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Abstract

Dental caries remains one of the most common chronic infectious childhood
diseases and individuals remain susceptible to the disease throughout their
lifetime. The disease continues to inflict a substantial economic burden.
Moreover, dental caries demonstrates considerable socioeconomic disparities
with the lowest socioeconomic groups suffering the greatest burden of disease.
There is an unmet need to improve prevention and therapeutics and yet there
remain fundamental gaps in the knowledge of the interrelationships between
caries-associated risk factors, in particular how the immune system interacts
with the evolving cariogenic biofilm in young children. This thesis sought to
investigate the immune response to cariogenic biofilms. Three different
approaches were used to achieve this. Firstly, the salivary immune response and
development of the oral biofilm in very young children were investigated prior to
the onset of caries, as part of a pilot longitudinal clinical study, using a dental
public health program as a platform. Secondly, the initiation of adaptive
immune responses to S. mutans exposure were investigated using a series of In
vitro and In vivo studies. Thirdly, a novel S. mutans In vitro biofilm model was

developed and optimised.

Childsmile is a dental health improvement programme for children in Scotland
and provides children with specific dental health interventions depending on
need, from birth and up to 16-years of age. To achieve the first and primary aim
of this thesis, plaque and saliva samples were collected from children aged one-
year and again at age three-years. At follow-up, dental disease scores were also
measured. Additionally, the biological mechanisms underlying the socioeconomic
disparities in the dental health of young children were investigated, including

the measurement of salivary cortisol as a surrogate measure of stress.

Sixty-three Childsmile participants aged one-year were recruited to the study at
baseline. Twenty-three children aged three-years were successfully recalled at
follow-up. This work demonstrated that variables hypothesised to influence the
development of carious disease can be collected and successfully quantified in
children aged one- to three-years. Nonetheless, it was extremely challenging to

recruit children of this age and the data were compromised by the small sample
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sizes. During the study period both the intensity and incidence of S. mutans
colonisation increased in the dental plaque of children aged one- to three-years.
Coincidentally, concentrations of salivary antimicrobial proteins increased,
including lactoferrin, LL37, calprotectin, the HNPs 1-3 and sIgA antibody titres
specific for oral streptococci. It could not be determined from these studies
whether the increased colonisation with S. mutans or the concentrations of
salivary antimicrobial proteins influenced the prevalence of dental caries. The
major limitation of this study was the low recruitment rates which resulted in
low power to detect statistically significant differences. As a consequence there
was insufficient evidence to identify the potential biological pathways that may
underlie the socioeconomic disparities of dental caries. From this pilot study a
number of valuable lessons were learned regarding the recruitment of children
of this age and recommendations for future clinical studies conducted within

Childsmile are made.

In children with high risk of developing dental caries effective salivary antibody
responses are required to provide protection. The mechanisms leading to
effective antibody responses remain unclear. Thus, the second aim of this thesis
was to investigate the initiation of an adaptive immune response to S. mutans,
in an attempt to elucidate the mechanisms that lead to effective antibody
production. Using a novel system, In vitro evidence indicated that S. mutans
does not elicit a robust inflammatory immune response upon colonisation of the
host. Dendritic cells exposed to S. mutans were not functionally mature and
failed to induce antigen-specific T cell proliferation. Furthermore, In vivo,
dendritic cells failed to become activated in response to oral exposure to S.

mutans.

An In vitro S. mutans sucrose-dependent biofilm model was developed and
optimised. Using this model an antibody fragment known as a minibody, denoted
‘SS2’ was demonstrated to inhibit S. mutans biofilm formation. This biofilm
model represents an important first step for examining the potential of
therapeutic molecules to inhibit S. mutans biofilm formation, prior to their
application in In vivo models of dental caries and possible subsequent use in

human clinical trials.
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Data described here indicate that S. mutans colonises the oral cavity at a time
when children are immunologically immature. Increased colonisation by S.
mutans coincides with the maturation of salivary immune responses. Moreover,
In vitro and In vivo evidence suggest that S. mutans does not elicit a robust
immune response upon colonisation of the host. Thus, early acquisition of S.
mutans in a relatively immunologically immature host together with the absence
of an inflammatory immune response likely aids the colonisation of S. mutans
and its persistence within the oral biofilm and subsequent contribution to dental

caries.
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1.1 Epidemiology of dental caries

Dental caries remains one of the most common chronic infectious childhood
diseases and individuals remain susceptible to the disease throughout their
lifetime (Edelstein and Chinn 2009; Marthaler 2004). The National Institute of
Dental and Craniofacial Research (NIDCR) report that 42% of children aged two-
to eleven-years have dental decay in their primary dentition and by adulthood
92% have some experience of decay in their permanent dentition (NHANES, 1994-
2004). Oral health is a substantial component of general health and well being
and as such dental caries has a significant impact on an individual’s quality of
life. Dental caries is a preventable and reversible infection that if left untreated
results in severe pain, bacteraemia and subsequent tooth loss. Moreover, dental
caries is associated with a substantial economic burden (Casamassimo et al.
2009). Dental caries of the primary dentition can have additional complications
for young children, including impairment of growth and development due to
decreased nutritional intake associated with the pain of tooth decay and speech
disorders arising due to missing teeth can lead to subsequent development of
psychological disorders, such as poor self esteem. The removal of teeth in young
children can also pose additional risks associated with conscious sedation and
general anaesthesia. In 2009/10, nearly 8000 Scottish children were admitted to
hospital to undergo general anaesthesia for tooth extraction related to dental
caries ((NHS:ISD) 2012).

There have been no meaningful improvements in the prevalence of dental caries
among young children since the late 1980s. Improvements made up to this time
are presumed to be related to the increased use of fluoride toothpaste (Pitts et
al. 2005). However, with significant numbers of children still experiencing caries
there is a need for more direct and innovative methods of delivering

preventative care if significant improvements are to be made.

1.1.1 Aetiology

The aetiological factors of dental caries are the presence of cariogenic bacteria
together with a diet containing fermentable carbohydrates. Over time this

combination can lead to the development of carious lesions (Figure 1-1). Dental
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caries is characterised by the localised demineralisation of tooth surfaces and is
associated with the indigenous oral flora. Dental caries arises when the balance
of the indigenous oral flora shifts to support the growth of potentially

pathogenic microorganisms with the ability to ferment carbohydrates.

A diet high in carbohydrates, namely sucrose, supports the growth of acidogenic
species that are capable of fermenting carbohydrates to produce acids,
particularly lactic acid (Taubman and Nash 2006). Following sugar intake, acid
metabolism by oral cariogenic species can lead to the demineralisation of tooth
surfaces. Demineralisation is a process by which hydrogen ions dissolve the
carbonated hydroxyapatite crystal lattice of enamel and subsequently dentin
and eventually into the pulp. Demineralisation can be reversed in its early
stages; however, continued demineralisation can lead to the development of
cavitated lesions in the tooth surface (Featherstone 2008). Under healthy
circumstances this process is balanced by remineralisation of tooth surfaces, a
process by which calcium and phosphate ions dissolved in saliva diffuse back into
the porous tooth surface. The cycle of demineralisation/remineralisation occurs
following meals containing fermentable carbohydrates. Whether a lesion
progresses, stops or reverses is determined by the balance of these two
processes. Thus, a diet high in fermentable carbohydrates increases the acid
metabolism of acidogenic bacteria, lowering the pH of the oral cavity and

advancing the demineralisation process.

1.1.2 Risk factors

A wealth of epidemiological studies have attempted to identify biological and
socioeconomic risk factors for dental caries in young children, some of which are
reviewed in Table 1-1. From these studies and others, commonly risk factors for
dental caries development in young children include the age of children,
psychological stress, oral hygiene behaviours, previous caries experience and low
socioeconomic status. Additional risk factors, not cited in the table include the
misuse of nursing bottle (Robke 2008), immigrant status (Wendt et al. 1994) and
diabetes (Siudikiene et al. 2008). Fewer epidemiological studies have attempted

to investigate the relationship of dental caries with immunological factors that
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may naturally protect against caries initiation in very young children (Naspitz et
al. 1999; Parisotto et al. 2011; Parisotto et al. 2010a).

1.1.3 Socioeconomic related gradient of dental caries prevalence

Dental caries demonstrates a socioeconomic status (SES) related gradient of
distribution, with those from the lowest socioeconomic groups having the highest
prevalence of the disease (Table 1-1) (Radford et al. 2000; Radford et al. 2001;
Shaw et al. 2009; Sisson 2007). This suggests that the position of individuals on
the social gradient is an important determinant for oral health. This relationship
is already apparent in children as young as three-years-old with caries
prevalence increasing from 16% in the least deprived to 32% in the most deprived
groups in Greater Glasgow (McMahon et al. 2010). Together with the finding that
childhood dental health is predictive of adult dental health (Thomson et al.
2004) this indicates a real need to develop existing methodologies in order to
target the youngest age groups if significant improvements in dental health are

to be made across the socioeconomic spectrum.
1.1.3.1 Stress

There is evidence that the relationship between low SES and caries prevalence
may be influenced by stress (Quinonez et al. 2001; Reisine and Litt 1993).
Activation of the hypothalamic-pituitary (HPA) axis stimulates the release of
neuroendocrine hormones, including noradrenaline, adrenaline and cortisol
(Raison and Miller 2003). The ‘stress response’ is activated in response to
physical stressors, such as infection and injury, but also in response to
psychological stress, such as social stressors related to life experiences. Under
stress activating conditions the immune system and neuroendocrine system
communicate continuously via neurotransmitters. Thus, in chronically stressed
individuals their ability to mount an adequate immune response may be
diminished (Dragos and Tanasescu 2010). Over time this has high demands on the
body and can lead to tissue pathology and subsequently to disease (Sabbah et al.
2007). It is now widely recognised that prolonged psychological stress can
increase host susceptibility to inflammatory and infectious diseases (Bosch et al.
2002; Kiecolt-Glaser et al. 2002).
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Cortisol is a major endogenous anti-inflammatory mediator and is involved in
regulation of innate immune responses to bacterial and viral infection (Raison et
al. 2006; Sternberg 2006; Webster Marketon and Glaser 2008). Measurement of
salivary cortisol is a simple, reliable, non-invasive technique that can be used to
provide information regarding HPA-axis activity under normal and stressful
conditions. It can, therefore, potentially be used as a surrogate measure of
stress to assess how social inequalities can impact upon the immune response.
Furthermore, there is evidence to suggest that salivary cortisol levels are
associated with increased carriage of cariogenic bacteria and a higher
prevalence of dental caries (Table 1-1) (Boyce et al. 2010).
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Plaque
Bacteria

Figure 1-1: Complex, multi-factorial aetiology of d  ental caries

Diagrammatic representation of the complex and multi-factorial aetiology of dental
caries. The presence of specific microorganisms in conjunction with a cariogenic
diet, the nature of the host immune response together with lifestyle and
behavioural factors can all culminate in the development of dental caries.



Table 1-1: Summary table of studies exploring the b

children

iological and socioeconomic risk factors for dental

caries in young adults and

Study Design

n (age)

Clinical Examinations

Findings

Reference

Longitudinal study to assess
caries risk in very young children
of low SES

n = 128, (six- to 24-months-old
and their primary caregivers)

Caries examinations and MS
levels were recorded at baseline,
9- and 18-month intervals from
children and their caregivers.
Dietary and sociodemographic
data were collected by
guestionnaire.

Caries prevalence and MS counts
increased over the study period (p
< 0.05). The presence of visible
plaqgue (p = 0.015), MS (p <
0.001), consumption of sweetened
beverages (p = 0.001) and age of
children (p = 0.006) at baseline
were associated with caries at
follow-up. Sociodemographic
variable were not found to be
associated with caries.

(Warren et al. 2009)

Longitudinal study to determine
the potential associations between
the level of social
deprivation/affluence and the
frequency isolation of caries-
associated microflora in a large
cohort of children examined
annually.

n = 1974 (one- to four-years-old).

DEPCAT was used to measure
SES. MS, LB and yeasts were
enumerated annually from saliva
of children aged one-, two-, three-
and four-years. Caries was
diagnosed at d; and ds threshold
(enamel and dentine) annually.

Caries prevalence increased with
age and social deprivation. Social
deprivation and LB were
correlated, independently of caries
status, in children aged three- and
four-years (p < 0.017 and p <
0.0044, respectively). Correlations
between MS and DEPCAT were
found in children aged two with
enamel lesions (p = 0.011) and at
age-three with dentine lesions (p =
0.0034).

(Radford et al. 2000; Radford et al.
2001)

Longitudinal study to assess the
value of employing a
multidimensional model to
evaluate caries development.

n = 184 (four- to five-years-old)

MS levels and dmfs recorded at
both ages. Psychosocial, cognitive
and behavioural variables were
evaluated by interviewing primary
caretakers.

Caries development at one-year
follow up was strongly dependant
on earlier caries experience (p =
<0.05). Life stresses were found to
be predictive of dmfs at baseline
(p =<0.05).

(Litt et al. 1995)

Retrospective analysis to
investigate the significance of
social, environmental and
biological variables in relation to
caries status in young children.

n = 89 (10- to 71-months-old)

Data regarding fluoride status and
sociodemographic variables were
collected from dental records of
children previously examined for
salivary MS levels.

Multivariate analysis revealed that
detectable caries was associated
with higher MS levels, a single
parent household, lack of fluoride
in drinking water and not being
covered by dental insurance.

Grindefjord 1995, 1996, 1991




Study Design

n (age)

Clinical Examinations

Findings

Reference

Longitudinal study to investigate
the immunological and
microbiological changes during
caries development in young
children

n = 40 (three-to five-years-old)
Children were selected from a
larger study (n = 188) based on
disease status. Children who
developed 3 or more lesions in the
one-year follow-up (caries-active
group [CA, n =17]) and caries-free
group (CF, n = 23).

Total slgA and IgA specific for S.
mutansvirulence epitopes were
measured by Luminex assay. MS,
LB and total plaque bacteria were
enumerated.

No differences in baseline MS or
LB between CA and CF groups (p
> 0.05). Both MS and LB were
higher in CA group at follow-up
compared with baseline CA group
(p < 0.05). LB higher in CA group
compared with CF group at follow-
up (p < 0.05). Total and specific
slgA increased over time in both
CA and CF groups (p < 0.05).
Lower baseline levels of anti-GbpB
associated with higher caries at
follow-up (OR 7.5).

(Parisotto et al. 2011)

Cross-sectional study to
investigate the relationship
between dental caries experience,
SES, eating behaviours, oral
hygiene, dental plaque
accumulation and MS levels in
children from two areas of
Ulaanbaatar city, Mongolia.

n = 670 (one- to five-years-old)

MS levels and mean dmft were
recorded for each child and their
mothers.

Psychosocial, SES and
behavioural variables were
measured by questionnaire

Caries prevalence and mean dmft
were high in both areas.

Higher family income and
education level of mothers was
significantly associated with higher
caries prevalence.

(Jigjid et al. 2009)

Cross-sectional study to
investigate the relationship
between the secretory immune
response and dental caries

n = 49 (three- to five-years-old)
Children were grouped according
to disease status: caries-free (I, n
= 20), one — two decayed surfaces
(I, n = 15), rampant caries (lll, n =
14)

Caries prevalence was recorded
using dmfs. MS was enumerated
from stimulated saliva. Total sIgA,
anti-S. mutans IgA, IgM and 1gG
were measured in unstimulated
saliva by ELISA

MS was lower in group |,
compared with groups Il and 1l (p
< 0.005). No differences in total
IgA or anti-S. mutans IgA, IgM or
IgG between groups.

(Naspitz et al. 1999)

Cross-sectional study to
investigate how specific maternal
health beliefs, behaviours, and
psychosaocial factors relate to
young children’s ECC status in a
low-income African-American
population.

n = 1021 (children aged-six-years
and their primary caretakers)

ECC status of child based on the
International Caries Detection and
Assessment Criteria (ICDAS).
Caretakers undertook interviews
and completed questionnaires to
provide info regarding their oral
health beliefs, behaviour and
psychosocial risk factors.

One third of children had ECC of
which 20% had S-ECC.

Higher levels of parenting stress
were significantly and inversely
related with ECC incidence (p =
<0.05)

Higher parental education and
income were found to be
protective.

(Finlayson TL 2007)




Study Design

n (age)

Clinical Examinations

Findings

Reference

Cross-sectional study to assess
the relationship between
socioeconomic factors, behaviours
and the severity of ECC in Thai
children.

n = 520 (six- to 19-months-old)

Demographic, SES and
behavioural data was collected by
guestionnaire. Caries prevalence
of mother-child pairs was
assessed using the dmft/DMFT
index and MS levels in saliva were
assessed.

Children from low-income families,
those with low education and
mother’s and care givers with
decayed teeth had higher ECC
scores (p = <0.05).

Breast fed children and those with
high MS counts also had higher
ECC scores (p = <0.05).

(Vachirarojpisan et al. 2004)

Cross-sectional study to evaluate
the prevalence of caries and
associated risk factors in
outpatients of the Pediatric
Ambulatory Pedro Ernesto
University Hospital

n = 80 (zero- to 36-months-old)

SES, behavioural and dietary data
were collected from parents by
guestionnaire. Dental examination
was assessed by a single
investigator and included
assessment of caries, dental
biofilm and gingival bleeding.

Prevalence of caries was 41.6%
and the mean dmfs was 1.7 (+
2.5). No significant associations
were found between the
prevalence of caries and
socioeconomic status.

(Santos and Soviero 2002)

Cross-sectional analysis to
investigate the relationship
between stress-related
psychobiological factors and high
prevalence f dental caries among
children of low SES in the
Francisco Bay are of California.

n = 94 (five- to six-years)

SES was estimated using mothers
education levels. Financial
stressors were assessed by
guestionnaire. Basal salivary
cortisol was measured and
salivary MS and LB were
enumerated.

SES was inversely associated with
basal salivary cortisol (p < 0.05).
High MS and LB were associated
with dental caries (p < 0.001). Low
SES, high concentrations of basal
salivary cortisol and high level of
MS and LB were predictive of
caries lesions in a multiple logistic
model (p < 0.001). Children with
the highest number of lesions had
the highest combinations of basal
cortisol concentrations and high
MS and LB counts.

(Boyce et al. 2010)

Cross-sectional analysis to
estimate the prevalence and
prediction factors for dental caries
in children in Rome.

n = 1494 (three- to five-years-old)

DMFT index was used to assess
caries experience. Behavioural
and socioeconomic variables were
collected from parents by
guestionnaire. MS counts, diet and
nutritional status were investigated
for their association with rampant
ECC.

Caries prevalence was 27.3%.
Low social class (p = 0.03) and
high salivary MS counts (p = <0.1)
were significantly associated with
rampant ECC.

Petti 2000




Study Design

n (age)

Clinical Examinations

Findings

Reference

Cross-sectional analysis to
investigate the caries-related
microflora in saliva of Turkish
children with the prevalence of
ECC and associations with
mother’'s SES and feeding habits.

n = 101 (15- to 35-months-old)

Saliva samples were assessed for
the presence of LB, MS and
Candida albicans. DMFS criteria
were used to assess dental status
of mother and child pairs.
Questionnaires were used to
collect SES and dietary data from
mothers of participants.

Data indicated that mother's
DMFS scores, low level of
education and poor feeding habits
were strong risk factors for
colonisation with caries-related
microflora and ECC.

(Ersin et al. 2006)

Cross-sectional analysis to
examine the relationship among
microbiological composition of
dental plaque, sugar exposure and
saocial factors in young children
with different stages of caries.

n = 169 (three- to four-years-old)
Children were divided into three
groups based on disease status:
caries-free (n = 53), early caries
lesions (ECL, n = 56), cavitated
caries lesions (CCL, n = 60).

Caries measurements included
dmft and ECL. Visible plaque was
recorded and collected for
enumeration of MS, LB and total
bacteria. Sugar consumption was
collected by questionnaire.

High MS, total sugar consumption
and presence of visible plaque
were significantly associated with
ECL (p < 0.05). High total plaque
bacteria, frequency of sugar intake
and high LB were significantly
associated with CCL (p < 0.05).

(Parisotto et al. 2010a)

MS: Mutans streptococci, LB: Lactobacillus spp., DEPCAT: area-based measure of deprivation category , dmft/s or DMFT/S: decayed, missing, filled teeth/surfaces in primary or
permanent teeth, repectively , (S)ECC: (severe) early childhood caries, slgA: salivary IgA antibodies
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1.2 Development of the oral biofilm from birth to t hree-

years

Dental plaque is an oral biofilm comprised of a diverse and complex microbial
community. Traditional culture techniques have estimated that around 700
bacterial types exist in the human oral microbiome. Recent advances in
molecular sequencing methods put this figure at closer to 25,000 phylotypes in
the global oral human microbiome (Belda-Ferre et al. 2011). At the moment of
birth the oral cavity of the newborn is a sterile environment, however, it
immediately begins to become colonised by pioneer microbial species, which are
quick to take advantage of this new environment (Pearce et al. 1995; Rotimi and
Duerden 1981). These pioneer organisms attach to the mucosa of the oral cavity
of the newborn and modify the habitat, creating an environment that supports
the growth of new microbial species (Liljemark and Bloomquist 1996).
Streptococcus salivarius, S. mitis biovar 1 and S. oralis are dominant pioneer
organisms of the oral mucosa (Kononen et al. 2002). The microorganisms which
colonise the oral cavity of newborns are thought to be largely derived from the
primary caregiver, usually the mother (Berkowitz 2006; Liljemark and
Bloomquist 1996; Smith et al. 1993; Smith and Taubman 1992). S. anginosus, S.
gordonii and S. mitis biovar 2 are also present in the oral cavity at this time, but
at lower levels than the aforementioned species (Lucas et al. 2000; Pearce et al.
1995).

The microbial species that colonise the oral cavity at this time persist and
become members of the indigenous microbiota and influence the colonisation of
subsequent populations through their metabolic activities (Kononen 2000). This
process is influenced by environmental factors and the host immune system. The
oral biofilm continues to evolve and with the emergence of teeth, new microbial
habitats are provided with unique characteristics and the oral biofilm continues
to increase in diversity and complexity (Hardie and Bowden 1975; Taubman and
Nash 2006).

Teeth provide unique non-shedding attachment sites for S. sanguinis and later

Mutans streptococci in addition to numerous other species, including anaerobic
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species belonging to the genus Prevotella, Veillonella and Neisseria and aerobic
species, such as Actinomyces spp. (Caufield et al. 2000; Liljemark and
Bloomquist 1996). Anaerobic species are able to survive in the oral cavity
through their physical interactions with aerobic and facultative anaerobic
species that metabolise the available oxygen (Kolenbrander 2000). The
anaerobic organism Fusobacterium nucleatum is also an early coloniser (<6
months). This organism is important for the maturation of oral biofilms. Its
ability to co-aggregate with numerous species of the oral microbiota enables this
organism to bridge the gap between colonisation of early and late colonisers
(Kolenbrander 2000; Kononen 2005).

This population succession (Table 1-2) continues until all available niches
become colonised and the oral biofilm ecology becomes relatively stable and is
maintained in a state of homeostasis (Marcotte and Lavoie 1998). Disruption to

this balance can lead to disease states, such as dental caries.

Table 1-2: Timing of oral colonisation by commensal bacteria
Time of Aerobic/facultative aerobic Obligatory anaerobic spp
colonisation (age) spp
1-2 days S. salivarius
Neisseria spp Veillonella spp
S. mitis biovar | and Il Prevotella
0-3 months S. oralis melaninogenica
(predentate) Actinomyces odontolyticus Fusobacterium
S. parasanguinis nucleatum
6-12 months S. sanguinis Corroding rods
(dentate) S. gordonii
S. anginosus
Staphylococcus spp
1-3 years S. mutans Spirochetes
S. sobrinus Peptostreptococcus spp
Lactobacillus spp
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1.2.1 Mutans Streptococci and dental caries

There is substantial evidence indicating a causative relationship between dental
caries and the Mutans streptococci, with many studies demonstrating that the
development of caries is preceded by increased colonisation with the Mutans
streptococci (Hamada and Slade 1980; Loesche 1986; Tanzer et al. 2001). S.
mutans (serotypes ¢, e and f) and S. sobrinus (serotypes d and g) are implicated
as the primary aetiological agents associated with the initiation and progression
of dental caries (Kristoffersson et al. 1985). These strains are facultatively
anaerobic, non-motile, Gram positive cocci (van Houte 1994). Mutans
streptococci are routinely isolated from the mouths of children and adults,
suggesting that dental caries is the most widespread infectious disease of
humans (Taubman and Nash 2006). Other oral bacterial species can also produce
acids and thus be cariogenic (Carlsson et al. 1975), although the Mutans
streptococci possess unique biochemical features that render them extremely
efficient at developing carious surfaces. These include the ability to rapidly
produce copious amounts of lactic acid, while at the same time tolerating
extremes of sugar concentration, ionic strength and pH (Hamada and Slade
1980).

S. mutans has been associated with the initiation of carious lesions on tooth
surfaces, while S. sobrinus is thought to enhance the progression of lesions (Law
et al. 2007; Marchant et al. 2001). S. mutans are commonly recovered in far
greater numbers from dental plaque than S. sobrinus (Kishi et al. 2009; Yano et
al. 2002) and caries prevalence is commonly higher in children who are colonised
by both S. mutans and S. sobrinus compared with children from whom only S.
mutans or S. sobrinus can be recovered (Babaahmady et al. 1998; Hirose et al.
1993). S. mutans has been isolated from 95% of children with dental caries and
was found to comprise up to 30-50% of the plaque microbiota in carious lesions
(Berkowitz et al. 1984). In contrast, only 1% of the oral microbiota was found to
comprise S. mutans in caries free children (Law et al. 2007). Further evidence
implicating the Mutans streptococci in the development of dental caries has
come from animal studies, in which the development of caries was attributable

to the presence of S. mutans (Hamada et al. 1978; Smith and Taubman 1996).
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1.2.1.1 Acquisition of Mutans streptococci

It is generally agreed that children acquire S. mutans from their mother or
primary caregiver and several studies have provided evidence in support of this
(Berkowitz 2006; Berkowitz and Jones 1985). Initial colonisation by S. mutans in
the oral cavity of children has been reported to occur anytime between the ages
of seven-months to three-years or older (Law et al. 2007). One study reported
that initial colonisation by S. mutans occurs during a “window of infectivity” at a
mean age of 26 months (Caufield et al. 1993). This finding has been reported by
others (Alaluusua and Renkonen 1983; Carlsson et al. 1975) and coincides with
the eruption of the primary dentition, again reported to be required for
colonisation by S. mutans (Caufield et al. 2000). However, there have also been
reports of mucosal colonisation by S. mutans in predentate infants (Law et al.
2007; Wan et al. 2001, 2003). This finding is clinically significant as there is
evidence to suggest that caries risk increases with earlier acquisition of S.
mutans (Law et al. 2007; Nogueira et al. 2005). Moreover, S. mutans colonisation
has been shown to increase with increased age of children (Alaluusua 1983;
Fujiwara et al. 1991). Thus, colonisation with the Mutans streptococci is a
critical event in the pathogenesis of dental caries and represents important

targets for therapeutic interventions.

1.2.1.2 Mutans streptococcal virulence factors and dental caries

As the primary agent of caries S. mutans has developed multiple mechanisms to
colonise tooth surfaces and become numerically significant in the dental biofilm
(Figure 1-2). Initially, S. mutans must attach to the tooth surfaces. The salivary
dental pellicle is a thin layer of salivary proteins, lipids and glycoproteins which
coats tooth surfaces and is the first step in plaque formation (Taubman and Nash
2006). Attachment of S. mutans to the salivary pellicle is mediated via an
adhesin known as antigen I/Il, and S. sobrinus via Spa A and represents an
important first step in colonisation of the tooth surface by the Mutans
streptococci (Hajishengallis et al. 1992; Jenkinson and Lamont 1997). Next, S.
mutans accumulation occurs. This process is dependent on the presence of
sucrose together with expression of glucosyltransferases (Gtfs) and glucan
binding proteins (Gbps). S. mutans produces at least 3 known Gtfs encoded by

the genes gtfB, gtfC and gtfD. These enzymes synthesise extracellular glucan
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polymers from directly from sucrose. GtfB synthesises water-insoluble glucans,
while GtfC synthesises a mixture of water-soluble and water-insoluble glucans
and GtfD synthesises a water-soluble glucan (Wen et al. 2010). Each of these
glucans are structurally distinct and thus, contribute distinct roles in the
formation of dental plaque (Bowen and Koo 2011). As a result S. mutans
synthesises large quantities of insoluble-glucans, conversely S. sobrinus
synthesises primarily water-soluble glucans. Both S. mutans and S. sobrinus
express an array of Gbps. These receptor-like proteins are distinct from Gtfs and
specifically bind to glucans. Gtfs also have glucan-binding domains and so can
also function as receptors for extracellular glucans. Binding of extracellular
glucans by Gtfs and Gbps facilitates adhesion of Mutans streptococci to tooth
surfaces and constitutes the sucrose dependent pathway which is of critical
importance in plaque formation and development of dental caries (Banas and
Vickerman 2003). Thus, through the synthesis of polymeric glucans together with
expression of Gtfs and Gbps the Mutans streptococci produce an extracellular
matrix that provides a protective environment in which the Mutans streptococci
and other oral bacterial species are shielded from the host immune response,
mechanical stresses and antimicrobial agents (Shemesh et al. 2010). In the final
stage, large quantities of lactic acid are produced by S. mutans biofilms in the
presence of sucrose as a metabolic end-product of anaerobic respiration (Banas
2004). Accumulation of lactic acid leads to demineralisation of tooth surfaces

and eventually leads to dental caries.

A substantial body of literature supports the importance of the contribution of
Gtfs and Gbps to caries development. Disruption of the genes encoding Gtfs by
mutagenesis reduced the amount of glucans produced and the efficiency of
sucrose-dependent adhesion to tooth surfaces and reduced cariogenicity in

animal models (Tanzer et al. 1974).

Another important virulence property of the Mutans streptococci is their
acidogenicity and acidurance, allowing cariogenic bacteria to tolerate the low
pH environment generated from the production of acids in the oral cavity, while
non-aciduric species cannot survive (Marcotte and Lavoie 1998). This ability is
derived from the presence of ATPase proton pumps which actively transport
hydrogen ions from the cytoplasm (Dashper and Reynolds 1992). S. sobrinus has

been shown to be more acidogenic than S. mutans (Kohler et al. 1995).
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However, S. sobrinus is unable to metabolise N-acetylglucosamine, a component
of peptidoglycan which consequently inhibits the ability of S. sobrinus to
proliferate except in circumstances of extreme acidity and in the presence of
high sucrose concentrations (Homer et al. 1993). This is believed to account for
the finding that S. sobrinus is recovered only from a minority of individuals and
is usually found in conjunction with and outhumbered by S. mutans. Overall, a
high-sucrose diet alters the microbial ecology to support the growth of acid-
producing and acid-tolerant species associated with dental caries, such as
Mutans streptococci and Lactobacilli spp (Beighton 2005). Thus, the dental
biofilm associated with caries is differentially distinct from the microbial

ecology of the healthy oral biofilm (Aas et al. 2008).
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Figure 1-2: Mutans streptococci pathogenesis of den tal caries

Schematic representation of the sequential formation of S. mutans biofilms on
tooth surfaces. (a) Initial adherence and accumulation are mediated by surface
antigen I/ll and expression of Gtfs and Gbps. (b) subsequent production of water
soluble and insoluble glucans. (c) In the presence of sucrose, significant
accumulations of S. mutans produce large quantities of lactic acid, culminating in
the demineralisation of tooth surfaces and development of dental caries. Image
courtesy of Dr Martin Taubman.
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1.2.2 The role of other bacterial species in dental caries

Despite extensive evidence in support of the role of Mutans streptococci as the
primary agents of dental caries, a number of studies have documented caries in
the absence of the Mutans streptococci (Loesche and Straffon 1979), and indeed
Mutans streptococci can be detected in the absence of caries (Belda-Ferre et al.
2011). A variety of bacterial species can produce acids from carbohydrate
fermentation in the oral cavity, including non-mutans streptococci such as S.
gordonii, S. mitis, S. oralis and S. anginosus. These bacterial species outhumber
Mutans streptococci and thus could contribute to caries initiation (van Houte et
al. 1996). A study utilising 16s DNA checkerboard hybridisation to quantify
numbers of oral bacteria associated with health and disease in children
identified a strong relationship with S. mutans and caries but additionally
identified numerous other bacterial species thought to be important in caries
initiation and progression, including Actinomyces gerensceriae, Veillonella spp,
S. salivarius, S. constellus, S. parasanguinis and Lactobacillus fermentum. A
novel species of Bifidobacterium was also associated with deep caries lesions
(Becker et al. 2002). These studies highlight the complexity of the oral microbial

ecology associated with dental caries initiation and progression.

In recent years, the advancement in metagenomics and next generation
sequencing techniques has allowed investigators to apply a holistic approach to
oral microbial ecology in health and disease. These studies provide evidence in
support of a polymicrobial aetiology of dental caries (Alcaraz et al. 2012; Belda-
Ferre et al. 2011).
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1.3 Development of the salivary immune response fro m

birth to three-years

Development of the oral biofilm is influenced by a variety of factors, including
environmental and behavioural factors such as oral hygiene, and the host
immune response to infection. It therefore follows that caries susceptibility can
be influenced by host immune factors, particularly those found in saliva. The
protective role of saliva in the maintenance of oral health is well established
(Dowd 1999; Tabak 2006). Saliva contains a complex mixture of proteins,
enzymes and innate and adaptive immune mediators all of which have a
significant impact on the colonisation of microorganisms in the oral cavity. In
excess of 70 salivary components have been described (Mogi et al. 1986a; Mogi
et al. 1986b). These components regulate microbial colonisation by a number of
mechanisms, including binding and promoting aggregation to enhance bacterial
clearance, inhibiting surface mediated binding to host surfaces, inhibiting
microbial growth and mediating direct bacterial killing (Table 1-3). Additionally,
salivary flow rate and buffering capacity facilitate oral clearance, neutralisation
of acid production and maintain tooth integrity (Tenovuo 1997). However,
salivary proteins can also serve to provide attachment sites for bacterial
adhesion, such as formation of the salivary pellicle and can provide nutritional

substrates for microorganisms (Scannapieco 1994).
1.3.1 Non-specific immunity

Saliva contains numerous non-specific, protective factors such as lysozyme,
lactoferrin, histatins, mucins and peroxidases (Table 1-3), all of which are
present and functional in saliva from birth, although their concentrations are
increased in adult saliva compared with saliva from infants (Hyyppa et al. 1989).
Additionally, antimicrobial peptides provide non-specific innate immune
defence. Antimicrobial peptides have received a great deal of attention in
recent decades for their protective functions at mucosal surfaces and their
potential for development of future therapeutic strategies. Antimicrobial
peptides are natural antibiotics with broad-spectrum antimicrobial properties
against Gram-positive and Gram-negative bacteria, yeasts and viruses. Moreover,

antimicrobial peptides have chemotactic and immunomodulatory functions,
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which function to bridge innate and adaptive immune responses at mucosal

surfaces (Dale and Fredericks 2005).

In saliva, several families of cationic antimicrobial peptides can be detected.
These include the B-defensins (HBD 1-3), the a-defensins (also known as human
neutrophil peptides [HNPs 1-4]), the cathelicidin LL37 and calprotectin (also
known as calgranulin). Sources of these peptides in the oral cavity include
constitutive and inducible expression by the oral epithelium and salivary glands,
and infiltration of leukocytes via the gingival crevicular crevice, such as
neutrophils (Dale and Fredericks 2005). Thus, the oral epithelium plays an active
role in orchestrating innate immune defences in the oral cavity. Furthermore,
antimicrobial peptides have synergistic and additive functions, enhancing the
antimicrobial activities of each other and other salivary proteins, such as
lactoferrin, lysozyme and slIgA antibodies. Thus, antimicrobial peptides together
with other non-specific and specific immune mediators in saliva provide an

effective antimicrobial barrier at mucosal surfaces.

1.3.2 Antimicrobial proteins and their role in dental caries

1.3.2.1 Lactoferrin

Lactoferrin is an iron-binding protein found in exocrine secretions including
saliva, tears and breast milk. Its non-specific antibacterial action is mediated
primarily through its iron-sequestering properties, making iron unavailable for
bacterial growth. In addition, apo-lactoferrin (iron-free lactoferrin) has been
demonstrated to have direct antibacterial action (Weinberg 2003). Sources of
lactoferrin in the oral cavity include expression and secretion by acinar
epithelial cells and lactoferrin is a component of secondary granules of
neutrophils (Kalmar and Arnold 1988). In young children lactoferrin can be
detected in saliva, although at concentrations significantly lower than are
generally detected in adult saliva (Hyyppa et al. 1989). Lactoferrin has been
shown to have direct antimicrobial activity against S. mutans and it is functional
even in low pH environments, such as those created by S. mutans in the

presence of fermentable carbohydrates (Arnold et al. 1981; Berlutti et al. 2004).
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1.3.2.2 LL37

The human cathelicidin, LL37 is the only cathelicidin identified in humans. It is
proteolytically cleaved from the holoprotein (hCAP18) to generate the mature
peptide, with biological activity. It is expressed by epithelial cells of the oral
cavity, skin and other mucosal surfaces and is also present in the granules of
neutrophils and other immune cells, including B cells, monocytes and mast cells
(Zanetti 2004). The antimicrobial activity of LL37 is mediated through its
amphipathic structure, allowing it to insert into and permeabilise bacterial cell
membranes (Henzler Wildman et al. 2003). The protective role of LL37 at
mucosal surfaces is highlighted by diseases in which LL37 is absent, such as
Morbus Kostmann syndrome in which LL37 is deficient in neutrophil granules and

individuals develop early onset chronic periodontal disease (Putsep et al. 2002).

Highly variable concentrations of LL37 have been detected in saliva of
adolescents; however, less information is available of the levels of LL37 in saliva
of young children (Tao et al. 2005). One study indicated that the concentration
of LL37 in saliva increased with increased age of children and that low
concentrations of LL37 were associated with dental caries (Davidopoulou et al.
2012). In a separate study, S. mutans strains isolated from adolescents with
caries were more resistant to the antimicrobial effect of LL37 compared with
strains isolated from caries-free individuals (Phattarataratip et al. 2011). Thus,
low concentrations of LL37 in saliva may affect an individual’s susceptibility to

caries.

1.3.2.3 Human neutrophil peptides

The HNPs 1-4 are a family of structurally related peptides with antimicrobial
activities. HNPs are expressed within the granules of neutrophils and are
released into the oral cavity upon degranulation and participate in non-oxidative
microbial death of metabolically active bacteria (Ganz et al. 1985). More
recently, expression of the HNPs 1-3 was identified in salivary glands (Tao et al.
2005). Thus, both sources contribute to the concentration of HNPs in saliva.
Levels of HNPs in saliva have been shown to be highly variable in adults (Goebel
et al. 2000) and adolescents (Tao et al. 2005), although no information exists in

relation to their concentrations in the saliva of young children. Notably,
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expression of HNPs is also defective in Morbus Kostmann syndrome (Putsep et al.
2002). High concentrations of the HNPs 1-3 were associated with caries-free
status in children aged 11- to 15-years (Tao et al. 2005). Additionally,
concentrations of the HNPs 1-3 in saliva of adolescents was found to be
significantly positively correlated with Mutans streptococci counts from plaque
(Phattarataratip et al. 2011). Thus, low concentrations of the HNPs may

influence the susceptibility of young children to dental caries.
1.3.2.4 Calprotectin

Calprotectin is a heterodimeric calcium and zinc-binding protein, also referred
to as S100A8 and S100A9 (Nacken et al. 2003). Calprotectin is a major
component of neutrophil granules, monocytes, macrophages and is constitutively
expressed by the oral epithelium (Dale and Fredericks 2005). Calprotectin’s
antimicrobial action is mediated by its ability to sequester zinc, making it
unavailable for microbial growth (Brandtzaeg et al. 1995). Additionally,
expression of calprotectin by the oral mucosa inhibits bacterial adherence.
Calprotectin is upregulated in the gingival crevicular crevice during periodontal
disease (Becerik et al. 2011). There are no reports of the concentration of
calprotectin in the saliva of children with or without dental caries. The
significant level of expression of calprotectin in the oral cavity may influence

the development of the oral biofilm and thus may alter caries susceptibility.

1.3.3 Initiation of an adaptive immune response to S. mutans

The initiation of an adaptive immune response begins with antigen recognition.
Cells of the innate immune system, such as neutrophils, macrophages and
dendritic cells express a limited range of receptors that recognise conserved
microbial motifs, known as pathogen-associated molecular patterns (PAMPs).
The receptors which recognise PAMPs are called pattern recognition receptors
(PRRs) and include the family of TLRs. These receptors allow the innate system
to recognise self from non-self. Recognition of foreign antigens activates cells of

the innate system which in turn function to initiate adaptive immune responses.

Dendritic cells are the major antigen presenting cells. They recognise, capture,

process and present foreign antigen to naive T cells. These in turn perform
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effector functions in peripheral tissues and provide help to and activate B cells
within lymphoid tissues, promoting affinity maturation and antibody class
switching (Banchereau and Steinman 1998). Thus, antigens present at mucosal
surfaces must first be transported across the epithelium before they can

stimulate an immune response.

Both oral and intestinal mucosa dendritic cells (DCs) are strategically located to
sample antigens from oral and intestinal fluids (Ito et al. 1998; Neutra et al.
2001). Thus, it is likely that in oral mucosal tissues DCs fulfil functions of antigen
capture, processing and presentation, such as occurs in intestinal lymphoid
tissues. However, little is known about antigen capture by DCs in the oral cavity.
Murine studies have provided evidence that buccal DCs can capture antigen and
migrate to the lymph nodes draining the oral cavity (Aramaki et al. 2011). Upon
arrival at DLN, DCs present antigen to T helper cells (Itano et al. 2003; Lane and
McConnell 2001). However, T cell responses to DCs migrating from the oral

mucosa have not been shown directly.

Activated T cells produce a variety of cytokines, TGFB is particularly important
for activating B cell switching from IgM to IgA producing plasma cells
(Brandtzaeg 2010). T cells isolated from peripheral blood of individuals with
caries have been shown to respond to Mutans streptococcal Gtf and SA I/Il,
although it is unclear whether they have a role in protection of caries other than

to provide help to B cells for the synthesis of IgA (Taubman and Nash 2006).

It has long been held that initial stimulation of mucosal B cells takes place
mainly in the mucosa-associated lymphoid tissue (MALT), particularly in the
Peyer’s patches and other gut-associated lymphoid tissues (GALT). Thus,
mucosal stimulation with oral antigens or Mutans streptococci that reach the gut
via ingestion, results in the activation and migration of antigen-specific IgA-
producing B cells to effector sites, such as salivary glands. This is followed by
their subsequent differentiation and maturation into plasma cells and secretion
of slgA across the epithelium into saliva. There is compelling evidence
demonstrating the migration of activated B cells from the GALT to salivary
glands in both animals and humans (Jackson et al. 1981; Mestecky et al. 1978).
However, evidence also suggests that the intestinal immune response is not

ideally configured for the induction of slgA antibodies (Jertborn et al. 1986).
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Thus, it remains to be established which part of the common mucosal immune
system is most important for the induction of slgA antibodies directed against
oral bacteria. More recently, several studies have suggested that B cell homing
to effector sites is more compartmentalised than previously thought and
indicates that the nasopharyngeal-associated lymphoid tissues (NALT) may be
more important than the GALT for the induction of B cell homing to salivary
glands (Brandtzaeg 2007; Wu et al. 1997). Thus, the sIgA response to oral
bacteria may be induced by two mechanisms; oral bacteria present in saliva may
stimulate the proliferation and differentiation of B cells locally in salivary
glands, and ingestion of oral bacteria and subsequent antigen uptake in the
GALT is followed by the migration of activated B cell precursors to the salivary
glands where they exert their effector functions.

Alternative routes for immune induction in the oral cavity have been proposed
(Cutler and Jotwani 2006). Lymphoid tissues are located within salivary glands
and Waldeyer’s ring which consists of the tonsils and adenoids (Wu et al. 1997).
In the intestine, specialised epithelial cells called M cells are involved in antigen
sampling of the gut lumen (Mowat 2003). M cells have also been identified in the
lymphoid tissues of Waldeyer’s ring and have been shown to be functionally and
structurally similar to M cells in Peyer’s patches (Fujimura 2000). Very little is
known about immune induction sites to orally exposed antigens. Studies
investigating the functions of M cells in the NALT have primarily focussed on the
induction of immune responses to inhaled antigens (Fujimura et al. 2004). NALT
structures represent prototypical immune inductive sites and could theoretically

transport antigen to underlying DCs. However, this has not been shown directly.

Oral lymphoid foci, located within interdental papilla have been proposed as
oral effector sites. These structures contain large numbers of DCs in close
proximity to T cells (Jotwani et al. 2001). These structures are reminiscent of
isolated lymphoid follicles identified in the murine small intestine (Hamada et
al. 2002), but oral lymphoid foci lack germinal centres. These structures are
believed to develop in response to chronic inflammation initiated by the
subgingival biofilm in diseases such as gingivitis and periodontitis (Cutler and
Jotwani 2004) and thus are likely absent in the oral cavity of very young children
who do not typically suffer from periodontal diseases, except in rare
circumstances (Defraia and Marinelli 2001).
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Thus, relatively little is known about the induction of adaptive immunity in the
oral cavity and even less is known about the induction of adaptive immunity
directed against oral bacteria, such as the Mutans streptococci (Figure 1-3).
However, the potential exists to raise an antibody response to S. mutans under
certain circumstances. It will be crucial to better understand the early stages of
the initiation of adaptive immunity, which are a prerequisite to antibody
generation. Further characterisation of these early responses to S. mutans will

aid development of targeted and therapeutic interventions.
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Figure 1-3: Antigen uptake in the oral cavity
Schematic representation of potential routes of antigen uptake in the oral

cavity. (a) DCs are strategically placed to sample antigens from the oral mucosa
(Ito et al. 1998) and evidence has shown DCs migrate to the DLNs upon antigen
uptake (Aramaki et al. 2011). However, the influence DC migration on T effector
responses to orally derived antigens has not been shown. (b) M cells located in
NALT structures are functionally and structurally similar to M cells of the Peyer’s
patches (Fujimura 2000). It has not been shown if they can sample bacterial

antigens directly in the oral cavity to induce mucosal immune responses.
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1.3.4 Secretory immunity

Secretory or salivary IgA (slgA) is the principle component of the adaptive
immune system found in saliva. Salivary IgA exists as a polymeric molecule of
two or more IgA monomers attached by a J chain and a secretory component.
Secretory component, expressed on the basolateral surface of mucosal epithelial
cells, is a receptor which allows for the transepithelial transport of polymeric
IgA antibodies and subsequently protects the molecule from proteolytic
degradation (Brandtzaeg 1995). In humans there are two subclasses of polymeric
IgA: IgA1 and IgA2 and both can be found in saliva. IgA1 is the predominant
subclass usually representing about 60% of IgA in saliva (Mestecky and Russell
1986). These two subclasses differ in only 16 amino acids, located in the hinge
region, this difference renders IgA2 resistant to cleavage by the IgA proteases
expressed by a number of oral bacteria, including early streptococcal colonisers
of the oral cavity (Kilian et al. 1983). Salivary IgA is secreted by plasma cells
located in the vicinity of salivary glands. Serum IgG can also be detected in
saliva and enters the oral cavity via the gingival crevicular crevice. Together
these antibodies make up 5 - 15% of proteins in saliva and represent a broad

spectrum immune defence system (Van Nieuw Amerongen et al. 2004).

The biological functions of sIgA in the oral cavity include the inhibition of
bacterial adherence, neutralisation of toxins and enzymes, agglutination of
bacteria which facilitates their clearance from the oral cavity and immune
exclusion (Table 1-3). The ability of sIgA to bind to and exclude microbial
antigens and limit their penetration across mucosal surfaces is likely the most
important role of sIgA and thereby limits hyper-stimulation of mucosal immune
responses (Marcotte and Lavoie 1998). IgA is a poor activator of complement and
complement components are absent in saliva, thus activation of complement is
not a major biological function of slgA. Furthermore, cell-mediated killing by
leukocytes in response to opsonised bacteria is also not likely to be a major role
fulfilled by sIgA. Leukocytes entering the oral cavity via the gingival crevicular
crevice may be active short distances from the crevice but these cells cannot
withstand the osmotic pressure of saliva. Serum-derived IgA and IgG may
stimulate cell-mediated responses within and close to the gingival crevicular

crevice. Nonetheless, oral bacteria have been found to be coated with sigA
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antibodies and this likely represents agglutination and inactivation of adhesins

and bacterial enzymes.

At birth the oral cavity is sterile and devoid of sIlgA (Gahnberg et al. 1985). At
this time maternally derived IgG is the major component of secretory immunity
in the oral cavity and low concentrations of IgM and IgD have been detected
(Cripps et al. 1987; Gleeson et al. 1987). In the first few months of life the
numbers of IgA producing plasma B cells increase and thus, levels of sigA
increase to become the dominant component of secretory immunity in the oral
cavity (Smith et al. 1993). Initially, IgA in the saliva of newborns is
predominantly of the IgA1 subclass, but as levels increase the proportion of IgA2
antibodies increases and may reflect the increased colonisation by IgA1 protease

expressing early colonisers (Smith et al. 1989).

As microorganisms begin to colonise the oral cavity sIgA antibodies with new
specificities are directed towards them and can be detected in saliva. Salivary
IgA antibodies specific for S. mitis and S. salivarius antigens can be detected in
the saliva of infants as young as five-weeks-old and reflects the early
colonisation by these species (Smith et al. 1990). Similarly, sIgA antibodies
specific for Gtf from S. sanguinis and S. mutans can be found in the saliva of
children aged one-year and three-four years, respectively and coincides with the
acquisition of these bacterial species (Gahnberg et al. 1985). At this time these
antibodies are thought to be cross-reactive with low antigenic specificity. The
slgA antibody response increases with age and is of a level similar to adults by
the age of four- to five-years (Smith et al. 1998). Coincidentally, the specificity
for bacterial antigens increases with the increased length of exposure to oral
bacteria (Parisotto et al. 2011; Smith and Taubman 1995). Thus, bacterial
colonisation of the oral cavity occurs in an environment that is immunologically

responsive to microbial challenge.

1.3.5 Can secretory immunity protect against dental caries?

Salivary IgA antibodies can control the colonisation of Mutans streptococci in the
oral cavity by a number of mechanisms (Table 1-3). As previously discussed,

bacteria must first adhere to host tissues or to each other in order to colonise
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the oral cavity. Salivary IgA antibodies can interfere with this process by binding
to and blocking the action of adhesins. In vitro studies investigating the role of
slgA in limiting bacterial adherence have demonstrated inconsistent and
contradictory results. In one study, S. mutans adherence was inhibited by sIgA
antibodies specific for SA I/l (Hajishengallis et al. 1992). Conversely, a separate
study reported no effect of slgA antibodies on S. mutans adherence to
hydroxyapatite (a constituent of bones and teeth) (Kilian et al. 1981). Salivary
IgA antibodies form a significant part of the salivary pellicle and are found to
compose up to 2% of the dry weight of dental plaque (Orstavik and Kraus 1974).
This has lead some to hypothesise that slgA antibodies can even promote
adherence of some bacterial species investigated (Kilian et al. 1981). Salivary
IgA antibodies can also function to bind to and inhibit bacterial enzymes; sIgA
specific for Mutans streptococcal Gtfs can inhibit the production of glucans and
reduce dental plaque formation (Klein et al. 1977). Additionally, antibodies
directed against Mutans streptococcal Gbps are predicted to influence bacterial
adherence to polymeric glucans synthesised in the presence of sucrose. Rats
immunised with a Gbp-derived peptide developed sIgA and serum IgG antibodies.
Moreover, the development of dental caries was reduced in immunised animals,
although colonisation by Mutans streptococci was unaffected (Taubman et al.
1995). Clinical studies have also demonstrated that topical application of
monoclonal antibodies specific for S. mutans SA |/1l prevents re-colonisation of
the oral flora with S. mutans and the subsequent development of dental caries
(Ma et al. 1987).

Additional studies have attempted to correlate the levels of naturally occurring
IgA antibodies specific for Mutans streptococci with dental caries experience.
These studies, often cross-sectional in design, have reported conflicting data
with some studies reporting a positive (Challacombe 1980), negative (Camling
and Kohler 1987) or no correlation (Hocini et al. 1993). Similarly, conflicting
correlations of levels of specific sIgA antibodies and recovery of S. mutans were

reported in these studies.
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functions in saliva

Salivary component

Activities in saliva

Reference

Salivary proteins

mucins

lysozyme

lactoferrin

peroxidases
proline-rich
proteins

stratherins

cystatins

formation of salivary pellicle,
bacterial aggregation, inhibition of
bacterial adherence

antibacterial, bacterial aggregation,
inhibition of bacterial adherence
iron chelator, antibacterial
antibacterial, acid and H,0;
neutralisation

formation of salivary pellicle, mineral
homeostasis

mineral homeostasis, formation of
salivary pellicle

protease inhibitors

(Amerongen and
Veerman 2002;
Bennick et al.
1983; Gibbons et
al. 1988;
Scannapieco
1994; Van Nieuw
Amerongen et
al. 2004)

Antimicrobial

peptides
histatins
LL37

B-defensins

a-defensins

antibacterial/antifungal, formation of
salivary pellicle

antibacterial, chemotactic properties,
wound repair, angiogenesis
antibacterial, antifungal, antiviral,
chemotactic

antibacterial, antifungal, antiviral,

chemotactic

(Amerongen and
Veerman 2002;
Dale and
Fredericks 2005;
Nisapakultorn et
al. 2001b;
Ramos et al.
2011)

calprotectin antibacterial, chemotactic, inhibition
of bacterial adherence
Antibodies (Amerongen and
IgA, I1gG, IgM bacterial aggregation, neutralisation Veerman 2002;

of antigens, inhibition of bacterial

adherence, salivary pellicle formation

Smith and
Taubman 1992)
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Additionally, a number of studies have attempted to correlate dental caries
experience in children with IgA deficiency. These studies have also produced
conflicting results with studies reporting higher caries rates in children with sigA
deficiency (Tar et al. 2008) or lower rates compared with healthy aged-matched
controls (Fernandes et al. 1995). It is extremely difficult to delineate the
contribution of sIgA antibodies to caries susceptibility due to compensatory
mechanisms, such as increased expression of slgM in IgA-deficient individuals
(Fernandes et al. 1995; Nikfarjam et al. 2004).

Maternally derived serum IgG specific for oral bacteria can be detected in the
saliva of newborns (Smith and Taubman 1993). Levels of 1gG antibodies rapidly
decrease in the first months of life and become undetectable in the majority of
infants by three- to four-months of age (Smith et al. 1989). With the eruption of
the primary dentition serum IgG, IgM and IgA can enter the oral cavity via the
gingival crevicular crevice. These antibodies are synthesised in response to
microbial challenge (Smith and Taubman 1992). Serum IgG specific for S. mutans
and S. sobrinus can be detected only in very low levels in children aged one- to
three-years, coinciding with their acquisition in dental plaque (Luo et al. 1988).
The protective role of serum IgG in saliva is also met with controversy, although
an inverse relationship between the levels of serum IgG directed against S.
mutans and their numbers in dental plaque and subsequent caries development
have been reported (Aaltonen et al. 1987). However, the contribution of serum
derived antibodies to secretory immunity in the oral cavity is minimal when

compared with sIgA (Russell et al. 1999).

These studies indicate that the potential does exist to mount a secretory IgA
response that can inhibit processes required for Mutans streptococcal plaque
formation, including sucrose-independent adhesion to the salivary pellicle,
mediated by SA I/1l, accumulation of Mutans streptococci mediated by glucan
production by Gtfs in the presence of sucrose and adhesion to glucans mediated
by Gbps. However, the cross-sectional nature of these studies complicates
interpretation of the results, not least because caries takes months to years to
manifest clinically. Therefore, collection of saliva at a single point in time may
not reflect the past or present disease status. Thus, the role of sIgA in
protection against caries remains controversial. Longitudinal studies are required

to identify whether naturally elicited protective antibody responses can be
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generated. Thus far the limited knowledge of the immune response to infection

has hindered the advancement of therapeutic strategies.

1.4 Childsmile

The human samples obtained in the following study were from participants in
‘Childsmile.’ Childsmile is a national dental health improvement programme for
Scotland. The programme was initiated by the Scottish Government’s (then
Executive) 2005 action plan for improving oral health and modernising dental
services in Scotland (Macpherson et al. 2010a). The programme was developed in
response to the consistently high levels of dental caries among young children in
Scotland, with over half of Scottish five-year-olds experiencing significant levels
of decay, with an average dmft (decayed, missing [due to caries] or filled teeth)
of five in these caries experienced children. A significant proportion of these
figures were attributable to those children of low SES, who suffer from the
greatest burden of disease. Moreover, with extremely low rates (30%) of very
young children registered with dental practitioners there is a need to access
these young children and provide anticipatory and preventative care,
particularly to those from deprived backgrounds who are less likely to access
dental services (Shaw et al. 2009). Thus, the overarching aim of Childsmile is to
improve the oral health of children across Scotland and to reduce inequalities in

dental health and access to dental services.

Initially two targeted demonstration programmes were established beginning in
January 2006, one in the East and one in the West of Scotland. In the East,
Childsmile was designed to provide additional preventative clinical care through
NHS dental practices, specifically aimed at children aged three-years and over
and attending nurseries or schools in the most deprived areas. In the West,
Childsmile was set up to target children from birth and to promote oral health
and caries prevention, in dental practice and local community settings. Newly
born infants identified as at risk of developing dental caries by their health
visitors are referred to dental health support workers, who visit families in their
homes to promote attendance at Childsmile dental services, encourage good oral

hygiene and provide additional advice as required. Extended duty dental nurses,
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trained in oral health promotion and fluoride varnish application, provide

additional care to families as required.

In 2009, these demonstration phases of the Childsmile programme were rolled
out Nationwide (Turner et al. 2010). Early evidence indicates that Childsmile
intervention is associated with a reduction in the prevalence of dental caries
among young children, decreasing from 26% in 2006/7 to 17% in 2009/10.
Moreover, the reduction in decay experience was observed across the

socioeconomic spectrum (McMahon et al. 2011).

The Childsmile programme provides children with specific health interventions
depending on need, from birth and up to 16-years of age. The combination of
Childsmile’s wunusually young target age group and the multiple visit
interventions provides a unique opportunity to investigate the evolution of the
oral biofilm coincident with the development of the salivary immune response.

1.5 Objectives

There are fundamental gaps in current knowledge of the interrelationships
between caries-associated risk factors. In particular how the immune system
interacts with the evolving cariogenic oral biofilm in young children, and how
this may contribute to inequalities in dental caries. This study aimed to unravel
the relationship between development of the cariogenic oral biofilm, coincident

with the evolution of the salivary immune response, specifically:

1. Investigate the biological caries-associated risk factors in a cross-sectional

clinical study of one-year-old Childsmile participants.

2. Investigate the biological caries-associated risk factors in a longitudinal

clinical study of one- to three-year-old Childsmile participants.

3. Investigate the initiation of the adaptive immune response to S. mutans,

using as series of In vitro and In vivo experimental models.

4. To develop and optimise the use of an In vitro S. mutans biofilm model.
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2.1 Study Participants and Ethical Considerations

Study participants were recruited from the Childsmile Initiative. Parental
consent was obtained at baseline from parents of children aged between 12 and
24 months and attending a Childsmile appointment within the Glasgow and Clyde
area (Parental information sheet and consent are shown in Appendix I). Plaque
and saliva samples were collected from children as detailed in sections 2.3.1 and
2.3.2, respectively. Sociodemographic data was collected by questionnaire.
Patients were recalled approximately 18 months later and invited to bring their
child to a follow-up appointment. Ethical approval was amended to include the
use of a validated food frequency questionnaire, for which additional parental
consent was obtained. Plaque and saliva samples were collected and clinical
disease data (dmft) were also recorded by a national dental inspection program
(NDIP) calibrated dentist. In the first collection the study group comprised 63
individuals with a median age of 16 months and at follow-up the study group
comprised 23 individuals with a median age of 35 months. This study (Dr Shauna
Culshaw, ‘Unraveling the relationship between the oral biofilm and the host
immune response’ was reviewed and received ethical approval from the West of
Scotland Research Ethics Committee (08/50703/139, Appendix IlI) and NHS
Greater Glasgow and Clyde R&D Management (YNO8BDN369, Appendix Ill).

2.2 Reagents

The source of reagents is given in the text. All chemicals were obtained from
Sigma, Poole, UK and all cell culture media and supplements from Life

Technologies, Paisley, UK unless otherwise indicated.
2.3 Clinical sample collection

2.3.1 Plaque

Plaque was collected from the buccal surface of the upper molars using a sterile
nylon elution swab and placed into 1 ml Liquid Amies transport medium (Eswab
[Copan, Brescia, Italy]). If the deciduous molars had not erupted at time of

examination, plaque was collected from the incisors. Samples were stored at
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4°C and transported to the microbiology laboratory at Glasgow Dental School

and Hospital within hours for immediate processing.
2.3.2 Saliva Collection

Saliva was collected using cotton sorbettes (Salimetrics, Europe LTD), specially
designed for the collection of saliva from infants. This product was discontinued
prior to the follow-up sample collection and replaced with the Children’s Oral
Swab (Salimetrics, Europe LTD). This long swab is made from a synthetic durable
polymer and is designed to collect saliva from children under the age of six-
years. Sorbettes and oral swabs were placed in the mouth for up to 60 s, pending
child cooperation, and allowed to absorb saliva. Saturated sorbettes and swabs
were then placed into appropriately labelled collection tubes (Salimetrics,
Europe LTD), stored at 4°C and transported to the microbiology laboratory at

Glasgow Dental School and Hospital within hours for immediate processing.
2.4 Questionnaires

2.4.1 Sociodemographic

A socioeconomic demographic questionnaire (University of Glasgow Dental
School: version 2 December 2008 [Appendix IV] was designed to collect
information regarding the parental profile of children recruited to the study.
Postcodes were recorded for each study participant and used to determine the
Scottish index of multiple deprivation (SIMD) 2009. SIMD identifies small area
concentrations of multiple deprivation across Scotland in a consistent manner.
SIMD ranks are area based measures that provide a relative measure of
deprivation for every postcode sector using 38 indicators across seven domains,
including income, employment, health and education (The Scottish
Government). SIMD ranks are often divided by deciles or quintiles. In this study
quintiles were used to assess the relative deprivation of each postcode. The
most deprived quintile (quintile 1) includes the most relatively deprived 20% of

Scottish postcode areas.



61

Socioeconomic data collected by questionnaire contained multiple categories for
some of the variables. In a change to this format, data regarding annual
household income, the proportion of income received as benefits, the level of
parental education and SIMD quintiles were dichotomised as illustrated in Table
2-1. The cut-off points for the dichotomisation were arbitrarily chosen in an
attempt to compare the most deprived families with those who were relatively

less deprived.

Table 2-1: Dichotomisation of measures of socioecon omic status

Demographic measure Dichotomised categories

Most deprived Relatively less

deprived

Annual household income < £10,000 > £10, 000
Proportion of income received as Half - all None - about a
benefits quarter
Parental education Secondary school | 6™ form or above
Healthboard SIMD 2009 SIMD 1 SIMD 2-5

2.4.2 Food frequency questionnaire

A validated Scottish Collaborative Group Food frequency questionnaire (FFQ:
version C2 for use in three- to 11-year olds [Appendix V] (Sheehy et al. 2008),
was used to estimate non-milk extrinsic sugar (NMES) intake from three-year old
study participants at the follow-up collection. This version lists 140 different
foods and drinks each with a measure to represent a small portion of each item.
Examples of portion sizes were shown in colour images on the front cover of the
FFQ. Parents or guardians of participants were asked to estimate the frequency
and amount of each item consumed over a typical week. The options for
selection ranged from ‘rarely or never’ to ‘7 or more portions a day’. Data from
completed questionnaires were entered into an ACCESS database file. Nutrient
intakes were calculated from the FFQ using a calculation program developed by
the University of Aberdeen.
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2.5 Caries scores

Caries experience for each tooth was calculated by a national dental inspection
program calibrated (NDIP) dentist. Summary measures of dsmft (decayed into
dentine, missing due to caries and filled teeth) were then calculated for each
child. Dental examinations were performed in line with BASCD criteria (Hinds
and Gregory. J 1995).

2.6 Microbiology

2.6.1 Plaque

The plaque samples in 1 ml Liquid Amies were vortex mixed for 30 sec to release
bacteria from nylon swab. A 100 pl volume of plaque suspension was removed
and serially diluted 10-fold in sterile phosphate buffered saline (PBS). The
CFU/ml was determined using the technique described by Miles and Misra (Miles
et al. 1938). Aliquots of 20 pl volumes of 10" to 10 dilutions were spotted in
triplicate, onto Columbia base agar (Oxoid, Basingstoke, UK) supplemented with
5% defibrinated horse blood (hence referred to as blood agar, BA), for the
enumeration of total aerobic flora; mitis salivarius agar (MSA, [Sigmal]),
supplemented with 1 ml of 1% potassium tellurite per litre (Fluka™ Analytical,
Sigma, UK) for total oral streptococci; MSA supplemented with 0.2 units/ml
bacitracin and 150 g sucrose per litre (MSB) for Mutans streptococci (Gold et al.
1973); and Rogosa agar supplemented with 0.1% Tween 80 (Invitrogen, Paisley,

UK) and 1.32 ml/L acetic acid for enumeration of total lactobacillus spp.

BA plates were incubated at 37°C for 24 h in an atmosphere of 95% air and 5%
CO, [Binder GmbH, Tuttlingen, Germany]. MSA, MSB and Rogosa plates were
incubated at 37°C for 48 h under anaerobic conditions, in an atmosphere of 85%
N2, 10% CO, and 5% H,.

The remaining suspension of plaque bacteria in 900 pl of Liquid Amies was
pelleted by centrifugation at 10, 000 x g for 10 min. The supernatant was
discarded and the cell pellet was stored at -80°C until required for quantitation

of cariogenic bacteria by TagMan® QPCR (section 2.6.8).
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2.6.2 Saliva

Saliva was harvested from sorbettes and oral swabs by centrifugation at 1, 500 x
g for 10 min at 4°C. Collected saliva was stored at -80°C and retained for
immunological investigations. The cell pellet was also retained and stored at -
80°C until required for quantitation of cariogenic bacteria by TagMan® QPCR
(section 2.6.8). At this time the total volume of saliva collected from each

patient was recorded.

2.6.3 Colony counting

All colonies on BA and MSA were counted and recorded for enumeration of total

aerobic flora and oral streptococci respectively, using the formula:
No. of colonies x dilution factor x 50 (volume to 1 ml) = CFU/ml

All colonies with granular “frosted-glass” morphology (Figure 2-1a),
characteristic for S. mutans on MSB agar (Emilson 1983; Gold et al. 1973) were
counted, recorded and the CFU/ml was calculated. The minimum detection level
was 1 x 10° CFU/ml suspended plaque. Putative S. mutans isolates were Gram-
stained and a positive staining reaction and appearance of streptococci was
considered indicative of S. mutans. Further confirmation was carried out using
Rapid ID 32 Strep API (BioMérieux, UK LTD), according to the manufacturer’s

instructions (Figure 2-1b).

All colonies growing on Rogosa were considered to be lactobacilli spp.
Identification was confirmed with a Gram positive staining reaction and

appearance of bacilli.
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Figure 2-1: Identification of S. mutans

(a) Characteristic granular “frosted glass” morphology of S. mutans colonies grown
on MSB agar. (b) Rapid ID 32 Strep API

2.6.4 Bacterial strains and culture conditions

S. mutans NCTC 10449 and UA159, S. sobrinus NCTC 33478, S. mitis NCTC 12261
and S. sanguinis NCTC 7863 were stored on Protect® (Technical Service
Consultants Ltd, UK) at -80°C at Glasgow Dental School and Hospital, Scotland,
UK, throughout the duration of the study. Strains were maintained at 37°C in 5%
CO; on BA for 24 - 48 h. For subculture, individual colonies were inoculated into
10 ml brain heart infusion broth (BHI [Oxoid]) and cultures were grown at 37°C
in 5% CO; for 24 h.

S. sobrinus 6715 and S. mutans 28BE3 stock cultures were maintained in Todd
Hewitt Broth (Difco, USA) in 10% glycerol at - 70 °C at the Forsyth Institute,
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Boston, USA. Three ml of BHI broth (Difco, USA) was inoculated with a ‘scraping’
of stock culture and incubated anaerobically at 37°C for 8 h. Following
incubation, a 0.1 ml volume was transferred to 3 ml fresh BHI and incubated at
37°C for 8 h.

For experiments requiring heat-killed bacteria, S. mutans UA159 were incubated
at 60°C for 30 min.

All microbiological procedures were performed using aseptic technique.

2.6.5 Sucrose-dependent biofilm formation

Mutans streptococcal biofilm formation was assessed using 96-well peg lids in
conjunction with 96-well polypropylene plates (Figure 2-2, [Nunc™, Fisher
Scientific, Loughborough, UK]) with low protein-binding characteristics to ensure
bacterial cells bound only to pegs and not to wells during the incubation stage.
Peg lids were submerged in 248 pl BHI containing 1.5 x 10’ CFU/ml of bacteria
grown to exponential phase, 0.4% sodium azide, 0.25% sucrose in a pH adjusted
to pH 6.8, unless otherwise indicated in figure legends. S. mutans and S.
sobrinus biofilms (the strains used are indicated in figure legends) were formed
over 4 h, under anaerobic conditions (80% Nz; 10% Hy; 10% CO;) with orbital
shaking at 575 rpm.

Biofilm formation was assessed in the presence of various mediators or inhibitory
molecules as detailed in figure legends. Positive control antibodies used for
Mutans streptococcal biofilm inhibition have been previously described
(Taubman et al. 1995). Briefly, rat I1gG anti-S. sobrinus Gtf and rat I1gG anti-S.
mutans Gtf were prepared by active immunization with S. sobrinus Gtf or S.
mutans Gtf, respectively. Animals were injected subcutaneously in the vicinity
of the salivary gland with 50 pg of Gtf from S. sobrinus or 25 pyg of Gtf from S.
mutans in complete Freund adjuvant. One week later animals were reinjected,
in the same vicinity with the same antigen and dose in incomplete Freund
adjuvant. One week after the second injection animals were bled from the
retroorbital plexus and serum was collected. Serum IgG collected from sham-
immunized rats served as control group. SS2 was prepared by phage display,
described in section 6.1 (Sui et al. 2008; Sui et al. 2009).
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2.6.6 Biofilm quantification

Following biofilm formation, pegs were washed twice in 250 ul PBS to remove
non-adherent cells. Biofilm formation on pegs was then quantified using the

following methods.
2.6.6.1 Crystal violet assay

Biofilms formed on pegs were stained in 250 pl/well of 0.2% crystal violet (w/v
in dH,0) for 10 min. Following staining, pegs were air dried for 30 min then
washed three times in PBS before bound crystal violet was eluted from pegs in
250 pl/well of elution solution (70% ethanol; 5% acetic acid). The eluate was
measured with plate reader KC junior (Forsyth Institute, Boston, USA) or Omega
Fluostar (BMG Labtech, Glasgow Dental, School and Hospital, UK) absorbance

was measured at OD 570 nm with water blank.

Biofilm inhibition, expressed as ‘% inhibition of biofilm formation’ was

calculated according to the following equation:
100 - ((Absorbance of test antibody/absorbance of no antibody control) x 100)

2.6.6.2 CyQuant assay®

Pegs were removed with pliers and transferred to sterile eppendorfs containing
one ml of sterile PBS. Biofilms were disrupted from pegs by sonication for five
min at 35 kHz. Sonication did not to affect S. mutans cell viability. Pegs were
discarded and the resulting cell suspension was pelleted by centrifugation at 10,
000 x g for 10 min. The cell pellet was frozen to -70°C for 1 h and thawed to
room temp. Next, cells were resuspended in 1 ml of CyQuant® GR dye/lysis
buffer (Invitrogen). Simultaneously, a standard curve was prepared from
planktonic S. mutans cells in the range of 1x10° - 1x10" CFU/ml. All samples
were incubated with the dye for 5 min in the dark at room temperature.
Following incubation, 200 pl volumes of cell suspensions, including standards
were added to wells of a black fluorescent microtitre plate (Thermo Fisher

Scientific, UK) and fluorescence of samples was measured using an Omega
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Fluostar®. A standard curve was created using non-linear regression analysis and

used to extrapolate the number of CFU/ml of S. mutans forming biofilms.

2.6.6.3 TagMan® QPCR

Individual pegs were removed using pliers and transferred to sterile eppendorfs.
Enzymes for cell lysis (outlined in section 2.6.7) were added and eppendorfs
containing pegs were subjected to sonication for 5 min at 35 kHz. Therein DNA
digestion was performed as outlined below (section 2.6.7) and TagMan® QPCR
using S. mutans specific primers and probe was performed as outlined in section
2.6.8.

2.6.6.4 AlamarBlue® Assay

The AlamarBlue® assay (Invitrogen) incorporates a fluorometric growth indicator
based on the detection of metabolic activity. The system incorporates an
oxidation-reduction (REDOX) indicator that fluoresces in response to chemical
reduction of the growth media resulting from cell growth. Following S. mutans
biofilm formation on peg lids, pegs were washed as previously described and
transferred to a fresh microtitre plate (Costar) containing 250 ul/well of PBS and
1/10 dilution of AlamarBlue®. Biofilms were incubated with AlamarBlue®
solution at 37°C, in 5% CO; for 4 h. Following incubation, pegs lids were removed
and the change in fluorescence was measured using an Omega FluoStar® plate
reader. The raw fluorescence intensity data was averaged for each condition
with increased fluorescence intensity being indicative of an increased reduction

of the growth media and thus represents increased metabolic activity.
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Figure 2-2: S. mutans biofilm formation on peg lids

S. mutans sucrose-dependent biofilm formation on peg lids, visualized with crystal
violet incorporation.

2.6.7 DNA extraction

S. mutans NCTC 10449 and S. sobrinus NCTC 33478 cultures were grown to
exponential phase in BHI for 8 h. Cultures were adjusted to absorbance 0.05 (OD
570 nm), equivalent to approximately 5 x 10’ CFU/ml and serially 10-fold diluted
down to 5 x 10° CFU/ml. One ml volumes of each culture were pelleted by
centrifugation at 10, 000 x g for 10 min. DNA extraction was carried out using
Masterpure™ Gram positive DNA purification kit (Epicentre Biotechnologies, USA)
in accordance with manufacturer’s instructions. Briefly, 1 ml of culture was
pelleted by centrifugation, and resuspended in 150 uyl TE buffer. For bacterial
lysis, 1 pl Ready-Lyse Lysozyme® and an additional 20 U mutanolysin were added
to the resuspended cell pellet and incubated for 1 hr at 37°C. Next, 150 pl of
Gram positive lysis solution, containing 3 pg proteinase K was added to each
sample and incubated at 65°C for 15 min. Samples were cooled to 37°C and then
placed on ice before addition of 175 pl MPC Protein Precipitation Reagent.
Samples were vortex mixed vigorously before centrifugation at 4°C for 10 min at
10,000 x g (Microfuge® 22R Centrifuge; Beckman Coulter). Supernatants were
transferred to clean Ambion® DNase-free eppendorfs, 5 ug of RNase A was added
to each sample before 30 min incubation at 37°C. One volume of isopropanol

was added and tubes were inverted 30-40 times. DNA precipitate was harvested
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by centrifugation for 10 min at 10,000 x g at 4°C. Isopropanol was removed,
taking care not to dislodge the DNA pellet. The pellet was then washed in 70%
ethanol, which was removed by pipetting; remaining ethanol was allowed to
evaporate then DNA was resuspended in 35 pl of DNase free water. The quantity
and quality of DNA was measured using a Nanodrop spectrophotometer
(Nanodrop 1000, Thermo Scientific). The DNA from serially diluted cultures was
used as standards to quantify the absolute CFU/ml of S. mutans and S. sobrinus
in saliva of clinical samples by TagMan® QPCR. Cell pellets from clinical plaque
and saliva samples were removed from -80°C storage and allowed to thaw prior

to DNA extraction performed as above.

2.6.8 Quantitative PCR

TagMan® real-time QPCR was performed using an Mx3000P (Agilent Technologies
Inc) according to the manufacturer’s instructions. The principle of the method is

outlined below (Figure 2-3).

Primers and fluorescent probes, previously described (Table 2-2) were purchased
from Eurogentec, Belgium. Fluorescent probes contained a reporter dye (FAM)
covalently attached to the 5’ end and a quencher dye (TAMRA) attached to the
3’ end. Primers and probes were HPLC purified. Extension from the 3’ end of the
probe was blocked by the attachment of a 3’ phosphate group. The specificity of

primers and probes were confirmed (Table 2-3).

Each reaction contained:

12.5 pl Tagman® Platinum mix UDG (Invitrogen, Paisley, UK)
200 nM each primer

250 nm fluorescent probe

1 ul DNA template

total volume = 25 pl.

Amplifications of DNA were performed in triplicate using an initial cycle of 50°C
for 2 min and 95°C for 10 min followed by 60 cycles of 95°C for 15 s and 58°C
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for 1 min. Data analysis was performed using MxPro QPCR Software (Agilent
Technologies Inc) to calculate the threshold cycle (Figure 2-4a). The Ct value
represents the PCR cycle at which fluorescence can be first detected above a
defined threshold. DNA extracted from S. mutans and S. sobrinus cultures of
known CFU/ml were used as standards and were amplified in duplicate alongside
clinical samples. Standard curves were created and the linear phase of
amplification (Figure 2-4b) was used to calculate the absolute numbers of S.
mutans and S. sobrinus from saliva samples. For each saliva sample, the
recorded volume of saliva originally collected was used as a multiplication factor

to calculate the absolute number of S. mutans and S. sobrinus CFU/ml saliva.

DNA extracted from plaque samples was used to estimate the relative amount of
S. mutans and S. sobrinus in relation to total Gram positive plaque flora,
estimated by 16S universal primers specific for Gram positive bacteria, using the
AACT method. Using this method the fold difference was calculated. A
multiplication step was performed to determine S. mutans and S. sobrinus as a

percentage of Gram positive plaque flora for each individual.

Table 2-2: Primers and probes used to detect and qu antify absolute and

relative numbers of S. mutans and S. sobrinus in samples
Primers and Sequence (5-3) Target Reference
Probes
S. mutans-Forward | GCCTACAGCTCAGAGATGCTATTCT gth (Yoshida
primer et al.
S.. mutans-Reverse | GCCATACACCACTCATGAATTGA 2003 a)
primer
S. sobrinus- TTCAAAGCCAAGACCAAGCTAGT gth
Forward primer
S. sobrinus- CCAGCCTGAGATTCAGCTTGT
Reverse primer
S. mutans probe FAM- gtfB
TGGAAATGACGGTCGCCGTTATGAA-
TAMRA
S. sobrinus probe FAM-CCTGCTCCAGCGACAAAGGCAGC- gtfT
TAMRA
Universal-Forward CAACGCGAAGAACCTTACC 16s DNA | (Wu et al.
primer 2008)
Universal-Reverse ACGTCATCCCCACCTTCC
primer
Gram +ve probe FAM-ACGACAACCATGCACCACCTG-
TAMRA
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Figure 2-3: Schematic representation of TagMan® QPC R

A reporter dye, FAM was covalently attached to the 5’ end of the probe (F). A
guencher (Q), TAMRA was attached to the 3' end. PCR product amplification
resulted in cleavage of the probe, thus removing the inhibitory action of the
qguencher from the reporter.



Table 2-3: Amplification of DNA from a panel of bac

TagMan primers and probes
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terial species using

Bacterial species (strain)

S. mutans

S. sobrinus

16S DNA (+ Gram

+ve probe)

. mutans (UA159)

*(+)

. mutans (10449)

. sobrinus (33478)

. mitis (12261)

. sanguinis (7863)

wn W Wnh Wn n Wn

. salivarius (7366)

Porphyromonas gingivalis
(33227)

F. nucleatum (10953)

Aggregibacter
Actinomycetemscomitans
(11123)

Pseudomonas aeruginosa (Pg)

P. aeruginosa (PAO1)

P. aeruginosa (PA14)

Primers and probes were assessed for their specificity against a panel of Gram-
positive (shaded grey) and Gram-negative (white) bacterial species. +/- indicates
an amplification product or no amplification product, respectively following PCR.
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Figure 2-4: Determination of the critical threshold used to quantify S. mutans
or S. sobrinus from DNA standards

Representative images of (a) amplification plots showing the critical threshold (ct)
at which the fluorescent signal can be detected above background fluorescence
for duplicates of reactions with serially diluted template and (b) standard curve
showing the linear reaction efficiency of DNA extracted from cultures of S. mutans
containing 5 x 108 CFU/mI and subsequent ten-fold dilutions of bacteria down to 5
x 10" CFU/mI. Thus, data confirm the linear reaction efficiency of the assay and
the efficiency of DNA extraction.
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2.7 ELISA

2.7.1 Salivary antimicrobial protein assays

The concentrations of antimicrobial proteins (Lactoferrin, LL37, calprotectin and
the human neutrophil peptides [HNPs] 1-3) in clinical saliva samples were
estimated by sandwich ELISAs. The antibody used to detect the HNPs does not
discriminate between peptides 1, 2 and 3. The commercial ELISA kits were used
in accordance with the manufacturer’s instructions (Hycult Biotech). Clinical
saliva samples and assay standards were assayed in duplicate at an appropriate
dilution factor as indicated in (Table 2-4). The absorbance of samples were
measured at OD 450 nm using an Omega FluoStar® plate reader and the
concentrations of antimicrobial proteins were determined by interpolation from
a standard 4-parameter fit curve using Omega Data Analysis Software (BMG
Labtech).

2.7.2 Cortisol assay

The concentration of salivary cortisol was estimated by competitive ELISA. The
ELISA kit was used in accordance with the manufacturer’s instructions
(Salimetrics, USA) (Table 2-4). Clinical saliva samples and assay standards were
assayed in duplicate. The absorbance of samples and standards were measured
at OD 450 nm with correction at 630 nm using an Omega Fluostar® plate reader.
The percentage of bound cortisol for each sample, standard and control was
calculated by dividing the average of the duplicate OD by the average OD of the
no cortisol wells. The concentrations of samples and controls were determined
by interpolation from a standard 4-parameter fit curve using GraphPad Prism

version 4 for Windows (GraphPad Software, San Diego, California, USA).



Table 2-4: Dilution factors and sensitivity range f

or commercial ELISA kits
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ELISA Supplier Dilution Sensitivity Range
Factor

LL-37 (cathelicidin) Hycult Biotech | Neat 0.1-100 pg/ml

HNPs 1-3 Hycult Biotech | 1/100 41 - 10,000 pg/ml

(a-defensins)

Calprotectin Hycult Biotech | 1/100 1.56 - 100 pg/ml

(S100A8/A9 complex)

Lactoferrin Hycult Biotech | 1/100 0.4 - 100 pg/ml

Cortisol Salimetrics Neat 0.012 - 3 pg/dL
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2.7.3 Salivary IgA

The concentration of salivary IgA (slgA) antibodies specific for a panel of oral

streptococci was estimated by whole cell bacterial ELISA.

2.7.3.1 Preparation of bacteria

Bacterial strains: S. mutans NCTC 10449, S. sobrinus NCTC 33478, S. mitis NCTC
12261 and S. sanguinis NCTC 7863 grown on BA as previously described were
harvested using sterile swabs. Each strain was singularly resuspended into PBS
containing 0.1mM disodium EDTA (PBSE). The bacterial cells were centrifuged
for 20 min at 4,000 x g. The supernatant was discarded and the bacterial cells
resuspended in PBSE. This process was repeated a further three times until the
supernatant was clear. Bacteria were fixed with 10% formal saline by incubation
at room temperature for 16 - 18 h. The fixed bacteria were washed a further
two times in PBSE and once in coating buffer (CB:1.59 g Na,CO; and 2.93 g
NaHCOs; dissolved in 1L distilled water and adjusted to pH 9.6). Sodium Azide [2%
w/v in CB] was prepared and 1/10 volume was added to the fixed cells. Cells

were stored in CB at 4°C for up to one month prior to use in ELISA.

2.7.3.2 Estimation of sIgA antibodies

Ninety-six well Immunolon | plates (Dynex Technologies, VA, USA) were used for
their low protein binding properties. The optimal concentration of bacterial
suspensions and detection reagents were optimised and validated prior to use.
For coating, 200 pl CB was added to each well and incubated for 30 min, then
discarded and the plate blotted dry by inverting and pounding on paper towels.
Next, 100 pl of 0.25 OD 550 nm of whole bacterial suspensions in CB was added
and incubated at 4°C overnight on a rocking platform. All subsequent steps were
carried out at 37°C with reagents diluted in incubation buffer (PBS 0.05% Tween
20 + 5% BSA). Plates were blocked with 200 pl incubation buffer for 1 h. To
detect salivary antibody, clinical saliva samples were added to wells in
triplicate, at two-fold dilutions ranging from 1/200 -1/6400 for 2 h. The reaction
was developed by 1 h incubation with 1/2000 dilution of goat anti-IgA
biotinylated detection antibody (Sigma), followed by addition of ExtrAvidin

peroxidase conjugate (Sigma) for 1 h. Following each step plates were washed
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four times in washing buffer (PBS 0.05% Tween 20 [PBST]). For each wash, wells
were filled with wash buffer and allowed to stand for one minute before being
inverted. Following the final wash, residual wash buffer was removed by
pounding plates on paper towels. Plates were developed with 100 pl TMB
(3,3,5,5’-tetra-methylbenzidine substrate [R & D Systems, Minneapolis, USA]).
The extent of colour development was determined at OD 630 nm with an Omega

FluoStar® plate reader.

The raw OD data was used to determine the antibody titres to each strain of oral
streptococci in the patient’s saliva. In brief, the duplicate results for each
dilution were averaged and the final titre was expressed as ELISA units (EU)
(Gmur et al. 1986). The results were calculated with a regression line and
derived equation from the serial dilutions of patient saliva. Control saliva,
pooled using a small volume of saliva from every study participants at baseline,
acted as a quality control and allowed for correction in day to day assay variance

and enabled the reproducibility of the assay to be monitored.

2.8 Animals

C57BL/6 mice (Harlan, Bicester, UK), C57BL/6 ‘TEa’ mice with transgenic T cells
which recognise Eas;.¢s-MHCIlI complex (obtained from S. McSorley, University of
Minnesota, Minneapolis, USA) and C57BL/6 ‘OT-1I’ mice with TCR transgenic T
cells which recognise OVA3;3.339-MHCII were maintained at the Central Research
Facility (University of Glasgow, UK) under specific pathogen free conditions.
Female mice aged 6 - 8 weeks were used in all experiments. All procedures were

performed according to local and UK Home Office regulations.

2.9 Isolation and culture of bone marrow derived
dendritic cells from C57BL/6 mice

Mice were sacrificed by cervical dislocation prior to aseptic removal of femurs
and tibias, which were transferred to ice cold RPMI. Muscle and epiphyses were
removed to expose the cavim. Bone marrow was flushed through with 2 ml of
RPMI 1640 medium using a 2.5 ml syringe and 23 G needle. Bone marrow was

disrupted by passing through a cell strainer and the resulting cell suspension was
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resuspended at 2 x 10® cells/ml in RPMI, supplemented with 2 mM L-glutamine,
100 U penicillin, 100 pg/ml streptomycin, 10% foetal calf serum (complete RPMI)
and 10% GM-CSF (obtained from X63 myeloma cells transfected with mouse
granulocyte-macrophage colony-stimulating factor cDNA). Bone marrow derived
cells were cultured in wells of 6-well plates (Costar, Corning) at a concentration
of 2 - 4 x 10° cells/well under microaerophilic conditions (5% CO,) at 37°C. Fresh
medium was added to the cell cultures every three days and DC’s were
harvested on day seven. Differentiation into DC’s was confirmed by staining DC’s
with anti-CD11c (Table 2-5), on average 70% of the cells in culture were CD11c

positive by FACS analysis.
2.10 Isolation of murine lymph nodes and spleens

Mice were sacrificed by exposure to a rising concentration of CO;, followed by
cervical dislocation. Lymph nodes and spleens were removed and placed in RPMI
on ice. Single cell suspensions were prepared by passing tissues through a 40 pm
cell strainer using a 5 ml syringe plunger in the presence of RPMI, supplemented
with 2 mM L-glutamine, 100 U penicillin, 100 pg/ml streptomycin (incomplete
RPMI). For isolation of antigen specific T lymphocytes or DCs, lymph nodes were
digested with 80 pg of Liberase™ (Roche Diagnostics, Indianapolis, USA) for 30

minutes and then passed through a cell strainer using a pipette.

Splenocytes were pelleted by centrifugation at 400 x g at 4°C and resuspended
in 5 ml of room temperature red lysis buffer (Invitrogen, UK) for 15 min. Cells

were pelleted by centrifugation as before and resuspended in incomplete RPMI.
2.11 In vitro DC activation

Bone marrow derived DCs (section 2.9, BMDCs) were washed by aspirating media
and replaced with RPMI supplemented with 10% heat-inactivated fetal calf serum
(HI-FCS). This was repeated once then cells were left to settle for at least 4 h.
BMDCs were stimulated for 4, 18 or 24 h with heat-killed or live S. mutans UA159
or their conditioned supernatants or with E. coli (DH5A), with or without ‘model’
antigens; either 100 pg/ml exogenous EaGFP, (EaGFP generated from the EaRFP

fusion protein was a kind gift from Dr John Butcher of the University of Glasgow,
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and has been previously described (Rush et al. 2009) or OVA peptide, as detailed
in figure legends. Heat-killed or live S. mutans or E. coli or live E.coli were
added to DCs at ratios of 10:1 or 100:1. Following stimulation DCs were scraped
from wells using a cell scraper and transferred to 15 ml falcon tubes. DCs were
then stained for cell surface receptors using appropriate antibodies (Table 2-5)
and analysed by flow cytometry according to the protocol outlined below

(section 2.13). Alternatively, DCs were co-cultured with T cells (section 2.12).

2.11.1 Viability assay

BMDCs were stained with anti-CD11c, followed by annexin-V AF-488 conjugate
(Life technologies) to detect apoptotic cells, and 7-AAD (eBioscience, Hatfield,
UK) to detect non-viable cells. Cells were washed twice in 200 pyl FACS buffer
(PBS + 2% FCS + 0.05% NaNs), pelleted by centrifugation at 350 x g and
resuspended in 300 pl FACS buffer and analysed by flow cytometry.

2.12 In vitro T cell proliferation

Stimulated BMDCs were adjusted to 1 x 10° cells/ml in complete RPMI and 100 pl
(1 x 10° cells) were added in triplicate to wells of a 96-well microtitre plate
(Costar, Corning). One hundred pl, of approximately 1 x 10° cells/ml of
transgenic OT-Il T cells were added to wells with DCs at a ratio of 1:1. As a
postive control 2 pg/ml of anti-CD3e was added to T cells co-cultured with DCs
not previously stimulated with antigen. Plates were incubated for 48 h at 37°C
in 5% CO,. Supernatants were removed and stored at -80°C. Spent media was
replaced after each 24 h period. T cell proliferation was detected using Click-
iT™ EdU Flow Cytometry Assay Kit (Molecular Probes, Invitrogen). EdU
incorporation and detection was performed as per manufacturer’s instructions.
Cells were incubated with 10 uM EdU (AF 647 or 488) for the final 24 h of culture
at 37°C in 5% CO,. Cells were stained for cell surface receptors as detailed in

section (2.13.1 and Table 2-5) and analysed by flow cytometry.
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Table 2-5: Murine antibodies used for flow cytometr vy

Antigen Isotype Supplier (Clone) Label
CD11c Ar hamster IgG1 eBioscience (N418) APC, PE
CD40 Rat 1gG2a BD (3/23) FITC
CD80 Ar hamster 1gG2 BD (16-10A1) FITC
CD86 Rat IgG2a BD (GL1) FITC

CD4 Rat 1gG2a BD (RM4-5) FITC, APC
Eas;.¢s peptide Mouse 1gG2b eBioscience (Y-Ae) BIO
bound to MHCII

Antibodies were used according to the manufacturer's recommendations at
dilutions of 1/200 per 5 x 10° cells. Biotin-conjugated Y-Ae was detected with 0.2
Mg/test streptavidin-FITC or —APC (BD Pharmingen, Oxford, UK)
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2.13 Flow cytometry

2.13.1 Cell surface antigen staining

To reduce non-specific antibody binding to Fc receptors, murine cells were
resuspended in FACS buffer containing Fc block (2.4G2 hybridoma supernatant)
at 5 x 10° cells/100 pl for 15 min at 4°C. Cells were transferred to polystyrene
tubes (‘FACS tubes’ Falcon 2052, BD Pharmingen) and stained with various
antibodies or appropriate antibody controls at 1/200 dilution (Table 2-5) for 30
min in the dark at 4°C. Cells were washed twice in 200 pl FACS buffer,
centrifuging at 350 x g for 5 min. Where secondary detection reagents were
required, cells were resuspended in 100 pl FACS buffer containing the
appropriate secondary reagent (Table 2-5) and incubated in the dark for 30 min
at 4°C. Cells were washed twice in 200 ul FACS buffer, centrifuging at 350 x g
for 5 min. Finally, cells were resuspended in 300 pl FACS buffer and passed
through a 30 pm nitex nylon mesh (Fisher scientific, Leicestershire, UK). Cells

were then analysed.

2.13.2 Flow cytometry acquisition and analysis

Cells were acquired and analysed on a Becton Dickenson FACSCalibur using
CellQuest Acquisition software. Prior to running labeled cells, FSC (forward
scatter) and SSC (side scatter) were adjusted so that cells of interest could be
gated on screen. Unstained samples were used as auto-fluorescence controls,
allowing settings to be adjusted so that auto-fluorescence background was
roughly within the first decade of the log scale of the fluorescence intensity
plot. Positively stained controls were used to adjust compensation settings such
that detection of each fluorochrome was brightest using the appropriate
detector. Data were analysed using FlowJo software (Treestar, Ashland, OR,

USA). Results are expressed as % positive cells or mean fluorescence intensity.
2.14 Statistical analysis

Data were obtained from observations and measurements made on individuals

(mice, humans, cells etc). Statistical tests were applied to evaluate how far the
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observed evidence differed from what would be expected if the null hypothesis
were true. From these statistics, p values were calculated and if p < 0.05 the
null hypothesis was rejected and the difference considered statistically

significant.

Clinical data were investigated to determine frequency distributions prior to
statistical analysis. Skewed data were logio transformed to obtain a normal
distribution. Parametric statistical tests were applied to normally distributed
data. Independent samples student’s t-tests were applied to test whether two
groups had the same mean. In every instance, Levene’s test for equality of
variance was considered and the appropriate p value was reported. Analysis of
variance (ANOVA) with Bonferroni corrections was used for clinical data or Tukey
corrections were used for experimental data were applied to test whether three
or more groups had the same mean and ANOVA linear was applied to investigate
the linear trend from three or more groups. Pearson bivariate correlations or
Linear regression analysis were applied to test correlations and associations,

respectively between two normally distributed scale variables.

When data exhibited skewed distribution non-parametric statistical tests were
applied. Mann-Whitney U tests were applied to test the difference between two
means. Kruskal-Wallis was applied to test differences between the means of
three or more groups and Jonckheere-Terpstra test was applied to test the linear

trend between three or more groups.

Fisher’s exact test was applied to determine the statistical significance of an

association between two categorical variables.

All statistical analyses were performed using IBM SPSS software, PAWS statistics
18 and GraphPad Prism version 4 for Windows (GraphPad Software, San Diego,
California, USA). All graphs were produced in GraphPad Prism version 4 for
Windows. Box plots display median, 25" and 75" percentiles and whiskers show

the minimum and maximum values.



Chapter 3: Cross-sectional analysis of caries-
associated biological risk factors in one-year-old

children
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3.1 Introduction

Oral health is a substantial component of general health, well being and quality
of life. Dental caries remains one of the most prevalent chronic diseases of
childhood, inflicting a substantial social and economic burden (Marthaler 2004).
The WHO estimates that dental caries affects between 60-90% of school age
children in developed countries and the vast majority of adults (Petersen 2003).
Twenty-five percent of three-year-old children in Glasgow have some caries
experience (McMahon et al. 2010) and caries prevalence increases with age, with
36% of five-year-old Scottish children having obvious decay experience, rising to
41.8% in the Greater Glasgow area (Macpherson et al. 2010b). Moreover, adult
oral health is predicted by childhood dental health, highlighting the importance

of epidemiological studies targeted to include the youngest age groups.

Dental caries is a complex, multi-factorial disease known to be influenced by
dietary factors, although the disease results from a bacterial infection and as
such caries susceptibility may be altered by the host immune response. There is
substantial evidence to indicate a causative relationship between caries and the
Mutans streptococci, namely S. mutans and S. sobrinus and their presence in
plaque and saliva has been used as an indicator of caries risk (Kristoffersson et
al. 1985; Parisotto et al. 2010b). In children with high caries rates S. mutans is
the predominant organism isolated from carious lesions (Marchant et al. 2001)
and comprises 30-50% of plaque microbiota at these sites (Berkowitz et al.
1984). In contrast, only 1% of the oral microbiota comprises S. mutans in caries
free children (Law et al. 2007). To date there is little understanding of how
infants and children respond to the evolution of the oral biofilm and how the
host might influence this evolution. It is crucial to better understand this process

if novel therapeutics and prevention strategies are to be developed.

Previously, S. mutans was believed to colonise the oral cavity during a discreet
‘window of infectivity’ reported to occur between 18 to 36 months of age
(Caufield et al. 1993). S. mutans preferentially colonises tooth surfaces,
although can be recovered from the mouths of pre-dentate infants (Wan et al.
2001). However, S. mutans are not recovered in significant nhumbers in children

until around two-years of age (Taubman and Nash 2006). Studies have shown
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that S. mutans colonisation increases with increasing age and that this increase
is independent of socioeconomic status (Radford et al. 2001). The time of S.
mutans colonisation is clinically significant as caries risk increases with earlier

acquisition of S. mutans (Alaluusua and Renkonen 1983).

Dental caries is strongly associated with socioeconomic status (SES) with those
from the lower socioeconomic groups having the highest prevalence of the
disease (Levin et al. 2009; Macpherson et al. 2010b; Sisson 2007). Inequalities in
oral health begin early in life and the SES/oral health relationship is already
apparent in children as young as three-years-old with caries prevalence rising
from 16% in the least deprived to 32% in the most deprived areas (McMahon et
al. 2010). These disparities in health cannot be fully explained by differences in
access to health care, behavioural, dietary or genetic factors. Recent evidence
suggests that the physiological stress response may provide a link between low
SES and chronic disease, such as dental caries (Adler and Rehkopf 2008;
Quinonez et al. 2001).

Thus, there are fundamental gaps in current knowledge of the interrelationships
of caries risk factors and in particular how the immune system deals with the
evolving oral biofilm in young children, and how this may contribute to

inequalities in dental caries.

The combination of Childsmile’s unusually young target age group and the
multiple visit interventions provides a unique opportunity to investigate the
evolution of the oral biofilm coincident with the development of the salivary
immune response. These studies therefore sought for the first time to collect,
process and analyse biological samples, socioeconomic data, dietary information
and dental health status in a longitudinal clinical study of Childsmile participants
(Figure 3.1 and 3.2).

Initially, the cross-sectional sample of children aged approximately one-year was

investigated. The research objectives for this study were as follows:

1. To describe study participants in terms of their demographics, total plaque

bacteria, carriage of S. mutans and S. sobrinus in plaque and saliva and the
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concentrations of salivary lactoferrin, LL37, calprotectin, the HNPs 1-3 and

slgA antibodies specific for a panel of oral streptococci.

. To investigate if socioeconomic inequalities influence total numbers of
plaque bacteria, the detection of S. mutans and S. sobrinus in plaque and
saliva, the concentrations of salivary lactoferrin, LL37, calprotectin, the

HNPs 1-3, sIgA antibodies specific for a panel of oral streptococci or cortisol.

. To investigate if salivary cortisol concentrations influence total plaque
bacteria, the detection of S. mutans and S. sobrinus in plaque and saliva, the
concentrations of salivary lactoferrin, LL37, calprotectin, the HNPs 1-3 or

slgA antibodies specific for a panel of oral streptococci

. To investigate if the concentrations of salivary lactoferrin, LL37,
calprotectin, the HNPs 1-3 or slgA antibodies specific for a panel of oral
streptococci influence the total numbers of plaque bacteria and the

detection of S. mutans and S. sobrinus in plaque and saliva
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Second
First sample sample
collection collection
Initial tooth Final primary
— emergence tooth emergence
Birth 18 months 36 months
Increased colonisation with S. mutans with increasing age >

Figure 3-1: Sample collection timeline

Schematic overview of the longitudinal sample collection. Plague and saliva
samples were collected from a cohort of Childsmile participants on two occasions,
at approximately 18 and 36 months of age. The present chapter describes the
cross-sectional analysis of microbiological and immunological investigations of
plague and saliva, together with demographic data collected from children at the
first time point. The timeline for the study was designed to coincide with the
eruption of the primary dentition, specifically the molars as these teeth are the
preferred attachment sites of S. mutans .
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Diagnostic Culture
Total aerobic flora (Blood agar)
Total oral streptococci (Mitis salivarius agar)
Total Mutans streptococci {Mitis salivarius bacitracin agar)
Lactobacilli spp. (Rogosa agar)
QPCR (Relative quantification)

5. mutans (% of Gram positive flora)

5. sobrinus (% of Gram positive flora)

Saliva
OPCR (Absolute quantification)
:> S. mutans (CFU/ml)

5. sobrinus (CFU/mL)

. Pt Salivary proteins (ELISA)

™~ :r> Lactoferrin SlgA specific for §. mutans

LL37 SlgA specific for 5. sobrinus
Calprotectin SlgA specific for 5. mifis
HNPs 1-3 SlgA specific for 5. sangininis
Cortimol

Figure 3-2: Microbiological and immunological inves tigations of plaque and
saliva

Schematic overview of the measures used to investigate the microbiological and
immunological characteristics of plaque and saliva samples collected from study
participants. Plaque was collected using the Copan Eswab® and was investigated
for the presence of oral bacteria by diagnostic culture to determine the CFU/ml of
total aerobic flora (as a measure of bacterial load), total oral streptococci and
Mutans streptococci. TagMan® QPCR was used to determine the relative
proportions of S. mutans and S. sobrinus as a percentage of Gram positive plague
flora. Saliva was collected using the Salimetrics children’s swab® and was
investigated for the presence of cariogenic bacteria. TagMan® QPCR was used to
guantify the absolute numbers of S. mutans and S. sobrinus from saliva. Saliva
was investigated by ELISA for the presence of salivary proteins: antimicrobial
peptides (LL37, calprotectin and the HNPs 1-3), the antimicrobial protein
lactoferrin and for salivary IgA (sIlgA) antibodies specific for a panel of oral
streptococci (S. mutans, S. sobrinus, S. mitis and S. sanguinis) and salivary
cortisol as a surrogate measure of stress.
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3.2 Results

Sixty-three children were recruited from the Childsmile programme between
April and December 2009 for the present study. The study received approval
from the West of Scotland Research Ethics Committee (08/50703/139) and NHS
Greater Glasgow and Clyde R&D Management. Signed parental consent was

obtained for each study participant.

3.2.1 Descriptive analysis of demographic data collected by

guestionnaire

The age of study participants ranged from 12 to 24 months (Table 3-1). This
encompassed the target age of 18 months, which was chosen to coincide with
the time at which colonisation by S. mutans has been shown to increase
(Taubman and Nash 2006). The median age of children in the study was 16
months, with peaks at both 12 and 18 months (Figure 3-3). There was no
significant difference in gender recruitment for the study with 47% (n = 29)
female participants and 53% (n = 33) male participants. The gender of one child

was not reported (Table 3-1).

Over 85% (n = 53) of the completed questionnaires were completed by the
mothers of study participants, the remainder were completed by fathers. The
age of parents who completed the demographic questionnaire was variable
ranging from 18 to 44 years with a median age of 29 years. Over 70% (n = 45) of
parents reported that they did not smoke (Table 3-1).

Forty-eight percent (n = 30) of parents reported that their child who
participated in this study was their only child, while 29% (n = 18) had 2 children,
19% (n = 12) had 3 children and 3.2% (n = 1) reported to have 4 or more children
(Table 3-1).

Seventy-one percent (n = 44) of parents reported that their child who
participated in the study had not been breastfed. Of those children who were
breastfed (n = 18) the length of breastfeeding ranged from 1 to 14 months with a

median of 4 months.
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Parents reported weaning their child from milk between 4 and 12 months of age
with a median of 5 months (Table 3-1). This question asks at what age weaning
was started. However, the responses suggest that some parents may have
reported the age at which their child was fully weaned, around 8 to 12 months.

This is beyond the recommended 6 months to begin weaning.

Parents were asked to provide information regarding the level of education they
had received. The level of parental education, particularly mother’s education
has been used as an indicator of SES and also as an indicator of caries risk (Litt
et al. 1995; Warren et al. 2009). In the present study parents reported that they
received between 10 and 22 years of full time education, with a median of 12
years (Table 3-1). Education categories were dichotomised as described in
(Table 2-1). Thirty-five percent (n = 21) of parents received secondary school
education, while the remaining 65% (n = 39) received education to the level of

school or college 6 form or above (Table 3-1 and Figure 3-4).

Income categories were dichotomised (Figure 3-5). The original data indicated
that children had been recruited to the study from across the socioeconomic
scale; however, the low numbers in each category were not useful for any
meaningful statistical analyses. Over 43% (n = 23) reported annual household
income of below £10,000 and 56.6% (n = 30) reported total income of £10,000 or
above. The remaining percentage was divided between those who didn’t know,

6.9% (n = 4) and one parent who refused to provide the information (Table 3-1).

Benefit categories were dichotomised (Figure 3-6). Over 37% (n = 22) of
households reported that they received half to all of their income from benefits,
while the remaining 62.7% (n = 37) received none to a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>