk of being colonized by S. pneumoniae at 13 months and 24 months of age. 
Moreover, the results suggest that IL17A G152A has an effect on the levels of serum IL-
17A. Both of these findings suggest that this polymorphism has a role in the susceptibility 
to S. penumoanie carriage and possibly in development of respiratory infections.

For the first time, this study assessed the frequenies of TLR2 R753Q and TLR3 L412F 
as well as IL17A G152A in Finnish population. In conclusion, genetic variations in 
important pattern recognition receptors and cytokines of the innate immunity seem to 
render healthy young children prone to bacterial colonization by respiratory pathogens. 
This further promote the development of respiratory infections and asthma in their 
later life. However, though these associations between genetic variations and bacterial 
colonization only serve as susceptibility factors to respiratory infections. Not necessarily 
all children with variant types of TLRs or MBL2 rendered clinically more prone to 
infections than children with normal alleles. Though these polymorphisms may have 
an impact on the early life of a child, but whether these affect adolecents, remains to be 
seen. In addition to genetic factors socio-economical factors affect the susceptibility to 
colonization and may play as important a role as  genetic factors, in the early chidlhood. 
The main findings of this thesis project suggest that genetic polymorphisms in the genes 
of innate immunity play an  important role in the host-pathogen interaction. The studied 
children will be followed until 5 years of age. The consequent clinical follow-up data 
will help us to assess to which extent these genetic polymorphisms affect the course of 
infections in the early life of a child. This in turn will provide rational basis for further 
information and intervention for children who may develop respiratory infections. 
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