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Abstract

Critically ill patients often require mechanical ventilation (MV) to facilitate
treatment for respiratory failure or airway protection when consciousness is
impaired. Whilst the endotracheal tube (ETT) is an essential interface
between the patient and ventilator, it may promote VAP by impeding host
defence mechanisms and by translocating microorganisms from dental
plague to the lower airways. Ventilator-associated pneumonia (VAP), which
may be challenging to diagnose, is the most frequent hospital-acquired
infection in critical care. It has been reported that when patients receive MV
the composition of dental plaque changes to include respiratory pathogens
such as Meticillin-Resistant  Staphylococcus aureus (MRSA) and
Pseudomonas aeruginosa.

The primary aim of this research was to confirm that dental plaque
communities altered during MV and to identify the potential causes of these
changes. A combination of culture-based microbiology, community profiling
molecular techniques and proteomic analysis of saliva was performed to
analyse the microbiological content of the oral cavity, and to also quantify
changes in dental plaque composition and saliva.

For the first time, this study comprehensively analysed the dental plaque of
mechanically ventilated patients and documented considerable species
richness and diversity. Numerous potential respiratory pathogens were
detected including Staphylococcus aureus, P. aeruginosa and Streptococcus
pneumoniae in approximately one-third of mechanically ventilated patients. In
addition, salivary flow rate was decreased and both the salivary pH and
concentration of pro-inflammatory cytokines were significantly elevated
during intubation.

Dental plaque is a reservoir for VAP, and preventing or reducing respiratory
colonisation may play a role in the management of ventilated patients.
Interventions to prevent colonisation could include the modulation of salivary
parameters such as pH and volume and further work may lead to the
identification of specific proteins that are significant. Reducing the incidence
of VAP will not only reduce mortality in the ICU, but will also have a great
impact on hospital economics by reducing inpatient stay.
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Chapter 1

Literature review



1.1 The role of oral microbiome in systemic infection

The oral microbiome, the community of microorganisms and associated
genetic material in the oral cavity, is extremely diverse with over 1000
microbial species currently identified (Wade, 2013a; Wade 2013b). Previous
research has shown systemic infections can originate from microorganisms
frequently isolated from the oral cavity (Yip & Smales, 2012). Infection
mediated by oral microorganisms may occur once the number of potentially
pathogenic bacteria increases to a level that can cause damage either to the
tooth (e.g. dental caries), local tissues (e.g. periodontal disease) or distant
sites (pneumonia or endocarditis), as highlighted in table 1.1 (Gomes-Filho et
al., 2010).

Table 1.1 — The association between oral microorganisms and systemic
infections (Desvarieux, 2005; Ohara-Nemoto et al., 2008; Lockhart et al.,
2009; Gomes-Filho et al., 2010; Preshaw et al., 2012; Welte et al., 2012).

Systemic infection Association with oral microbiota
Community-acquired Periodontal pathogens: Porphyromonas gingivalis,
pneumonia Fusobacterium nucleatum, Prevotella oralis
Hospital-acquired Periodontal pathogens: Porphyromonas gingivalis,
pneumonia Fusobacterium nucleatum, Prevotella oralis

Oral anaerobic community can influence glycaemic
Diabetes control, diabetes increases risk of periodontitis

Cardiac atherosclerosis  Correlation with oral infection and intimal thickening

Gingivitis and periodontitis inflammation, dental
procedures and toothbrushing - route of entry for

Streptococcus mutans and Streptococcus mitis
bacteraemia, staphylococci (oral and nasal origin)

Infective endocarditis

Pre-term birth and low High abundance of Porphyromonas gingivalis,
weight birth Prevotella intermedia and Tannerella forsythia




The oral cavity represents a primary route of entry for microorganisms into
the body and harbours microorganisms that can consequently translocate to
other areas of the body. It should not be a surprise, given the contiguity of
the aerodigestive tract, that bacteria within the oral cavity have been
associated with pneumonia in individuals in community, nursing home,
hospital or critical care settings. Dental pain or the wearing of a dental
prosthesis have been identified as risk factors for community-acquired
pneumonia (CAP) (Almirall et al., 2008). Community-acquired pneumonia
(CAP) is defined as an acute infection of the lung occurring in an individual
anywhere in the community (Raghavendran et al., 2000). A study by
Rodriguez et al., 2014 enrolling 1,336 individuals with CAP and 1,326 cases
of control, related the onset of CAP with oral health parameters (Rodriguez et
al., 2014). In the CAP group, there was a significantly higher prevalence of
dental dysaesthesia and the use of dental prosthesis. Further analysis within
their study also revealed that a recent visit to the dentist (within the last

month) was seen as a preventative measure for CAP.

1.2 Ventilator-associated pneumonia (VAP)

1.2.1. VAP prevalence

Critically ill patients often require mechanical ventilation (MV), to treat
respiratory failure or protect the airway where conscious level is impaired. An
endotracheal tube (ETT) facilitates the flow of gases from the ventilator to the
lower airways, providing adequate gaseous exchange. However, whilst the
ETT is an essential conduit between patient and ventilator, the placement of
the ETT has been suggested to be a key factor in the development of
ventilator-associated pneumonia (VAP) (Gibbs & Holzman, 2012). The
placement of the ETT can impair the cough reflex, allow the pooling of
secretions (contaminated with bacteria), and provides a surface for biofilm
formation. VAP is a hospital-acquired infection (HAI) with reported incidences
of up to 67% (Joseph et al., 2010). Recent studies suggesting the global
incidence of VAP is 15% of mechanically ventilated patients (Kollef, 2015)



and attributed mortality rates are reported to be between 33-50% of cases
(Nicasio et al., 2010). VAP is a bacterial pneumonia developing 48 h after
intubation (Lin et al., 2013) and is the most prevalent HAI in critical care units
(Joseph et al.,, 2010; Raad et al., 2011). There is some dispute as to the
precise definition of VAP, and this leads to challenges in accurate diagnosis
(Klompas et al.,, 2012). Correspondingly, the lack of standardisation of
diagnosis can make the study of the effects of interventions difficult (Tejerina
et al.,, 2010). Previous studies investigating prevalence rates of VAP in
critical care units have highlighted the difficulties in diagnosing VAP, many
features of VAP have other causes which are common in critical illness (e.g.
fever, abnormal radiographs) (Grap et al., 2011). Given these issues, VAP
prevalence rates from as low as 5% to as high as 67% have been reported
(Brennan et al., 2004; Sundar et al., 2012). Guidelines have been generated
to facilitate the reporting of VAP cases (NHSN, 2015). Reporting VAP,
especially in the US, has been affected by remuneration. Cases were subject
to extra biling as VAP is seen as an avoidable infection, which has
undoubtedly affected reporting incidences. Although studies have shown
large differences in VAP rates in intensive care units (ICUs), it is well
established that pneumonia in the context of mechanical ventilation
contributes significantly to the rates of HAls. A number of risk factors have
been associated with VAP development (Figure 1.1).
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Figure 1.1 — Several factors associated with the development of VAP a; ETT
b; lower airways compromised, c; aerosols, d; equipment used in critical care
medicine, e; transference of organisms from biotic and abiotic sites (Joseph
et al., 2010).

1.3 The Oral microbiota

1.3.1 Composition of the oral cavity

The oral cavity supports a diverse array of microorganisms with over 1000
cultivable species currently recognised (Faran Ali & Tanwir, 2012). The
diversity of the oral microbiota reflects the range of microbial habitats that are
present, including keratinised and non-keratinised oral mucosa, teeth,
protected periodontal pockets and any existing oral prostheses (Aas et al.,
2005). Environmental conditions in the oral cavity, including different oral



tissues and proteinaceous conditioning of surfaces, temperature, and pH all
contribute to such microbial variety (Faran Ali & Tanwir, 2012).

The rapid development of molecular technologies has allowed relatively
inexpensive high-throughput sequencing and profiling of the oral microbiome.
Utilising community profiling, more than 1000 bacterial taxa have now been
identified within the oral cavity, many of which coexist within polymicrobial
biofilms (Kawamura & Kamiya, 2012). Microbial metabolism from diverse
communities (the metabolome) is considered a key virulence factor, by way
of acidic end products which may alter the local pH (Takahashi, Washio, &
Mayanagi, 2012). Whilst the oral microbiome is thought to be relatively stable
in terms of microbial species during adult lifetime, there can be shifts in the
population dynamics, and changes to the local oral environment can lead to
dental plague-mediated diseases such as dental caries and periodontal
disease (Marsh, 1994). These local perturbations can occur through
alteration in diet (for example, high sugar or carbohydrate diets),
accompanied by poor oral hygiene which can lead to an increase in both acid
tolerant streptococci and the anaerobic community within dental plaque and
other areas of the oral cavity (Kawamura & Kamiya, 2012). Medications and
the disruption of local immune responses due to underlying iliness may also
cause changes to the dynamics of the oral microbiota (Zarco et al., 2011).
The complexity of the oral microbiome extends to the inclusion of fungi such
as the yeast of the genus Candida. Candida species have been isolated from
up to 60% of healthy adults, and are frequent colonisers of mucous
membranes, with the most prevalent species being Candida albicans (Thein
et al., 2006). C. albicans’ ability to interact with bacteria adds to the diversity
of the oral microbiome (Dongari-Bagtzoglou et al., 2009). C. albicans is an
opportunistic pathogen that undergoes morphological transformation
between yeast and hyphae, ultimately enhancing virulence. Although
Candida normally colonises the human mouth harmlessly, in the presence of
certain risk factors, including smoking, old age and medications, infection can

occur (Gantner et al., 2005; Loyola et al., 2012).



The host tightly regulates the balance and extent of microbial colonisation. If
this balance changes, for example when health declines, there is the
capacity for the microenvironment to change. The oral cavity has been
shown to offer a habitat to potentially pathogenic species (Zuanazzi et al.,
2010). Commensal microorganisms within the oral microbiota have the ability
to modulate the local environment, and in the healthy individual, such
commensal oral microorganisms may therefore inhibit secondary pathogen

colonisation (Wade, 2013a).

1.4 Saliva

1.4.1 Composition of saliva

Whole saliva, originates from major (submandibular, parotid and sublingual)
and minor salivary glands (Huang, 2004). Saliva is a complex mixture of
biomolecules including lipids, carbohydrates and proteins (Schipper et al.,
2007) in addition to components from gingival crevicular fluid, epithelial cells,
oral and mucosal tissues, blood components and microorganisms (Table 1.2)
(Humphrey & Williamson, 2001). Protection of the oral cavity is enhanced by
oral fluids such as saliva as it contains an arsenal of antimicrobial peptides
(Subrahmanyam & Sangeetha, 2003). In healthy adults, up to 1500 ml of
saliva is produced per day, however, physiological and pathological factors

can severely alter production (Yamamoto et al., 2009).



Table 1.2 - Constituents of saliva (Humphrey & Williamson, 2001,

Amerongen & Veerman, 2002).

Saliva constituent Proportion (%)
Water 99.5
Electrolytes <0.5%
Mucus <0.5%
Glycoproteins <0.5%
Antibacterial proteins <0.5%
Enzymes (amylase) <0.5%
Epithelial cells <0.5%
White blood cells <0.5%

Currently, over 2,000 proteins have been identified in saliva (Yan et al., 2009;
Amado et al., 2013). Some salivary proteins have been found to adhere to
the enamel surfaces of teeth (1.3). Early microbial colonisers within dental
plaque, predominantly members of the Streptococcus genus including
Streptococcus mitis and Streptococcus salivarius, can adhere to immobilised
proteins such as statherin and glycoproteins anchored on the enamel surface
which form the pellicle layer (Rudney et al., 2003; Kolenbrander et al., 2005;
Chaudhuri et al., 2007). Salivary components therefore select for initial
bacterial colonisation of the tooth surface and effect the composition of

dental plaque (Sekine et al., 2004).

1.4.2 Functions of saliva

The functions of saliva include, but are not limited to, molecular transport,
lubrication, antibacterial defense, and pH homeostasis (Tabak et al., 1982;
Rudney, 2000). In healthy individuals, salivary flow rates vary between 0.2-2
ml/min, with a salivary pH range between 6.2-7.4 (Fenoll-Palomares et al.,
2004; Dodds et al.,, 2005). The composition of saliva, in particular free
calcium and phosphate serve as buffering agents which help maintain the
integrity of the tooth under cariogenic conditions (Amerongen & Veerman,



2002; Lamkin & Oppenheim 1993). Saliva provides a transport medium for
microorganisms in the oral cavity (Rudney, 2000).

1.4.3 Antimicrobial activity of saliva

Antibacterial peptides such as lysozyme and lacotransferrin provide
protection and interactions against organisms and foreign debris entering the
oral cavity (Table 1.3) (Silva et al., 2012; Gorr & Abdolhosseini, 2011).

Table 1.3 — Antimicrobial activity of salivary proteins

Antimicrobial protein

Main function

Lysozyme Anti-bacterial
Lactotransferrin Anti-bacterial
Lactoperoxidase Anti-bacterial
Mucins Anti-bacterial, Anti-viral
Cystatins Anti-bacterial, Anti-viral
Histatins Anti-fungal, Anti-bacterial
IgA Anti-bacterial
Cytokines Anti-bacterial

Immunoglobulins
Proline-rich glycoproteins
Defensins
Calprotectin
Chromogranin A

Anti-bacterial, Anti-viral
Anti-bacterial
Anti-bacterial

Anti-fungal, Anti-bacterial
Anti-fungal, Anti-bacterial

Salivary proteins have co-evolved with the diversity of the oral microbiome
(Gorr & Abdolhosseini, 2011). Four of the most well-known antimicrobial
peptides are lactotransferrin, lysozyme, salivary peroxidase and secretory
IgA (Rudney et al., 1991). Lysozyme is an enzyme with antimicrobial
properties, which lyses bacterial cells and limits bacterial overgrowth in the
oral cavity (Pfaffe et al., 2011). However, alongside the major salivary
proteins, are over 1,000 less abundant protein types present, often with
poorly understood biological functions (Huang, 2004).



1.4.4 Salivary proteomics

Proteomics (the research of proteins within a ‘proteome’, which is a complete
set of proteins expressed within a cell or organism at a certain time) focuses
on protein structure and function, and is a clinically important and expanding
discipline in the post-genomic era (Chevalier, 2010). With over 2,000
identified proteins in saliva, advances in proteomic platforms have enabled
the study of such complex fluids (Amado et al., 2013; Jagr et al., 2014). The
most abundant salivary proteins are amylase, acidic and basic proline rich
proteins (PRPs) and mucin, which together make up ~75% of the salivary

proteome (Figure 1.2) (Scarano et al., 2010).

All others
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Figure 1.2 — Major protein groups in human whole saliva, adapted from
(Scarano et al., 2010).

There are two main strategies to analyse the salivary proteome. Firstly, a gel
based approach can separate peptides within saliva and which can be
coupled with peptide-spot identification using MALDI MS. Whilst such 2D gel
electrophoresis (2DE) allows separation of multiple proteins, the subsequent

downstream applications, including mass protein identification are labour-
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intensive compared to gel-free workflows (Chevalier, 2010). Gel-free
workflows involving chromatography followed by MS can be employed for
high-throughput global protein identification (Aebersold & Mann, 2003;
Scarano et al., 2010; Yao et al., 2003). Gel-free proteomic workflows have
the capacity to identify hundreds of peptides simultaneously, although bias
can occur with the focus on specific and targeted proteins (Jehmlich et al.,
2013). At each step in a proteomics workflow there are several options
available, therefore, a mixed proteomic approach utilising gel-based and
high-through put analysis is often used when analysing complex fluids (Shen
et al., 2010).

Salivary proteins including PRPs and statherin which make up over one-third
of the salivary proteome, provide a binding site for early oral colonisers and
thus play an important role in modulating dental plaque formation (1.5)
(Rudney, Krig, & Neuvar, 1993; Rudney, 2000).

1.5 Dental plaque an archetypal biofilm

Dental plaque was considered to be a microbial construct (i.e. a biofilm) in
the 1970s (Costerton et al., 1978). Dental plaque specifically harbours an
estimated 500 different bacterial species with differences in microbial
composition occurring between (the interproximal spaces) and along the
teeth, indicating that the microbial structure is not uniform, but dynamic in
nature (Rosan & Lamont, 2000). Streptococcus species are recognised as
primary pioneer colonisers of teeth and the initiators of dental plaque
development (Denepitiya & Kleinberg, 1982).

Lazarevic et al.,, 2009 analysed the oral microbiome using molecular
methods and reported that up to 70% of sequences belong to the
Streptococcus and Neisseria genera. Dental plaque formation begins almost
instantaneously after a tooth is mechanically cleaned via brushing (Rosan &
Lamont, 2000). Largely composed of streptococci, dental plaque biofilms can
be acid tolerant to a pH as low as pH 2.5 (Ritz, 1967; Mcneill & Hamilton,
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2003;). The binding of Streptococcus species such as Streptococcus mitis
and Streptococcus gordonii promotes colonisation by a range of different
species including Fusobacteria. Fusobacteria species are considered
‘bridging bacteria’ as they co-adhere to other microbial species including
anaerobic bacteria such as Prevotella intermedia and Porphyromonas
gingivalis leading to polymicrobial biofilm development (Marsh, 2010), as

highlighted in figure 1.3.
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Figure 1.3 - Coaggregation between oral bacteria on the tooth surface
adapted from Rickard et al 2003, with blocks representing a variety of
receptors between species. Species such as Fusobacterium can effectively
act as a ‘bridge’ between the early and late colonisers (Toole et al., 2000).
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1.6 Biofilms

1.6.1 Biofilm composition

The term ‘biofilm’ describes a community of microorganisms that can be
attached to living and non-living surfaces and/or to each other (Reid, 1999).
Biofilms are ubiquitous in all ecosystems, forming on a variety of surfaces
and within the most extreme environments including acidic and extremely hot
environments (Davey & O’Toole, 2000).

Biofilm formation can be regarded as a key virulence factor, partly because
of the phenotypic differences between biofilm organisms and those in
planktonic (free swimming) form. Biofilm- mediated infections are difficult to
treat as the cells are physically protected by the biofilm structure (Ma et al.,
2009). Biofilm cells are embedded in complex matrices of extracellular
polymeric substances (EPS), which enhances biofilm stability, table 1.4 (Ma
et al., 2009; Kim et al., 2012; Muszanska et al., 2012).

Table 1.4 — Comparison of planktonic and biofilm cell characteristics (Ma et
al., 2009).

Planktonic cells Biofilm cells
Free floating Attached to surface/each other
Increased sensitivity to antimicrobials Increased virulence factor expression

Rate of growth: Cell proliferation
Cell production of EPS

Production of ECM - structural layer
Enhanced resistance to antimicrobials

EPS constituents can include polysaccharides, proteins, extracellular DNA
(eDNA), lipids, inorganic salts and water, and the production of EPS is
variable depending on the microbial species. EPS effectively provides a

hydrated barrier between the cells and their external environment. Gristina et
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al., 1985 documented thick adherent biofilms to both biomaterials (including
catheters) and tissue.

Within the complex network of the biofilm, microchannels develop allowing
fluid flow within the structure and the transfer of nutrients, chemical signals
and removal of waste products through the community (Stoodley, 1999).

In addition, if biofilm microorganisms become starved of nutrients or oxygen
(if required), then they can enter a ‘stationary growth phase’, which is
protective until improved conditions arise (Fricks-Lima et al., 2011). A
complex biofilm has an inherent ability to adapt to external changes,

ultimately enhancing the biofilm and therefore microbial survival.

1.6.2 Biofilm development

Whilst the extent of biofilm development can vary depending upon the
microbial species, a typical formation can be summarised in three universal
stages (Figure 1.4). The initial phase of a biofilm development involves
reversible attachment to a surface and each other (Halan et al., 2012). The
adhesion of microorganisms in aqueous solutions can be explained by the
Derjaguin-Landau-Verwey-Overbeek (DVLO) theory of colloidal stability to
model interactions, including physical forces such as van der Waals forces
(Hermansson, 1999; Garrett et al., 2008). Planktonic cells, in the initial first
phase of attachment invariably become attached to a surface previously
conditioned by organic and inorganic nutrients. This initial reversible
attachment is the critical first step for biofilm growth (Lazar, 2011). Once cells
have ‘loosely’ attached to the surface via available energy for adsorption
specific ligand interactions (adhesins and receptors), microbial species
generate covalent bonds rendering stronger and permanent adhesion.
Bacterial adhesins along with pellicle receptors facilitate the process of
bacterial adherence. Structurally, adhesins are either associated with fibrillar
appendages or surface proteins (Rosan & Lamont, 2000). Coupled with
surface colonisation, is active microbial metabolism, which uses surrounding
nutrients and generates an array of by-products. This results not only in

irreversible binding, but also continuous replication forming several micro-
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colonies in certain niches of the body for example in between the teeth
(Roger et al., 2008). Ultimately, this encourages EPS production enhancing
the overall biofilm structure further anchoring the microorganisms to the
attachment site (Rickard et al., 2003).

Along with communication via signaling molecules and chemical mediators,
microbial cells can coaggregate together. Bacterial coaggregation is the
binding of two cells via specific adhesins and receptor molecules (Rickard et
al., 2003). Coaggregation is a common attribute of oral bacteria, and most
notably apparent with Fusobacterium nucleatum and Prevotella species
(Okuda et al., 2012). Streptococcus species have numerous partner-species
including Actinomyces naeslundii and C. albicans, and such coaggregation
willl facilitate polymicrobial biofilm development and enhancement (Bamford
et al., 2009).

BIOFILM DEVELOPMENT
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Late colonisers Biofilm communication
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Tooth surface

Figure 1.4 - A diagrammatic representation of biofilm formation on the tooth
surface adapted from Hojo et al., 2009.

15



1.6.3 Biofilm detachment and dispersal

Once a biofilm has fully developed, cells can disperse to colonise
neighboring and distal sites within the body. Biofilm detachment often
considered a virulence factor (and sometimes referred to as the fourth stage
of biofilm development), can occur as a result of either environmental forces
or chemical signalling. In many cases, biofilm detachment arises due to
forces from fluid or gaseous flow (Koerner, 1997). Such environmental forces
can cause cellular erosion whereby small biofilm matter is sheared away
from the formed biofilm, consequently moving with the direction of the flow
(Morgenroth & Wilderer, 2000). Biofilm cells can also detach from the total
biofilm mass via abrasion, where collisions occur between biofilm cells and
particles within the surrounding materials and fluid (Gjaltema et al., 1997). In
addition, biofilm sloughing can occur with increasing shear forces, resulting in
big aggregates of cells detaching from the larger biofilm encased within EPS
and moving as a formed biofilm (Morgenroth & Wilderer, 2000; Telgmann et
al., 2004).

Biofilm dispersal or detachment can also be a virulence mechanism
associated with biofilm-related infections (Kaplan, 2010), whereby
detachment is regulated at a molecular and quorum sensing level and this
offers a controlled strategy for biofilm survival (Lindsay & Von Holy, 2006;
Boles & Horswill, 2011).

1.6.4 Quorum Sensing (QS)

With the identification of more than 1000 taxa of bacteria identified in the oral
cavity, (many within close proximity to each other), it is not surprising that
cell-to-cell communication and intercellular coordination occurs (Galloway et
al., 2012). Quorum sensing (QS) is an umbrella term used to describe
bacterial communication, mediated by chemical signaling molecules. QS is
important for species survival, growth (He et al., 2012) and successful biofilm
organisation (Kolenbrander et al., 2005). The subsequent microbial
interactions can be mutually beneficial or antagonistic (Stacy et al., 2012).
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Small species-specific diffusible molecules often mediate cellular
communication. Quorum sensing (QS) molecules can directly bind to
receptors on bacteria and trigger the modulation of a number of factors
including virulence and biofilm regulation (Karlsson et al., 2012). Classes of
QS molecules include autoinducer (Al) molecules and N-acyl homoserine
lactones (AHLs). The concentration of QS molecules directly relates to the
number of producing cells and when threshold concentrations are reached,
signaling effects are manifested. Hence QS is a cell density based signaling
process. Als are continuously released into the EPS, and allow bacterial
cells to ‘monitor’ their surroundings and modulate gene expression, thus
contributing to biofilm survival, adaptation and competitiveness (Lazar,
2011). AHLs are more commonly produced by Gram-negative bacteria whilst
Gram-positive bacteria employ peptide based systems including Als (Waters
& Bassler, 2005).

Bacteria QS signal molecules can mimic host hormones and in some
situations influence and control eukaryotic expression (Pacheco &
Sperandio, 2009). Studies by Telford et al., 1998 and Karlsson et al., 2012
have evaluated the role of AHLs produced by P. aeruginosa to modulate the
behaviour in human cells. Telford et al., 1998 emphasised the role of AHL
molecules in influencing Th1 and Th2 host cell responses, whereby P.
aeruginosa AHL molecules can subsequently down regulate the production

of bactericidal IL-12, thus mimicking host responses.

Studies have reported antibiotics including macrolides inhibiting QS systems.
Burr et al., 2016 reported in vitro inhibition of P. aeruginosa QS by macrolide
antibiotics, for example erythromycin. Burr et al., 2016 further investigated
these findings in a clinical trial of P. aeruginosa positive sputum from non-
cystic fibrosis bronchiectasis patients. Following exposure to low doses of
macrolide antibiotics, they found a down regulation of P. aeruginosa QS

gene expression, without an accompanying reduction in bacterial load.chapt
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Although contributing to biofilm development, metabolic signaling via various
QS systems are not the only factors controlling biofilm development. In
nature, sessile polymicrobial communities need to be adaptable to external
environmental conditions (Kellerberg & Molin 2002).

There are many complex and overlapping interactions within polymicrobial
biofilms, where survival, growth and competitiveness thrives. Dental plaque
is known for its microbial diversity and therefore, consideration of
interspecies interactions is vital in determining the impact oral biofilms have

in both localised and systemic infections.

1.6.5 Biofilm associated infections

Biofilm mediated infections cause up to 60% of medical and hospital
associated infections (Lazar, 2011), some of which are highlighted in table
1.5. Furthermore, biofiims are recognised as leading causes for the vast
majority of hospital infections requiring medical treatment (Anderson et al.,
2013).

Table 1.5 - Biofilm associated-infections and causative pathogens (Otto,
2008; Tote et al., 2010; Majumdar & Padiglione, 2012; Tarquinio et al., 2014)

Bacterial species Biofilm infections
Cystic fibrosis lung infection, respiratory infection,

Pzeel,rlgo;;’?gg:s chronic wound, otitis media, catheter-associated urinary
g tract infections
Staphylococcus Endocarditis, respiratory infection, chronic osteomyelitis,
aureus orthopaedic implants
Escherichia Urinary tract infection, catheter related urinary tract
coli infection, biliary tract infection

Chronic otitis media, chronic rhinosinusitis, chronic

Streptococcus pneumoniae . :
P p obstructive pulmonary disease

Catheter related infections, prosthetic cardiac valve
Staphylococcus epidermidis  infections, joint replacement infections
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Two clinically relevant examples of biofilm organisms are Staphylococcus
aureus, a Gram-positive cocci, and Pseudomonas aeruginosa, a Gram-
negative organism frequently producing complex biofiims within the
respiratory tract.

S. aureus can form complex multi-layered biofilms both within the body and
on medical devices, especially those exposed to proteinaceous fluids (Otto,
2009). Essential in S. aureus biofilm formation is the genetic regulator SarA,
responsible for controlling key initial adhesions and promoting biofilm
maturation (Abee et al., 2011). Surface components such as phenol-soluble
modulin (PSM) (surfactant peptides) and Microbial Surface Components
Recognising Adhesive Matrix Molecules (MSCRAMMS) are key in adhering
biofilm cells to surface molecules found in the enamel pellicle conditioning
film (Otto, 2009).

In biofilm-associated infections, the ability of selective de-attachment is
crucial for pathogenesis, survival and competitiveness, allowing cells to
‘travel’ through the body (fluid, medical devices) and colonise other sites.
Staphylococcus aureus biofilm detachment is a multi-step process, where
biofilm cells are prepared for survival outside the EPS (Otto, 2009; Boles &
Horswill, 2011). The accessory-gene regulator (Agr) system is a regulatory
mechanism responsible for producing enzymes that degrade EPS (Mirani et
al., 2013). EPS degradation allows S. aureus to detach from the biofilm
complex (Boles & Horswill, 2011).

Pseudomonas aeruginosa an opportunistic pathogen, is often involved in
respiratory infections, hospital acquired infections (HAIs) and cystic fibrosis
(CF) related respiratory infections (Ma et al., 2009; Mulcahy et al., 2013).
Pseudomonas aeruginosa forms biofiims on environmental, medical, and
various surfaces within the body (Hgiby et al., 2001; Fricks-Lima et al.,
2011). Pseudomonas aeruginosa flagella enable motility, attachment and
formation of bacterial monolayers (O'Toole & Kolter, 1998; Hgiby et al.,
2001). Type IV pili further support these initial attachments by stabilising and

anchoring reactions, furthermore increasing cell to cell communications and
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forming micro colonies of P. aeruginosa, either monomicrobial, or within a
polymicrobial biofilm (O’'Toole & Kolter, 1998; Barken et al., 2008).

The P. aeruginosa genome has a high number of regulatory genes and
multiple chemotaxis systems, regulating and constantly adapting biofilm
formation (Whiteley et al., 2001; Mulcahy et al., 2013). Pseudomonas
aeruginosa can display different phenotypic forms, most notably the so-called
mucoidal and non-mucoidal forms. The mucoidal phenotype exhibits
increased virulence and is particularly associated with CF/respiratory
infections (Sauer et al., 2002; Wiens et al.,, 2014). Mucoidal and virulent
strains of P. aeruginosa demonstrate high capacity to produce alginate,
which is an exopolysaccharide acting as a supporting structure within P.
aeruginosa biofilms (Boyd & Chakrabarty, 1995).

Following bacterial adherence, and up-regulation in expression of algC, the
gene responsible for the synthesis of alginate and EPS composition occurs
(O’'Toole & Kolter, 1998). Key genes involved in EPS production are those
involved in alginate production, the Pel genes and polysaccharide synthesis
locus (Psl). Psl is a cluster of 15 genes and promotes biofilm construction
and P. aeruginosa cell interactions (Ma, 2007). Expression of Pel genes
protects against antimicrobial agents via the production of a glucose-rich
matrix extracellular matrix (Vasseur et al., 2005; Colvin et al., 2011). P.
aeruginosa can also produce pyocyanin (a virulence factor), which attaches
directly to eDNA within the matrix, providing cellular respiration through the
biofilm matrix via electron transfer (Das et al., 2015). The ability of P.
aeruginosa to lyse and detach from the biofilm is considered a virulence
factor. Once P. aeruginosa cells detach from the biofilm as a response to the
external environment, cells revert back to the planktonic form to disperse and
colonise other areas of the body (Webb et al., 2003).

1.6.6 Biofilm imaging
Biofilm imaging can provide information about its structure and to a certain
extent the microbial composition. With a magnification limit up to 100,000x

and the ability to construct accurate and 3-dimensional images, biofilm
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structures can be imaged using scanning electron microscopy (SEM)
(Vernon-Parry, 2000). Electron beams are focused onto the sample surface
to create an image using released scattered electrons. SEM micrographs are
invaluable when imaging the structure and extent of microbial biofilms (Gil-
Perotin et al., 2012). In order to generate images, specimens have to be
electrically conductive at the surface and fixed through the process of sputter
coating, to ensure the entire sample is coated with a thin layer of conductive
material, usually gold (Hill et al., 2010).

A second form of microscopy used to analyse biofilms is confocal laser
scanning microscopy (CLSM). In confocal microscopy, light is emitted by the
laser source, reflecting off a dichromatic mirror scanning the sample and
passing through the presence of a spatial pinhole placed at the confocal
plane of the lens. This pinhole eliminates out-of-focus light and enables
imaging at a range of optical planes, increasing resolution and contrast. A
detector subsequently measures light that passes through the pinhole
(Claxton et al., 1979). CLSM has been extensively used in medical and
biological sciences since the 1970s, as there is an additional benefit of
imaging throughout the section, a process called optical sectioning (Claxton
et al.,, 1979). A wide range of fluorescent and immunohistochemcial stains
can be imaged through CLSM allowing the excitation of a range of
fluorochromes within the electromagnetic spectrum to increase target
specificity and the generation of multiplex images. Z-stacks of optical
sections can be taken through the full thickness of the biofilms and maximum
intensity-type reconstructions are then prepared using confocal software

packages.

Fluorescence in situ hybridisation (FISH) coupled with CLSM can facilitate
the imaging of multiple species in real time using species-specific Peptide
nucleic acid (PNA) probes in a multiplex assay. FISH is an effective and
invaluable tool in microbiology that has been used frequently in research
since the 1980s (Zwirglmaier, 2005; Wagner & Haider, 2012). Initially, FISH
typically used DNA or RNA-based probes tagged with a fluorochrome
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(Wagner & Haider, 2012). Conventional FISH methodology using DNA
probes experienced several limitations including reduced sensitivity of
fluorescent signals and specificity of the probe itself (Perry-O’Keefe et al.,
2001). Peptide nucleic acid (PNA) probes are synthetic oligomers of nucleic
acid (Figure 1.4). The uncharged sugar phosphate backbone of the PNA
probe aids cell entry and reduces electrostatic repulsion between the probe
and the nucleic acid target, these factors thus increase the level of
hybridisation (Amann et al., 2001). The ability of the chosen probe to
penetrate the cell and subsequently hybridise to the target nucleic acids
ultimately provides cell fluorescence (Malic et al., 2009). PNA probes were
therefore selected in this study to analyse species presence and location

within biofilms.
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Figure 1.4 — The chemical structures of DNA and PNA. In PNA, the sugar
phosphate backbone in DNA is replaced with a polyamide backbone (Perry-
O’Keefe et al., 2001).
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1.6.7 In vitro biofilm analyses

A variety of in vitro models can be used to develop and subsequently analyse
biofilms. Microtitre plates can be used as substrata to develop biofilms, and
depending on design, microbial cells may either adhere directly to the base
of the microtitre plate wells or upon inserted PTFE pegs (Calgary biofilm
device) which readily facilitates application of downstream analysis (Fricks-
Lima et al., 2011; Hooper et al., 2011; Malic et al., 2013). Biofilms can also
be formed within specifically designed models such as glass bottom chamber
slides or the constant depth film fermenter (CDFF) (Wimpenny 1997; Fricks-
Lima et al., 2011). Clinically relevant biofilm models can also be developed
using actual medical devices such as ETTs and catheters. Furthermore,
complex co-culture modeling systems can be used to allow simultaneous
analyses of infection and immune response cascades (Wimpenny, 1997;
Guggenheim et al., 2001; Coenye & Nelis, 2010;).

The CDFF (Figure 1.6) is a steady-state biofilm model that was initially
developed in the 1970s, with further developments in 1988 by Peters and
Wimpenny (Costerton et al., 1978; Kinniment et al., 1996; Wimpenny, 1997;
Hill et al. 2010). The CDFF is equipped with a rotating stainless steel
turntable holding polytetrafluoroethylene (PTFE) pegs in place, whereby
microbial biofilms are continuously supplied with microbiological media and
has proved particularly valuable in the study of dental plaque (Hope et al.,
2012). The turntable is motorised during operation, and two scraper blades
coated with PTFE spread media evenly across the recessed pegs, with a
sample port allowing access to individual pans during operation (Wilson,
1996; Dalwai et al., 2007; Malic et al., 2009).

A major advantage of the CDFF is the generation of multiple, reproducible
and representative biofilms with the ability to vary parameters such as
oxygen flow, nutrient feed and temperature (Kinniment et al., 1996; Vroom et
al., 1999; Hope et al., 2012).

23



Rotator
blade

Sample
port

Motor

Pan with 5
PFTE pegs

Figure 1.6 — Photograph of the Constant Depth Film Fermenter (CDFF).

1.7 The microbiological analysis of complex communities

1.7.1 Analysing the oral microbiome

The oral microbiome has previously been analysed by conventional culture
and molecular techniques (Keijser et al., 2008). With advances in molecular
techniques, such as microbial gene sequencing, certain uncultivable
organisms have been identified by detection of their DNA (Lazarevic et al.,
2009; Yamashita & Takeshita 2011). Microbial culture often underestimates
the number and types of microbes within a microbial community.
Conventional culture methods are unable to meet the growth requirements of
all species, either through our lack of knowledge of nutrient requirements or
inability to generate the correct gaseous environment in vitro. Despite this,
microbial culture is still regarded by many as the gold standard in diagnostic
medical microbiology, with the capability to culture and identify 280 microbial

species from the oral microbiome (Dewhirst et al., 2010).
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1.7.2 Microbial community profiling

Next-generation sequencing (NGS), an umbrella term extending beyond
Sanger sequencing which was first described in the 1970s, is used to
describe DNA/RNA sequencing at a high-throughput capacity (Schuster,
2008). One important application of NGS is the characterisation of mixed
microbial communities. Previously, genome sequencing was both expensive
and laborious. Coupled with the development of multiple platforms that can
be employed to sequences of DNA, both the turnaround time and cost of
producing sequence reads from unknown DNA has reduced significantly.
Multiple platforms exist to perform high throughput sequencing and the
choice depends to some extent on the nature of the research question. The
454 (pyrosequencing) platform first described in the 1990s paved the way for
high-throughput DNA sequencing based on nucleotide detection using light
emission (Amend et al., 2010). Other technologies such as the lllumina
Miseq platforms, employ sequencing by synthesis and a reversible terminator
chemistry process (Lazarevic et al., 2009; Caporaso et al., 2012). Further
advances in these technologies have allowed the simultaneous analysis of

multiple mixed DNA sequences.

1.7.3 High-through put data analysis: Bioinformatics

High-throughput DNA sequencing undoubtedly generates large quantities of
data. Such data require preliminary analysis before any disease association
studies for individual bacterial phylotypes can be performed. Data analysis
for complex microbial sequence-based data sets can be enhanced with
appropriate software programs such as R programming, allowing the
generation of scripts for mass analysis and data sorting. With the number of
species ranging up to several hundred for dental plaque, and perhaps
considerably less within the microbiota of the lower airways, data analysis
needs specific focus. For example, Bray and Jaccard are two similarity-
distance diversity indices, based on identified Operational Taxonomic Units
(OTU) (Lozupone & Knight, 2005; Wang et al., 2013). Both measures are
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widely used in diversity analyses. The choice between these two indices is
dependent upon the data to be analysed. The Jaccard approach, also known
as the coefficient of community, first developed by Paul Jaccard in 1901, is
one of the oldest occurrence measures. The Jaccard approach compares the
occurrence of specific organisms according to DNA sequences (Lozupone et
al.,, 2007). However, the Bray approach is based upon quantitative
(abundance) data, and when used as a similarity measure of data, can be
equivalent to occurrence (Wang et al., 2013). These two approaches are
examples of community distance/similarity indices that can be adopted to

analyse DNA profiles of the entire community.

Performing community analysis was enhanced in 2005 with the introduction
of a new phylogenetic based method called UniFrac. This method is a B-
diversity measure devised by Lozupone and Knight used to distinguish
relationships between microbial communities (Lozupone & Knight, 2005;
Lozupone et al.,, 2011). In addition, there are two variations of UniFrac
community analysis: unweighted or weighted UniFrac, with the weighted
UniFrac approach incorporating OTU measures. This is a quantitative
approach commonly used in the analysis of microbiome related data

(Lozupone et al., 2007).

1.8 Diagnosis and treatment of VAP

1.8.1 VAP diagnosis

Diagnosing VAP is difficult for critical care physicians as there is no effective
gold standard diagnostic test (Aucar et al., 2003; Bonten, 2014; Kalanuria et
al.,, 2014). As with many infections or diseases, a gold standard for correct,
efficient and quick diagnosis is of fundamental importance. The challenges
faced in diagnosing VAP may partly originate from a lack of understanding of
the pathogenesis. There is often confusion between signs from underlying
conditions that overlap with those of the clinical presentation of VAP. There
have been multiple and conflicting reports within the last decade with regards
to accurate and efficient VAP diagnosis. Chest X-rays are indicative of
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hospital-acquired respiratory infection, although in the case of mechanically
ventilated patients they can be taken out of context especially when
considering the reasons behind the patient’s initial admission to the ICU
(Medford et al., 2009). Other studies have advocated the need for a clear
diagnosis of VAP using lavage based testing, whereby the lung parenchyma

is washed with saline and subjected to microbial analysis.

Flanagan et al, 2000 performed a prospective comparison of non-directed
bronchoalveolar lavages (NBLs), bronchoalveolar lavages (BALs) and a
protected specimen brush. They reported an 83% concordance of the
predominant pathogen between the sampling methods, and concluded that
NBLs are a simple, safe, cheap and readily available method of diagnosing
VAP. The use of NBLs and BALs in the diagnosis of VAP have potential
advantages over other clinical approaches, as these allow the clinician to
target the microorganisms in the airways and lungs to ascertain the most
effective choice of antimicrobial therapy (Jackson et al., 2008). In practice,
NBLs are preferred, in comparison to BALs as a reliable and cost effective
method (Flanagan et al, 2000). In certain cases, where NBLs produce
negative results and the clinician suspects VAP, a BAL is often performed.
Although the collection of BALs is an invasive and costly procedure, BAL
sampling is thought to improve microbiological diagnostic accuracy. Zaccard
et al, 2009 reported that, statistically, unilateral right lung sampling may be
preferable over taking bilateral sampling in cases where there are multiple
areas on CT imaging requiring investigation, and will therefore reduce patient
stress with the same diagnostic accuracy. Although microbiological sampling
of the lower respiratory tract (NBLs and BALS) often provides accurate and
informative culture based results, the sampling is invasive for the patient and
the results turn around time is at least a few days.

To improve VAP diagnosis, the Clinical Pulmonary Infection Score (CPIS)

was introduced (Pugin et al., 1991; Kalanuria et al., 2014) which focuses on
clinical presentations, radiographic and microbiological data to provide a
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likelihood of VAP being present (Fartoukh et al., 2003). However Lauzier et
al., 2008 described the lack of specificity and sensitivity in many cases using
variables in the CPIS, leaving debate concerning the use of CPIS scoring.
Patients presenting with a high CPIS would require a NBL/BAL, and be
empirically treated with antibiotics whilst awaiting microbial culture results. An
additional disadvantage of the CPIS is the lack of culture information, which
is of increasing importance given the increase of VAP infection caused by
multi-drug resistant (MDR) pathogens. Recently, the Center for Disease
Control and Prevention (CDC) published updated criteria for ‘possible and
probable’ cases of VAP, aiming to improve the classification and consistency
between critical care units (NHSN, 2015). Patients with signs of infection and
inflammation are classified as “infection-related ventilator-associated
complication” (IVAC). Further evidence of purulent and pathogenic secretions
from the lower airways will label the patient as possible and probable VAP
(Kalanuria et al., 2014; Munro & Ruggiero, 2014).

Consideration has been given to the use of systemic biomarkers in fluids
from mechanically ventilated patients to improve diagnosis of VAP.
Biomarkers including procalcitonin (PCT) and C-reactive protein (CRP) have
been suggested as an alternative to predict onset of VAP (Christ-Crain &
Muller, 2007; Palazzo et al., 2011; Zielinska-Borkowska et al., 2012).
Although there have been reported specificity issues when considering the
use of biomarkers such as PCT or CRP, biomarkers identified from lower
airways fluid such as neutrophil proteases could elucidate lower airways
infection. A study by Wilkinson et al.,, 2012 found significantly increased
neutrophil-derived protease levels in the alveolar spaces within patients
clinically diagnosed with VAP. Recent research by Hellyer et al., 2015 has
revealed the potential for biomarkers including low concentrations of the
cytokines IL-1B and IL-8 to specifically exclude VAP. Improving early
diagnosis of true VAP cases may in turn improve antibiotic stewardship and
the timely administration of antibiotics within critical care. Reducing

inappropriate antibiotic prescriptions will reduce the generation of antibiotic
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resistance. Biomarker development to facilitate the diagnosis of VAP is still

very much an evolving area of research.

1.8.3 VAP pathogenesis: The role of the oral microbiome

A number of investigations suggest that bacteria colonising the oral cavity
may be important in the aetiology of VAP (Bahrani-Mougeot et al., 2007;
Scannapieco & Binkley, 2012). Firstly, there have been recorded cases
where oral microorganisms may actually directly cause VAP, especially
considering the immunocompromised status of critically ill patients. The
Streptococcus anginosus group (previously known as the milleri group)
compromising of three species (Streptococcus anginosus, Streptococcus
constellatus and Streptococcus intermedius) have been the predominant
isolated species in the lower respiratory tract in patients with VAP (Shinzato
& Saito, 1995).

A change in the microbial composition within the dental plaque of
mechanically ventilated patients has been reported, with dental plaque
becoming heavily colonised with potential respiratory pathogens able to
cause VAP such as Pseudomonas, Klebsiella, Meticilin resistant
Staphylococcus aureus (MRSA) and Acinetobacter (Scannapieco et al.,
1992; Sachdev et al., 2013). Changes in the oral cavity of mechanically
ventilated patients may be influenced by exogenous factors such as the
hospital environment or contamination from equipment/people, but evidence
suggesting this is the case is scarce. Previous studies indicate that VAP is
primarily caused by endogenous factors from the patient’s microbiome, and
microenvironment (Safdar et al., 2005).

One study enrolled 228 mechanically ventilated patients to evaluate the
effectiveness of respiratory pathogen decontamination in the oral cavity using
a 0.2% CHX gel (Somal & Darby, 2006). Within their study they isolated
highly resistant Enterobacter in dental plaque and the lower airways in
patients with VAP. Furthermore, poor dental hygiene was apparent in 90% of
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enrolled patients highlighting the apparent associations between the oral
microbiome, oral health and the development of VAP. During intubation, one
third of dental plaque cultures collected within their study were positive for
Gram-negative rods, not commonly isolated from healthy dental plaque.

One of the earliest studies categorically demonstrating that bacteria in the
oral cavity were responsible for the development of VAP used pulsed field
electrophoresis of genomic DNA to study colonisation and infection in 86
mechanically ventilated patients (Garrouste-Orgeas et al., 1997). In patients
that developed VAP, identical strains of bacteria were found in the oral cavity
and lung.

1.8.4 VAP pathogenesis: The role of the endotracheal tube (ETT)

Although the ETT provides an essential conduit between the ventilator and
patient in critical iliness, the ETT is a key factor in aetiology of VAP. The
placement of an ETT will impair normal host defence mechanisms such as
the mucociliary clearance of microorganisms, impede cough, hold open the
vocal cords and provide additional surfaces for microbial biofilm development
(Perkins et al., 2010; Cairns et al., 2011). Microorganisms from the oral
cavity can translocate, exteriorly to the ETT and down the trachea to pool
above the inflated ETT cuff (Figure 1.7). Critically ill patients receiving MV
are normally nursed in a semi-recumbent position, as this is thought to
reduce gastro-acid reflux, and underlines the important of an effective ETT
cuff seal of the airway. The inflated ETT cuff is designed to help retain the
ETT within the trachea and will theoretically also prevent movement of
subglottic fluids that accumulate above the cuff down into the lower airways.
These subglottic fluids contain microorganisms including pathogens, salivary
components and gastric fluids. However, in practice, microchannels
frequently develop in the ETT cuff material because the fully inflated cuff is
larger than the tracheal diameter (Hamilton & Grap, 2012). As subglottic
fluids pool above the cuff, leakage of these fluids down the microchannels

and into the lower airways will occur (Fisher, 2011; Miller et al., 2011;
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Hamilton & Grap, 2012). This ultimately allows microbial access and
translocation of microorganisms from the oral cavity to the lower airways
(Figure 1.8). Once below the inflated ETT cuff, microorganisms can also be
drawn into the ETT and then colonise the inner lumen in the form of a biofilm
(Perkins et al.,, 2010; Vandecandelaere et al., 2012). Inside the ETT,
adherent microorganisms can develop into complex multispecies biofilms
which are inaccessible to administered antimicrobial agents and host
defenses (Tarquinio et al., 2014). Biofilms have been identified along both
the inner and outer surfaces of discarded patient endotracheal tubes and
shown to form within 24 h of intubation (Perkins et al., 2010). The formation
of microbial biofilms within a 24 h period highlights a rapid generation and
source of VAP causing organisms. Fragments of biofiim can become

detached and move directly towards the lower airways with the airflow.

Figure 1.7 — An extubated endotracheal tube (ETT) showing a semi-inflated

cuff, as indicated by the arrow.
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The lungs, although once often described as a sterile environment, share
microbial commonality with the oropharynx microbiota. Recent research has
focused on characterising the lung microbiome in both health and disease
(Dickson & Huffnagle, 2015). Once however, the lower airways become
compromised via pathogenic microbial invasion, an inflammatory response is
initiated (Mojon, 2002; Joseph et al., 2010). Host defense mechanisms to
control microbial presence in the lung parenchyma include mucociliary
clearance, a physical epithelial cell barrier, cytokine production stimulating
neutrophil recruitment and phagocytic activity (Wilkinson et al., 2012).
Furthermore, in intubated patients, the movement of the tongue to dislodge
and clear residual microorganisms, and the swallowing mechanism are both
compromised, ultimately leading to an altered environment for
microorganisms to accumulate. It is likely that a combination of factors
results in disruption of oral equilibrium and facilitation of microbial
colonisation in the lower airways. Patient illness, and ETT intubation, along
with the introduction of respiratory pathogens originating from the oral cavity
can all influence the development of VAP (Marra et al., 2009).

1.8.5 Preventative measures for VAP

1.8.5.1 Host defence mechanisms for respiratory infection

The respiratory system comprises of the upper airways (nasopharynx
including sinuses) and lower airways (trachea and lungs), and is responsible
for gas exchange (Sato & Kiyono, 2012). The mucosal membrane lining the
respiratory system acts as a physical barrier against pathogens in a similar
manner to that of oral mucosal membranes (Eddens & Kolls, 2012). Epithelial
cells in the lining of the trachea contain cilia on their surfaces which move
foreign particles away from the lower airways, allowing expulsion via
mucociliary clearance (Safdar et al., 2005). The physical actions of coughing
and sneezing further expel foreign bodies and prevent them from entering
the respiratory tract. In addition, epithelial cells are lined with mucins which
slows pathogen translocation to the lower airways (Boyton & Openshaw,
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2002; Wilkinson et al., 2012). Airway surface fluid (ASF) is produced by the
lower airways, acting in a similar antimicrobial manner to that of saliva,
recognising invading foreign bodies. ASF contains several antimicrobial
peptides, including those produced by innate immune cells such as
lactoferrin, defensins and lysozymes (specifically secreted by macrophages)
(Boyton & Openshaw, 2002; Devine, 2003; Wilkinson et al., 2012).

The immune system serves to protect the host in response to a foreign
substance or antigen (Alamos et al., 1986). Immune responses are tightly
regulated to maintain homeostasis in the host. If too little a response is
initiated, pathogen clearance is insufficient, and an overly active immune
response can lead to damaging inflammatory responses (Medzhitov, 2007;
Sitkovsky & Ohta, 2005). Although pathogens from the upper airways can
freely escape interactions with the epithelial lining in the trachea and can
invade the lower airways directly through inhalation to the alveoli, there is a
cascade of cell infiltration, cytokine and mediator production, and ultimately
an inflammatory response to combat them (Sato & Kiyono, 2012). An
increase in cytokine production in the lower airways can be indicative of
microbial invasion, or alterations in respiratory homeostasis. Critical illness
may lead to immunosuppression, with the ETT altering the microenvironment
leading to dental plaque overgrowth and potentially increase colonisation

within the lower airways.

1.8.5.2 VAP Care bundles

Prevention of VAP is important given the impact on duration of mechanical
ventilation, length of stay, attributable mortality and health care costs. The
cost of VAP treatment frequently exceeds £10,000 per case (equivalent to 7
extra days in ICU), emphasising the need to focus on preventative medicine
(Al-Tawfig & Abed, 2010; Diaz et al., 2010; Wyncoll & Camporota, 2012).
One of the most appropriate strategies for VAP management is to implement
and adhere to certain therapeutic guidelines and VAP specific care bundles
have been outlined (Rello et al.,, 2011). A care bundle is a small set of
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evidence-based guidelines designed to improve patient outcome (Venkatram
et al., 2010). Care bundles provide a prioritised and consistent list of
universal based guidelines of hospital-acquired pneumonia (HAP) and VAP,
such as those published by the British Society for Antimicrobial
Chemotherapy (BSAC) (Masterton et al., 2008). Previous studies suggest the
need for further research and training for all critical care professionals (Diaz
et al.,, 2010), with greater education of pathogenesis, management and
prevention to help maintain and reduce cases of VAP (Gallagher, 2012).
Although care bundles aimed at reducing VAP rates in critical care have
been introduced, and shown benefit (Al-Tawfiq & Abed, 2010; Heck., 2012;
Eom et al., 2014), the impact that care bundles have on VAP reduction rates
nationwide still needs to be determined (Beattie et al., 2012). VAP based
care bundles include the use of antiseptic mouthwashes educational
programs, and parameters for both diagnosis and treatment choices as
outlined in table 1.6

Table 1.6 — An overview of care bundles used in the prevention and
standardisation of care in critical care units (Hutchins et al., 2009; Rello et al.,
2011; Beattie et al., 2012; Gallagher, 2012; Heck, 2012; Eom et al., 2014;
Munro & Ruggiero, 2014).

VAP care bundle preventative measures

Semi-recumbent position

Oral antisepsis - chlorhexidine

Daily sedation breaks/Minimal targeted sedation
Daily assessment - focus to wean off ventilator
Subglottic suctioning

Appropriate antibiotic use

Glucose control

Stress ulcer prophylaxis

Endotracheal cuff pressures

VAP diagnosis parameters
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Other VAP preventative measures have been assessed in clinical trials, for
example the design of ETTs and their efficacy in reducing VAP rates.
Adjustments made to the composition of the ETT biomaterial has also been
analysed. Such studies have involved changing the design of the ETT cuff,
with polyurethrane cuffs being used over conventional polyvinylchloride in an
attempt to avoid microchannels forming, and therefore leakage of fluidic
materials (Deem & Treggiari, 2010). An observational study of 284
mechanically ventilated patients by Lorente et al., 2014 compared the effects
of intermittent ETT cuff pressure control versus continuous cuff pressure
control. Lorente et al showed a significantly lower (p=0.02) incidence of VAP
with patients receiving continuous ETT cuff pressure control (11.2%)
compared to intermittent ETT cuff pressure control (22%).

Secondly, adjusting the composition of the inner lumen of ETTs has been a
subject of research to minimise biofilm formation. Coating the inner lumen of
ETTs with antimicrobial agents such as silver or antibiotics has been
assessed to prevent biofilm colonisation. Kollef et al., 2008 enrolled 2003
patients in a randomised clinical trial to receive either a silver coated ETT or
an uncoated ETT (control group) during intubation. Although they reported a
statistically significant reduction in the incidence of VAP in the patient cohort
receiving a silver coated ETT, there were no significant differences observed
in attributable mortality or duration of critical care stay. In 2011, Raad et al,
specifically reported that gardine (chlorhexidine based antiseptic)
successfully inhibited MRSA and multi-drug resistant (MDR) Gram-negative
adherence to ETTs in in vitro analyses. Both the efficacy for reducing VAP
incidence and the cost-effectiveness of ETT impregnated with antimicrobial
agents remains unclear. Further clinical studies need to examine the extent

of biofilm formation and VAP incidence when using preconditioned ETTs.

1.8.5.3 Oral and Dental scoring
Oral care assessment plans are completed within critical care units so as to
provide the appropriate level of oral care needed, and these can be tailored

to individual patients. For example, at the University Hospital Wales, within 4-
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6 h of patient admission to critical care, medical staff complete a critical care
mouth risk assessment form. This risk assessment (Appendix |) defines a
series of categories upon which a score is assigned based on the clinical
presentation of the patient. Categories to assess and tailor care plans include
patient dependency, inflammation within the oral cavity i.e. mucosa and the
tongue, number of natural teeth, state of ventilation and pharyngeal
secretions. Once a total score is obtained it is used to place the patient into
one of three groups for provision of oral care. This scoring system is to
ensure the times for delivery of oral care: 12 hourly, 4-6 hourly, and 2-4
hourly. A series of oral hygiene and management strategies such as:
ensuring fluid intake, provision of artificial saliva, administration of
chlorhexidine gluconate as a 0.12% rinse, and antifungal medication are
given to the patient.

Patients may be admitted to critical care following long-term illness
deterioration or acute trauma. This ultimately leads to a degree of variation in
oral hygiene status. The oral care assessment plan aims to target this
variation, in an attempt to provide the highest quality of care. Maintaining oral
care in critically ill patients is often, however, seen as a comfort measure by
nursing staff rather than an intervention to maintain health (Dale et al., 2013).
Increases in gingival inflammation and dental plaque during MV can also
reflect the changing of oral hygiene levels (Carrilho Neto et al., 2011).
Measuring the gingival index, a score based on severity of gum inflammation
with a score of 0 indicating gum health and a maximum of 3 indicating severe
gum inflammation (Pearson & Hutton, 2002; Carrilho Neto et al., 2011), and
the scoring of dental plaque by a dental professional, based on visibility of
dental plaque could build upon existing information available to health care
professionals and reflect potential risk of secondary infection. Measuring
dental plaque scores at set intervals during critical care could further be used
as an indicator of changing oral hygiene. There is a need to emphasise the
importance of dental scoring such as plaque scoring and gingival index to
facilitate patient specific oral interventions (Wise & Williams, 2013). Further

analysis examining an association between previous oral hygiene and risk of
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VAP could further highlight the importance of oral scoring in assessing a

patient’s risk for VAP.

A dental score that is used to assess previous oral hygiene status and a risk
indictor of oral health status is the Decayed Missing and Filled Teeth (DMFT)
score. A DMFT score is used to assess dental caries status and is therefore
an indicator of previous oral hygiene, and can reflect current oral health
status within the patient (Becker et al., 2007). DMFT scores are however not
usually performed in critical care units. To obtain a DMFT score, an oral
healthcare professional scores each tooth as either D, M or F, to generate a
score of between 0-28 (28 being the highest score and indicative of
advanced dental caries). Each incidence of a tooth resembling D, M or F
results in a score of 1. DMFT scores may reflect the level of risk of dental
plaque changes. It is important to complete oral profiles for patients who
undergo MV as risk of VAP increases 1% with every day patient is connected
to the ventilator, and can increase up to 80% chance if the patient is
mechanically ventilated >10 days (Bern et al., 2013). DMFT is one example
whereby an external non-invasive examination can be used to assess the

patients’ teeth upon admission to the ICU.

1.8.5.4 Antiseptic mouthwashes and lubricants

Antimicrobial mouthwashes and oral lubricants are also used to aid oral care
in critically ill patients and have been the subject of multiple systematic
reviews (Yoneyama et al.,, 2002; Labeau et al., 2011; Lam et al., 2012).
Several oral antiseptic mouthwashes are currently available for use in oral
decontamination in mechanically ventilated patients.

A 10% povidone-iodine solution was used in a study by Seguin et al., 2014,
with the primarily outcome measure of VAP reduction. Povidone-iodine
penetrates the cell wall of bacteria and affects the functions of bacterial
proteins (Donnell, 1999), and is highly effective against Gram-negative
species such as P. aeruginosa. Seguin et al., 2014 however concluded that
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the use of povidone-iodine in high-risk patients did not reduce VAP
incidence, and recommended avoiding its use due to an associated increase

in acute respiratory distress syndrome (ARDS).

Essential oils menthol, thymol, methyl salicylate and eucalyptol (Listerine ™)
and sodium bicarbonate combinations have also been used in oral hygiene
intervention in critical care. However, there is little evidence of these
combinations in reducing VAP (Berry, 2013). Eucalyptol and menthol
(constituents of Listerine formulations), have previously been effective at oral
biofilm penetration in in vitro studies (Chen et al., 2011). The overall
conclusion for the use of antiseptic mouthwashes as a reduction strategy for
VAP remains unclear, with studies reporting conflicting efficacy over the use
of various antimicrobial mouthwashes. The most widely used and researched
antiseptic mouthwash used in selective oral decontamination in mechanically

ventilated patients are chlorhexidine based mouthwashes and rinses.

1.8.5.5 Chlorhexidine

A 0.12% (v/v) chlorhexidine gluconate water soluble oral rinse or gel is often
applied in critical care units as an oral mouthwash (Jones, 1997; Kusahara et
al., 2012). Chlorhexidine damages cell membranes of Gram-positive and
Gram-negative bacteria, as well as being effective against yeasts such as C.
albicans. The effectiveness of chlorhexidine is partly based on its ability to
adsorb via its positive charge to negatively charged surfaces of the oral
cavity (O’Reilly, 2003; Kusahara et al., 2012). After adsorption, chlorhexidine
is released over several hours, a phenomenon called substantivity post
adsorption, which serves to increase its duration of antimicrobial activity
(Smith et al., 2013; Sands et al., 2014). Importantly, for chlorhexidine to be
most effective there is a need to have a relatively clean surface prior to its
administration (to adsorb to oral surfaces i.e. the teeth).

Early treatment with chlorhexidine, especially in the form of oral swab
delivery, has been reported to reduce rates of VAP (Grap et al., 2011).
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Chlorhexidine is, however, inactivated by sodium lauryl phosphate,
commonly found in toothpaste, and other ingredients are known to interact
with its activity (Munro et al., 2009). Care and appropriate consideration must
therefore be taken when using chlorhexidine in conjunction with mechanical
brushing using fluoride based toothpastes (O’Reilly, 2003).

Over the last 15 years, clinical studies, meta analyses and systematic
reviews have investigated the benefits of chlorhexidine in critical care. A
recent meta analysis and systematic review by Klompas et al., 2014 explored
effectiveness of chlorhexidine in a critical care setting. Klompas et al
suggested the limitations of chlorhexidine application might arise from patient
variation, and specifically whether the patient was admitted due to declining
health or for elective surgery. Nevertheless, the efficacy of chlorhexidine
applications remains a matter of debate (Jones, 1997; Pineda et al., 2006;
Zanatta et al., 2007; Bellissimo-Rodrigues et al., 2009; Scannapieco et al.,
2009; Grap et al.,, 2011; Kumari, 2012; Scannapieco & Binkley, 2012;
Bonten, 2014; Klompas et al., 2014). Such contrasting evidence over relative
benefits has led to a great variation in oral care protocols worldwide.
Considering the cost of VAP treatments and aftercare, preventative
measures will perhaps be more cost effective for the healthcare provider, and

undoubtedly reduce both patient and resource stress (Joseph et al., 2010).

1.8.5.6 Tooth brushing in mechanically ventilated patients

The accumulation of dental plague may increase a patient's chance of
developing VAP during MV (Munro et al., 2006). One of the most effective
methods to prevent plaque overgrowth is the non-pharmacological approach
of mechanical brushing (Johnson et al., 2012). The choice of toothbrush
used can alter effectiveness of plaque removal. Research into different types
of toothbrush has suggested the advantage of electric toothbrushes over
manual toothbrushes in removing a greater abundance of the biofilm. A
randomised study by Needleman et al., 2011 found a significant reduction in
dental plague when using a powered toothbrush. In addition, smaller

toothbrushes, such as paediatric brushes have also been considered in
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many ICU units as opting for a smaller brush allows access to difficult areas,
especially around the mouth connector for ETTs (O’Reilly, 2003; Johnson et
al., 2012; Prendergast et al., 2013). Toothbrushes with suctions and
aspiration applicators are also used in critical care to simultaneously brush
patients’ teeth and remove any dislodged debris before application of
chlorhexidine (Hutchins et al., 2009). However a major challenge of tooth
brushing is the physical ability to reach tooth surfaces around the ETT
apparatus (Needleman et al., 2011).

1.8.5.7 Oral care compliance

Although there is great variation in the administration of oral care in critical
care units, maintaining adequate oral hygiene is essential. Performing oral
care does not only limit microbial colonisation and dental plaque
accumulation, but increases patient comfort and provides lubrication in the
oral cavity (Jones et al., 2004).

Oral intervention for mechanically ventilated patients, although considered a
vital component of the ICU oral hygiene care plan, is sometimes overlooked.
In many cases the duration of oral care delivery is shorter than necessary,
and many nurses are perhaps reluctant to clean the teeth mechanically, for
fear of dislodging the ETT (Berry & Davidson, 2006; Lloyd et al., 2011; Munro
& Grap, 2004). Maintaining adequate oral care is therefore challenging.

In order to improve oral care compliance and facilitate chlorhexidine
application in critically ill patients, manufacturers (e.g. Sage Products; Illinois,
USA) have produced single dispensing foam swabs incorporating
chlorhexidine, referred to as a Toothette™ for use in critical care units A
study by Munro et al., 2009 used the Toothette™ to apply chlorhexidine to
the oral cavity within a randomised trial. Munro et al., 2009 concluded that
chlorhexidine applications did reduce the incidence of pneumonia in
comparison to patients receiving tooth brushing alone. The structure and
composition of the swab enables both lubrication of the oral cavity with
chlorhexidine or other oral care products whilst the ridged brush gently

removes any anchored dental plaque.
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Tooth brushing is one of the most effective management strategies for
maintaining dental plaque accumulation, usually performed in conjunction
with chlorhexidine application. In critical care medicine the immediate priority
for nurses and physicians is patient survival and oral care is often considered
a secondary intervention.

Overall, research into the benefits of mouthwash administration in
mechanically ventilated patients is extensive. Oral care may reduce VAP
incidence, however currently there is little evidence to suggest that there are
benefits in clinical outcomes for length of ICU stay or duration of MV (Li et al.,
2015).

1.8.5.8 Selective Oropharyngeal Decontamination (SOD)

Selective oropharyngeal decontamination of the oropharyngeal tract is a
regime to prophylactically treat the oropharynx area with topical antibiotics
and prevent pathogenic colonisation of Gram-negative bacteria and S.
aureus (Oostdijk et al., 2013). Unlike the application of care bundles and oral
antiseptics, SOD programs administer antibiotics to the entire oropharyngeal
tract. For such topical applications, tobramycin and amphotericin B (for
overgrowth of Yeasts) are frequently used (Bonten, 2006; de Smet et al.,
2009).

1.8.5.9 Selective Digestive Decontamination (SDD)

Selective decontamination of the digestive tract (SDD) is performed to
eradicate potentially pathogenic microorganisms in the oropharyngeal and
digestive tract of critically ill patients (Silvestri & Saene, 2012; Oostdijk et al.,
2013). SDD is the application of the combination of both topical and
intravenous antibiotics to reduce incidence of exogenous and endogenous
HAIs and reduce mortality rates in critical care (Silvestri & Saene, 2012).
Antibiotics used for SDD include a second-generation cephalosporin such as
ceftazidime or a third-generation cephalosporin, cefotaxime, for intravenous
application. If the patient was previously healthy (no underlying iliness) a
beta-lactam |V antibiotic is also widely used. Although there are suggested
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antibiotics for SDD that are anti-Pseudomonas or specific antifungals, clinical
choice is dependent on medical history, microbial culture results, and rates of
antimicrobial resistance.

The efficacy and advantages of SDD are still debated (Bonten et al., 2000;
Chaari et al., 2013), however de Smet et al., 2009 regards SDD to be as
effective as SOD. With an increase in antimicrobial resistance, SOD seems
preferable because it can avoid widespread systemic cephalosporin usage.
Deciding whether to prophylactically administer antibiotics further
complicates matters for clinicians (Laxminarayan et al., 2013).

1.8.5.10 SOD versus SDD

In a landmark study, de Smet et al., 2009 performed a crossover randomised
trial of standard care, comparing SDD and SOD in 13 intensive care units in
the Netherlands with 5939 patients. Rather than focusing on VAP, mortality
was chosen as the outcome measure and there was an absolute reduction of
3.5% and 2.9% with both SDD and SOD respectively. There was no
difference between SDD (four days intravenous antibiotics plus tobramycin,
colistin, and amphotericin B to mouth and stomach) and SOD, (which used
tobramycin, colistin, and amphotericin B paste four times a day). Findings of
this study suggest similar survival rates with SOD and SDD programs.
Furthermore, a recent meta analysis by Zhao et al., 2015 analysed the
effects of SOD and SDD in mortalitly, length of critical care stay, and carriage
of Gram-negatvie bacteria in 23,822 patients. There were similar clinical
outcomes in mortality and length of stay between SOD and SDD regimes,
however SOD resulted in a higher carriage of Gram-negative bacteria. Due
to both cost and antibiotic resistance concerns of SDD, the suggested
outcome for this meta analysis was the prophyaltic SOD regime. Both these
studies demonstrate and promote a reduction in mortality with a measure
that aims to improve oral hygiene regimes. Ultimately, the prevention of VAP
includes assessing several parameters including patient care, critical care

apparatus used, oral hygiene and the training of critical care professionals.
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1.8.6 Antimicrobial treatment for VAP

Pneumonia associated with mechanically ventilated patients, may be more
difficult to treat, largely due to increasing incidence of antimicrobial
resistance in the microorganisms involved. Once VAP has been diagnosed,
or strongly suspected, antibiotic therapy is implemented. Problems can occur
however, when deciding not only the choice of pharmacological agent, but
also when to begin treatment. Clinicians have the choice of using empiric
treatment using broad-spectrum antibiotics once symptoms of VAP appear,
or wait until microbial culture results are available (Muscedere et al., 2008).
Ideally, waiting for culture results would provide better evidence over which
agent to use, and perhaps give an indication of the duration periods for
antimicrobial chemotherapy (Magnotti et al., 2011).

Optimum antibiotic treatments for VAP often differ between critical care units
and between individual patients, with multiple classes of antibiotics becoming
less effective. MDR pathogens are commonly associated with causing VAP
(Magnotti et al., 2011; Tseng et al., 2012; Tedja et al., 2014). Single antibiotic
treatments are, in many cases of limited use, however certain antibiotics
such as meropenem and tobramycin when used in conjunction with others
provide a greater probability of successful treatment (Kollef, 2005;
Muscedere et al., 2008; Luyt et al., 2014). The difficulty in treating VAP
highlights the need of effective preventative measures for VAP in critical
care.

Inappropriate and excessive exposure of microorganisms to antibiotics has
occurred in recent decades. Over prescription has contributed to the
generation of MDR strains for many bacterial genera. MDR organisms have
disseminated globally and bacterial resistance to antibiotics is now a major
health problem (Magiorakos et al., 2011; Aliberti et al., 2013). Briefly, there
are 3 basic mechanisms of antimicrobial resistance (Table 1.7; figure 1.9).
Firstly, cell wall, membrane and efflux pumps stop the antibiotic reaching
intracellular targets. Secondly, biofilm cells can stop the antibiotic penetrating
the cell, and finally changes in target site or excessive production of target,
can result in the degradation of antibiotic.
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Table 1.7 — Major antibiotic classes, mechanism of action and resistance mechanisms (Wolfson & Hooper, 1985; Silva, 1996;
Chopra & Roberts, 2001; Courvalin, 2006; Shinkai, Henke, & Rubin, 2008; Lofmark, Edlund, & Nord, 2010; Giedraitiene, 2011;
Meletis et al., 2012; Du van Veen & Luisi, 2015).
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Major Antibiotic static or
classes cidal Mechanism of action Resistance mechanism
Inhibits cell wall synthesis, blocks cross linking via
Penicillins Bactericidal  inhibition of transpeptidase Antibiotic hydrolysis by enzymatic -lactamase
Inhibits cell wall synthesis, blocks cross linking via
Cephalosporins Bactericidal  inhibition of transpeptidase Antibiotic hydrolysis by enzymatic B-lactamase
Carbapenems Bactericidal ~ Cell wall inhibition Antibiotic hydrolysis by enzymatic B-lactamase
Protein synthesis inhibition. Irreversible binding to
Aminoglycosides  Bactericidal ~ 30S ribosomal unit Aminoglycoside modifying enzymes
Efflux, altered target site (proteins bind and change active
Tetracyclines Bacteriostatic Protein synthesis inhibition. Blocks tRNA site)
Protein synthesis inhibition. Reversibly binds to Altered target site, mutation reduces binding to active site.
Macrolides Bacteriostatic 50S ribosomal subunit Decreased permeability
Altered target site, mutation reduces binding to active site.
Fluoroquinolones  Bactericidal =~ DNA synthesis inhibitors, inhibit DNA gyrase Efflux, new membrane transporters
Trimethoprim/
Sulfonamides Bacteriostatic  Inhibits folic acid synthesis Altered target site, mutation of gene coding
Other
antibiotics:
DNA synthesis inhibitors. Metabolic biproducts Decreased drug intake or efflux, change in biological target,
Metronidazole Bactericidal ~ disrupt DNA synthesis increased oxygen scavenging abilities
Altered target site, mutation changes structure of beta
Rifampin Bactericidal ~ RNA synthesis inhibitor. Inhibits RNA polymerase  subunit of RNA polymerase
Protein synthesis inhibition. Reversibly binds to
Chloramphenicol ~ Bacteriostatic 50S ribosomal subunit Enzymatic degradation, Efflux
Cell wall inhibition. Disrupts peptidogylcan cross-
VVancomycin Bactericidal linkage Altered target site. Removal of susceptible target
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Figure 1.9 — A schematic diagram of a bacterial cell showing mechanisms of
bacterial antibiotic resistance adapted from Wright, 2011.

The ability of microorganisms to acquire resistance has developed through
multiple mechanisms with MDR species often having more than one
mechanism (Alekshun & Levy, 2007; Wright, 2011). Antimicrobial resistance
in biofilms adds a further dimension when considering antibiotic therapy.
Biofilms can be up to 1,000 times more tolerant to antimicrobials compared
to planktonic cells (Fricks-Lima et al., 2011), as summarised in figure 1.10.
The EPS protecting the microbial species within the biofilm acts as a shield
against external pressures such as antibiotics. A clinically relevant and
frequently MDR resistant organism is P. aeruginosa. Pseudomonas
aeruginosa can develop resistance through several mechanisms, resulting in
resistance to carbapenems (such as meropenem) a group of broad-spectrum
B-lactams. The two main mechanisms of resistance to carbapenems are use

of efflux-pumps (Pai et al., 2001) and production of B-lactamases (Pitout et
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al., 2005). Resistant strains of P. aeruginosa actively exclude antibiotics via
efflux pumps, whilst altered membrane permeability can further limit delivery
of antibiotic into the bacterial cell. MDR pathogens are now the cause of
several antibiotic resistant bacterial outbreaks both within the hospital and
the wider community (Consales et al., 2011; Tseng et al., 2012). It is
essential to develop alternative treatments to reduce mortality rates of HAls.
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Figure 1.10 — Mechanisms of resistance in biofilms, adapted from Thien-Fah
and O’'Toole 2001. The bacteria within the extracellular matrix (represented
in yellow) undergo changes to enhance resistance mechanisms within the

biofilm community.
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1.9 Summary

VAP is the most prevalent HAI in intensive care (Joseph et al., 2010). The
ETT is an essential interface between patient and ventilator but its placement
promotes VAP, by impeding host defence mechanisms, and supporting
potentially pathogenic biofilms within its inner lumen that can subsequently
disseminate into the lower airways. Timely diagnosis of VAP in mechanically
ventilated patients in critical care units is often difficult. Treatment of clinically
diagnosed VAP is challenging, as it is a biofilm-mediated infection that is

increasingly caused by multidrug resistant organisms.

The composition of dental plaque is thought to change during MV, with
respiratory pathogens dominating the polymicrobial biofilm, however the
reasons for this suggested microbial shift remain poorly understood. A
greater understanding of how to achieve good oral hygiene in patients and
control dental plaque is essential for improving health. Microorganisms within
the oral cavity have access to the lower airways, via the ETT. Examining the
occurrence and extent of dental plaque community changes during MV is the

overarching aim of this PhD project.
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1.10 Project Aims and objectives

Reducing the prevalence of VAP requires a greater understanding of the
exact pathogenesis and aetiology. Given the importance of the oral
microbiome in the development of VAP and the lack of understanding of the
changes of the oral microbiome during MV, within this project, there are four

main aims:

CHAPTER 2: To longitudinally assess dental plague and the

microenvironment of the oral cavity throughout the course MV, and, where
possible, into the post ETT-extubation recovery period of critical illness. The

aim of this work is to evaluate changes to dental plaque during MV.

CHAPTER 3: Molecular characterisation of dental plaque and lower airways
microbial communities will further fulfill project aims by profiling communities

during MV using a new technique, without the bias of microbial culture.

CHAPTER 4: Saliva and blood (plasma extractions) will be subject to
proteomic analysis to ultimately assess host immunity. The aim of this work
is to ascertain whether salivary parameters are associated with dental plaque
colonisation by respiratory pathogens.

CHAPTER 5: Based on clinical findings, biofilm models will be developed to

mirror any dental plaque compositional changes under controlled conditions.
The aim of this work is to assess the possible aetiology of compositional

changes and to evaluate any associations with saliva.
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Chapter 2

Characterisation of biofilms from
mechanically ventilated patients
by culture and imaging
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2. 1 Introduction

Critical illness requiring mechanical ventilation (MV) occurs as a result of
many disease processes, critical care populations are therefore
heterogeneous. Up to 50% of patients admitted to critical care require MV,
usually as a consequence of respiratory failure or impaired consciousness
(Estern et al., 2000; Anzueto et al., 2002). Often in these patients, priorities
are understandably given to addressing the immediate clinical problem and
in such circumstances, provision and compliance of oral care may not be

adequately delivered (Ames, 2011).

Colonisation of dental plaque by respiratory pathogens during MV has been
reported previously, primarily using microbial culture techniques (Heo et al.,
2008; Scannapieco et al., 2009; Needleman et al., 2011; Sachdev et al.,
2013; Shi et al.,, 2013). Heo et al., 2008 performed pulsed-field gel
electrophoresis upon DNA collected from dental plaque and the lower
airways of 100 patients during ventilation, identifying several
indistinguishable strains of Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia coli, Klebsiella pneumonia, Acinetobacter species
and Enterobacter species. Other studies including Needleman et al., 2011
and Sachdev et al., 2013, performed microbial culture analysis of dental
plaque during mechanical ventilation, though with a smaller sample size (45-
50 patients). Both Needleman et al., 2011 and Sachdev et al., 2013 revealed
similar respiratory pathogen colonisation of dental plaque to that ascertained
by Heo et al., 2008, and additional pathogens Haemophilus influenzae,
Proteus mirabilis and Serratia species were also isolated from dental plaque
during MV in these studies. The extent of respiratory pathogen colonisation
of dental plaque and the role in the aetiology of VAP however, remains
poorly understood.

In mechanically ventilated patients, the ETT provides the essential interface
between the lung and the ventilator. Unfortunately, the presence of an ETT

will also impair pulmonary host defences and can promote ventilator-
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associated pneumonia (VAP) through supporting biofilms within its inner
lumen (Raad et al., 2011; Gil-Perotin et al., 2012; Vandecandelaere et al.,
2012). The physical placement of the ETT and associated equipment to
secure it may also impede the ability to deliver oral care. ETT biofilms can
form within a period of 24 h (Perkins et al., 2010) and may serve as a
reservoir of respiratory pathogens that are largely protected from host
defence mechanisms. Cairns et al., 2011 analysed the microbial
communities of 24 ETT biofilms using molecular techniques including
denaturing gradient gel electrophoresis (DGGE), revealing ETT colonisation
by P. aeruginosa and S. aureus. In addition Cairns et al., 2011 found
representative species of the oral microbiota including Streptococcus
mutans, Porphyromonas gingivalis and C. albicans colonising within ETTs.
Once formed, aggregates of respiratory pathogens can dislodge from the
biofilm to the lower airway. It could be postulated that this facilitates the
delivery of pathogenic agents already within a biofilm phenotype which, it
could be argued are already more resistant to host defence mechanisms and

administered antimicrobials.

In recent years, studies into the origin of VAP-causing microorganisms have
primarily focused on oropharyngeal sites rather than the gastro-intestinal
tract (Bonten et al., 1994; Garrouste-Orgeas et al., 1997; Bahrani-Mougeot et
al.,, 2007; Heo et al.,, 2008). As a consequence, a number of current
strategies aimed at preventing VAP now involve targeting oral
microorganisms (Shi et al., 2013; Silvestri et al., 2014). The most obvious
means of reducing the numbers of infectious microorganisms within the oral
cavity is the provision of effective oral care regimes. This could be
considered to work in two ways, either reducing the colonisation of plaque by
potential respiratory pathogens and/or reducing the microbial load in plaque
already colonised in an attempt to reduce colonisation of the lower airways.

To highlight the importance of effective oral care in mechanically ventilated
patients to healthcare providers, demonstrating the complex dynamics within
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oral microbial communities that culminate in respiratory pathogen
colonisation is important. In addition, showing the translocation of such
pathogens from the mouth to the ETT lumen and the lower airways will
further strengthen the argument for effective oral care in mechanically
ventilated patients. This in turn will help to facilitate the development of
interventions that could reduce the colonisation of dental plaque by potential
respiratory pathogens and or the translocation of respiratory pathogens from
the mouth to the lower airways.

The primary aim of the work reported in this chapter was to reveal the extent
of respiratory pathogen colonisation of dental plaque and lower airways of
mechanically ventilated patients on a longitudinal basis, both during MV and
into the post ETT-extubation (recovery from critical illness) period.
Specifically, the objectives were three-fold:

(1) To ascertain the extent of respiratory pathogen colonisation within
dental plaque and the lower airways during MV by culture and
species-specific PCR.

(2) To ascertain whether respiratory pathogens were present in the
dental plaque during the post-ETT extubation period corresponding to
recovery from critical illness.

(3) To perform image analysis on ETT biofiims via SEM and CLSM
coupled with FISH and species-specific PNA probes to identify and

locate target respiratory pathogens within the ETT biofilm.
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2.2 Materials and Methods

2.2.1 Cohort observational study: ethical approval

Ethical portfolio adoption for the observational cohort study was submitted on
the 11" April 2013 to the NISCHR CRC Central Office. Ethical approval was
obtained from National Research Ethics Service (NRES) within the Research
Ethics Committee (REC), Wales (Ref: 13/WA/0039) for a single NHS
organisation study on 20™ June 2013 to evaluate dental plaque biofilms
during the course of MV. To ensure sufficient statistical power (>80%) to
observe a 20% change in at least one phylum in microbial profiles and
associated downstream high-throughput techniques (Chapter 3), the
minimum number of participants required for the study was 101.

2.2.2 Patient recruitment

Mechanically ventilated patients at a single University Hospital Critical Care
Unit were eligible for inclusion in the study if they were aged >18 years, had
>8 original teeth, anticipated period of MV >24 h, and an expected survival of
>24 h. Informed consent for participation in the study was obtained from the
next of kin by the responsible clinician. | gratefully acknowledge the research
nurses within Critical Care Unit at The University Hospital of Wales, Cardiff
for taking patient consent, collecting demographic data and sampling of
mechanically ventilated patients recruited to the study. The following
participant information was collected during the course of the study: gender,
age, and diagnosis/critical care admission details. The number of decayed,
missing, and filled teeth (DMFT score) was determined by a dental
practitioner and used as an indirect indicator of previous general dental
health status and oral hygiene (Becker et al., 2007). Standard oral care was
routinely performed (every 4-12 h) following a critical care mouth assessment
to determine level and frequency of oral care required.

VAP was diagnosed using the existing Clinical Pulmonary Infection Score
(CPIS) score (with a score >6), with aetiology confirmed by blood culture and
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quantitative microbiological culture (>10° colony forming units (CFU)/ml) of
the lower airways samples (bronchoalveolar lavage (BAL)/non-directed
bronchoalveolar lavage (NBL) (Pugin et al., 1991; Zilberberg & Shorr, 2010;
Estella & Alvarez-Lerma, 2011; Kalanuria et al., 2014; Hellyer et al., 2015).
Antibiotics were prescribed at the clinicians’ discretion and a thrice-weekly

ward round provided further stewardship with clinical microbiologists.

2.2.3 Microbial culture of dental plaque, subglottic aspirations and non-

directed bronchoalveolar lavage (NBLs)

2.2.3.1 Dental plaque, subglottic aspiration and NBL collection

Subgingival and supragingival dental plaque was collected by a healthcare
professional using paper points (specifically rolled absorbent and narrow
strips of paper) (size 40, QED, Peterborough, UK) and dental examination
kits (Minerva Dental) (Bollen & Quirynen, 1994). Paper points are also
effective in collecting subgingival and supragingival dental plaque by direct
mechanically scraping of target sites, minimising the risk of contamination
from other colonised sites of the oral cavity (Smola, 2003). Dental plaque
collection was performed on 3 occasions during the first week of admission
to critical care, and then weekly until hospital discharge, for up to a maximum
of 3 months post admission to the intensive care unit (ICU). To standardise
collection, dental plaque was collected on the morning of the due date. A
total of 9 paper points, sampling 3 teeth per area (front, middle and back)
were used per collection. In cases where the patient did not have sufficient
teeth for the above protocol, samples were taken from the areas closest.
Dental plaque was suspended in 1 ml of filter sterilised (0.22 pm, Fisher)
transport medium (TM) at a pH of 7.0 (75 ml of stock solution 1 (0.6%
dipotassium phosphate — KyPO4), 75 ml of stock solution 2 (1.2% sodium
chloride — NaCl, 1.2 ammonium sulphate, 0.6% potassium dihydrogen
phosphate and 0.25% magnesium sulphate), 10 ml of 0.1 M EDTA, 5 ml of
8% sodium carbonate, 20 ml of 1% dithiothreitol (DTT) and 815 ml of distilled
water (Syed & Loesche, 1972)). TM bottles were then placed in an aerobic
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incubator at 37°C overnight to confirm sterility. Before use, 1 ml of TM was
aliquoted into microcentrifuge tubes in the class Il safety cabinet and stored
at 4-8°C.

Subglottic aspirations were collected through a port in the ETT using a
syringe and transferred into sterile universals. NBLs were collected using a
suction catheter through the ETT, when clinically necessary as determined
by the responsible Critical Care Consultant. Subglottic aspirations and NBLs
were aseptically transferred into universal containers for transport to the

microbiology laboratory.

2.2.3.2 Microbial culture of dental plaque and fluid collected from the
lower airways

Processing and subsequent analyses of clinical specimens was undertaken
in the class Il safety cabinet using additional personal protective equipment
(PPE) including Sheildskin nitrile PPE Category Il gloves (AQL score of
0.65) when appropriate. Dental plaque was vortex mixed for 30 s and paper
points removed using sterile tweezers. Aspirations and BALsS/NBLs were
centrifuged for 5 min at 10,000 x g and resuspended in 1 ml of PBS. A 500-pl
volume of resuspended sample was used to inoculate Microbank™ Beads
(Fisher) for subsequent storage and analysis. For microbial culture, 25ul of
dental plaque, NBL and subglottic aspirate was added to selective agars for
detection of S. aureus (Mannitol Salt Agar; MSA, LAB 007), P. aeruginosa
(Pseudomonas agar base; Pseudo, LAB 108), C. albicans (Sabouraud
Dextrose agar; SAB, LAB 009) and S. mutans (Mitis Salivarius-Bacitracin
agar; MSB, Oxoid 229810). Agar media were incubated at 37°C in the
presence of O, (aerobically) for a period of 5 days. All microbial growth was
recorded for data analysis using Microsoft Excel. Suspected Candida species
on SAB agar were subcultured on CHROMagar® Candida media (Oxoid)
and incubated for 24 h at 37°C, for the selective identification of yeast
species. Any culture media positive isolates of P. aeruginosa and S. aureus

were subject to further biochemical identification tests. Presumptive P.
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aeruginosa isolates were subjected to an oxidase test (Oxoid) using a non-
metallic loop. For presumptive staphylococci isolates, 3 individual colonies
were subjected to a catalase test (hydrogen peroxide; Sigma) to distinguish
and these were subsequently tested for coagulase (with positive coagulation
largely indicative of S. aureus; Oxoid). All confirmed species of S. aureus and
P. aeruginosa were stored on Microbank™ Beads (Fisher) for subsequent
species-specific PCR analysis.

2.2.3.3 Microbial analysis of ETT biofilms

ETTs were collected post extubation, wrapped in sterile moist tissue paper,
and placed into an autoclaved bag for transport across to the School of
Dentistry Microbiology Laboratories for processing. All analyses were
performed in a Class Il Safety Cabinet. The exterior of the tube was wiped
with 70% ethanol and the tube was transferred onto a corkboard wrapped in
sterile paper.

A sterile scalpel was used to cut 4x0.5 cm sections of the ETT from its
midpoint or region where a biofilm was most evident. One section was
processed for imaging (section 2.2.5 - 2.2.7), and the remaining three
sections were processed for microbial culture. Biofilms were scraped from
the 3 sections of the extubated ETTs using a cotton swab. The swab was re-
suspended in 5 ml PBS, vortex-mixed for 30s and serial-decimally diluted. All
dilutions were plated onto selective agar and incubated as described in
section 2.2.3.2. The remaining ETT was discarded for incineration.

2.2.3.4 Identification of isolated respiratory pathogens using species-
specific PCR

Definitive identification of S. aureus and P. aeruginosa isolates was achieved
by species-specific PCR. Total DNA extraction was performed using a DNA
extraction kit (Qiagen). The Gram-positive extraction protocol was followed
as described by the manufacturer with minor modification. In the case of S.
aureus, a 1 ml volume of overnight culture, in Brain-Heart Infusion (BHI)

broth (Oxoid) was placed in a sterile 1.5 ml microcentrifuge tube and
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centrifuged for 1 min at 16,000 x g. The pellet was resuspended in 300 pl of
cell suspension buffer containing 1.5 pl of Iytic enzyme solution (Qiagen).
The tube was inverted 25 times, and incubated at 37°C for 30 min. An
additional step was required for P. aeruginosa, an additional incubation step
of 5 min at 80°C was necessary after the initial cell suspension was added to
aid bacterial cell lysis. After centrifugation for 1 min at 16,000xg, the sample
was then re-suspended in 300 pl of cell lysis solution (Qiagen). A 100-ul
volume of was added and the tubes were vortex mixed for 20 s. After a 3 min
centrifugation step at 16,000 x g the supernatant was transferred to a clean
1.5 ml microcentrifuge tube containing 300 pl of isopropanol, and gently
inverted 50 times. Samples were centrifuged for a further 1 min period at
16,000 x g, with the supernatant being discarded and the microcentrifuge
tubes drained on to a clean absorbent tissue. A 300-pl volume of 70%
ethanol (v/v in water) was added to the remaining pellet and centrifuged for 1
min at 16,000 x g. A 100-ul volume of DNA hydration solution and 1.5 pl of
RNase A solution (Qiagen) was then added, and the tubes were vortex
mixed for 5 s. The tubes were incubated at 37°C for 30 min and then at 65°C
for 1 h to dissolve the DNA.

PCR was performed with a total volume of 50 ul (2 yl of DNA, 22 pl of
nuclease free water, 25 yl Mastermix PCR reagents (Promega) and 0.5 pl of
forward primer, and 0.5 pl of reverse primer (Table 2.1)). Thermal cycling
parameters for S. aureus PCR included an initial 5 min at 94°C, followed by
35 cycles of 94°C for 40s, 50°C for 40 s and 72°C for 1 min with a final
elongation step of 72°C for 10 min. For P. aeruginosa PCR, cycling
parameters included an initial denaturation step of 95°C followed by 35
cycles of 94°C for 45 s, 58.4°C for 45 s and 72°C for 1 min ending with 5 min
at 72°C. Where multiple bands were encountered, repeat culture onto
selective agar for re-biochemical testing and PCR amplification was
undertaken to ensure single species.
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Table 2.1 - PCR primers used for identification of S. aureus and P.

aeruginosa
Species Target Primers Amplicon Reference
Gene size
S. aureus Vick vicK1: 5-CTA ATACTG 289 bp (Liu et al.,
AAA GTG AGA AAC GTA-3 2007)

vicK2: 5-TCC TGC ACA
ATC GTA CTA AA-3

P. aeruginosa ecfX  Ps.aeru_ECF1: 5-ATG GAT 528 bp (Lavenir et al.,
GAG CGC TTC CGT G -3 2007)
Ps.aeru_ECF2: 5-TCA TCC
TTC GCC TCC CTG -3

2.2.4 Dental plaque imaging

The viability and distribution of bacteria in dental plaque biofiims was
assessed using fluorescent microscopy using a live/dead stain (LIVE/DEAD®
BacLight™; LifeTechnologies). A microbial loop was used to transfer dental
plaque vortex mixed in TM on to a microscope slide (SuperFrost, Fisher)
which was air dried for 5 min. Equal volumes (50-pl) of SYTO® 9 dye (live
cell stain) and propidium iodide (dead cell stain) were combined in PBS and
transferred into a microcentrifuge tube and vortex-mixed for 20 s. A 25-pl
volume of the dye preparation was added to each slide to cover the dental
plaque smear and overlaid with a coverslip. The slides were covered with tin
foil and incubated at 37°C for 15 min before imaging by confocal

fluorescence microscopy (Emission green — live, red — dead) (2.2.7.3).

2.2.5 Preparation of ETTs for microscopic imaging

ETT sections (0.5 cm length) were washed in 2 ml of PBS and immersed in 2
ml of 10% (v/v) formalin for a minimum period of 24 h. The ETTs were
paraffin wax embedded using routine methodology, sectioned at 20 ym and
placed on to glass histology slides (SuperFrost, Fisher).
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2.2.6 SEM analysis of endotracheal tube biofilms

To de-wax the sections for imaging, 3 incubation periods of 10 min each in
xylene was undertaken, followed by a wash with 100% ethanol. The slides
were air-dried and sputter coated with gold for 8 min in readiness for
scanning electron microscopy (SEM). Biofilms were viewed in a JEOL 840A
SEM at 5kV and digital images captured using SIS software (School of
Medicine, Cardiff University).

2.2.7 Peptide nucleic acid fluorescent in situ hybridisation (PNA-FISH)

confocal microscopy of endotracheal tube (ETT) biofilms

2.2.7.1 PNA FISH on extubated ETTs

The ETT 20 ym sections were prepared and de-waxed (2.2.6). A 100-pl
volume of Sputasol (Sputum liquefying agent, Oxoid) was added to the ETT
section and incubated at 37°C for 30 min. A 100-ul volume of PBS was
added to wash the sections, followed by 100 ul of each of the following
enzymes; proteinase K, lysostaphin or chitosan (in the volume and
incubation temperature/length) as described below. Proteinase K (Sigma)
was diluted from a stock solution (10 mg/ml) to 0.1 mg/ml and 100 ul added
to each slide and incubated at 37°C for 30 min. Lysostaphin (Sigma) was
diluted from stock solution of 1 mg/ml to 0.2 mg/ml and 100 pl added to each
slide and incubated at 37°C for 1 h. Chitosan (Sigma; 1 g) was added to 50
ml of 1% acetic acid and carefully mixed to a gel. A further 50 ml of 1% acetic
acid was added to create a final solution of 1% chitosan in 1% acetic acid. A
100-ul portion of this mixture was added to each slide and incubated at 20°C
for 30 min. A 100-ul volume of lysozyme (10 mg/ml) was then added and
incubated at 37°C for 45 min.

2.2.7.2 PNA probe hybridisation buffer and washing solution
preparation
The PNA probes (Panagene) (Table 2.2) were prepared at a stock

concentration of 100 pmol in sterile H,0 for storage at -20°C. Stock

60



concentration of probes were diluted with hybridisation solution (10% (w/v)
dextran sulphate, 10 mM NaCl, 30% (w/v) formamide, 0.1% (w/v) sodium
pyrophosphate, 0.2% (w/v) polyvinylpyrolidone, 0.2% (w/v) ficol, 5 mM
disodium EDTA, 50 mM Tris HCI and 0.2% Triton-X at pH 7.5) to either 300
nM or 450 nM. A 1 L wash solution (56 mM Tris 15 mM NaCl and 0.1% (v/v)
Triton-X-100 at pH 10) (Lefmann et al., 2006), was prepared in sterile H.0
and stored at 4°C.

Table 2.2 - Species-specific PNA probes and associated fluorescent markers

Working Fluorescent
Probe Probe sequence concentration  marker (N-
(nM) terminal)
Bacterial CTGCCTCCCGTAGGA 300 Cy3-00-
Universal
Pseudomonas AACTTGCTGAACCAC 300 FITC-00-
aeruginosa
Staphylococcus GCTTCTCGTCCGTTC 450 Cy5-00-
aureus
Streptococcus ACTCCAGACTTTCCTGAC 450 Alexa405-00-
mutans
Candida ACAGCAGAAGCCGTG 300 FITC-00-
albicans
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A 100-pyl volume of each PNA probe (Table 2.2) was added to a
microcentrifuge tube and gently pipette mixed for hybridisation. A 100-pl of
mixed PNA probes were added to 20pm sections of ETT and was covered
loosely with tin foil and incubated at 55°C for 90 min for probe hybridisation.
A 100-pl volume of wash solution was added to the slide and incubated at
55°C for 15 min. This process was repeated three times and the slides were
removed until completely dry. A drop of Vectashield™ was added to the
coverslip to mount the slide, and the slide was sealed using varnish
(commercially available nail varnish) for CLSM.

2.2.7.3 Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) was used to image the biofilms
following PNA probe hybridisation. Biofilms were imaged using a Leica TCS
SP2 AOBS spectral confocal microscope (Leica, Heidelberg, Germany) at
appropriate excitation and emission settings for Fluorescein isothiocyanate
(FITC) (ex max 494nm; em max 518nm); Cy 3 (ex max 550nm; em max
570nm) and Cy 5 (ex max 650nm; em max 670nm). Z-stacks of optical
sections were taken through the full thickness of the biofilms and maximum
intensity-type reconstructions were prepared using confocal Leica software
packages. Micrographs were presented as image overlays of confocal
fluorescence (colour) superimposed upon Nomarski differential interference

contrast (greyscale).

2.2.8 Antimicrobial susceptibility of S. aureus and P. aeruginosa
isolates

Isolated colonies of S. aureus and P. aeruginosa were cultured on Mueller
Hinton (MH) agar at 37°C for 18-24 h. A 0.5 McFarland standard (10® CFU/
ml) was created direct from these colonies to create an inoculum for
antimicrobial sensitivity testing. A sterile swab was used to spread a lawn of
the 0.5 McFarland standard across the MH agar plate. Cefoxitin discs were
used to identify MRSA. The agar media were incubated for 18-24 h at 37°C
and subsequent zones of inhibition measured (in mm) according to The
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British Society for Antimicrobial Chemotherapy (BSAC) guidelines to
determine isolate sensitivity to antibiotics. A total of 15 antibiotics were
chosen, based on the antibiotics the patients received during MV, standards
from BSAC, and standard procedures for antimicrobial testing isolates of S.
aureus and P. aeruginosa (Standard microbiological investigations (SMIs)).
Predefined criteria for sensitive, resistant and intermediate activities of tested
antibiotics were outlined in the BSAC zone of inhibition (ZOI) measurements
(BSAC, The European Committee on Antimicrobial Susceptibility Testing
(EUCAST) disc diffusion method, V5). An isolate with a ZOlI falling between
the ranges defined as susceptible or resistant was subsequently designated
as being of intermediate resistance. In the context of this study, an MDR
pathogen was defined as exhibiting a resistant profile (according to BSAC

guidelines) to at least three antibiotics.

2.2.9 Statistical analysis

Analysis of microbial growth was recorded and performed using Microsoft
Excel. Analysis of the DMFT scoring and age group was performed using a
Box and Whisker plot in IBM SPSS V20.
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2.3 Results

2.3.1 Patient demographics

A total of 1016 patients’ were screened over a 14-month period. Of these, 5
patients were <18 years, 20 patients had <8 teeth, 210 patients were
anticipated to be mechanically ventilated for <24h, 439 patients were not
mechanically ventilated, and no final consent was obtained for 232 patients.
Of the 110 patients recruited to the study, 3 withdrew their consent from the
study post-recovery and their details and samples were deleted and
destroyed.

2.3.2 Age and gender

Informed consent was obtained from 107 patients (65 male and 42 females,
mean age 54). These patients were divided into 4 age group categories for
comparative analysis (Table 2.3).

Table 2.3 — Age groups categories of recruited patients. All patients were

grouped into four groups for comparative analysis.

Age group (years) No’ of patients

18-29 12
30-49 30
50-69 42
70+ 23
Mean age 54
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2.3.3 Critical care admission analysis

The study was performed in a single adult critical care unit (Adult Critical
Care, University Hospital of Wales). Patients were recruited to the study
following ICU admission encompassing a range of illnesses and conditions
(Table 2.4).

Table 2.4 — Underlying illnesses and conditions for the admission of 107
recruited patients to primary critical care’.

Primary reason for admission = Number of patients

Respiratory failure 31
Overdose/suicide attempt 3
Stroke/brain injury/seizures 35
OOHCA 11
Poly-trauma 9
General surgery - Stomach 5
Dental/Oral cavity 1
Other 12

*OOHCA — Out of hospital cardiac arrest.

2.3.4 Antibiotic administration during critical care and MV

Seventy-seven (71%) mechanically ventilated patients received at least one
antibiotic and 53 of these received more than two different antibiotics over
the course of MV. Over 30 antibiotics were administered to the patients as
indicated in table 2.5. Antifungals (including nystatin and fluconazole) were

also administered to mechanically ventilated patients (n=12).

1 Admission details for all patients in Appendix |
2 +VE - positive control —~VE — negative control and M represents the molecular marker.
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Table 2.5 - The 10 most frequently prescribed antibiotics

Antibiotic Number of
patients

Tazocin 24
Meropenem 23
Cefuroxime 10
Co-amoxiclav 9
Augmentin 7
Clindamycin 6
Gentamicin 6
Vancomycin 6
Ciprofloxacin 4
Colomycin 2

2.3.5 Decayed, missing and filled teeth (DMFT) scoring and analysis
DMFT indices were obtained for 97 of the 107 recruited patients. DMFT
scoring is shown in Appendix |. For 10 patients a DMFT was not obtained
due to death of the patient. Table 2.6 summarises DMFT scores for all age
groups. Results indicated that the lowest median DMFT score of 4 occurred
for the 18-29 years age group, with one outlier (patient of 18 years scoring
25/28 DMFT). There was no statistical difference between gender (n=60 M,
n=36 F) and DMFT score (p=0.101). Furthermore, DMFT scores increased
with older age. The DMFT score was three times higher for the 70-89 year
patient group compared to the youngest age group (18-29 years). Although
DMFT analysis was representative for each age group, it should be noted
that the sample size of patients differed for each age group recruited to the
study (Figure 2.1; table 2.6).
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Table 2.6 - DMFT (D — decayed, M — missing and F — filled) score for each

age group category (years).

Mean

Age No of No of DMFTs DMFT
group patients performed D M F Score
18-29 12 11 1.36 2.00 1.91 527
30-49 30 27 1.92 3.12 519 10.23
50-69 42 38 1.08 7.86 589 14.84
70-89 23 21 1.67 7.29 6.52 15.48
Total 107 97 1.46 5.70 5.39 12.54

*Individual DMFT scores in appendix |
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DMFT

18-29 30-49 50-69 70+

Age group

Figure 2.1 - Box and whisker plot summarising DMFT score per age group of
recruited patients. The whisker bars indicate the minimum and maximum
DMFT score for each age group. Data outliers are classed into two
categories: ‘far out’ (0) and extreme values (*), 2 and 3 times outside the
standard deviation around the mean respectively.
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2.3.6 Molecular identification of isolates of S. aureus and P. aeruginosa
from mechanically ventilated patients

In total, 177 isolates of S. aureus and P. aeruginosa were cultured from
dental plaque, NBL, subglottic aspirations and ETTs. All isolates
presumptively phenotypically identified as respiratory pathogens were
subject to molecular confirmation by species-specific PCR. Using this
approach the presumptive identity of >85% of isolates was confirmed using
PCR (Table 2.7). PCR amplicons (Figure 2.2) showed that some isolates

were of mixed species (multiple band presence).

Table 2.7 - Species-specific PCR for S. aureus and P. aeruginosa

Total Total % PCR
Species isolates confirmed Confirmed
S. aureus 114 97 85
P. aeruginosa 57 54 95

S. aureus isolates

M +VE -VE .

- -y - — _—

ap v - em +w @D wo G5 G G G e e

Figure 2.2 — Examples of species-specific PCR for the detection of S. aureus
from dental plaque, non-directed bronchoalveolar lavage, subglottic
aspirations, and endotracheal tubes. Individual PCR amplicons for S. aureus

and P. aeruginosa are in appendix |2.

2 +VE - positive control —~VE — negative control and M represents the molecular marker.
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2.3.7 Summary of microbial culture of dental plaque:

Longitudinal microbial culture analysis results for the presence of selected
microorganisms (S. mutans and C. albicans, S. aureus and P. aeruginosa)
provided insight into the microbial content of dental plaque during MV. Figure
2.3 illustrates recovery of four target microorganisms from dental plaque over
the course of MV (Target microbial culture for patients in Appendix I).
Co-culture of C. albicans and S. mutans from dental plaque occurred for 20
patients, whilst 14 patients harboured both C. albicans and S. aureus (Figure
2.4). For 17 patients, P. aeruginosa was isolated with C. albicans (Figure
2.4). Figure 2.5 is a typical micrograph of recovered dental plaque,
highlighting microbial diversity (Image B) and live/dead proportions of cells
(Figure 2.5).
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Figure 2.3 — Recovery of target microbial species at commencement and
during MV. Shaded boxes represent the numbers of patients who became
colonised with potential respiratory pathogens during the course of MV.

71



C. albicans
21

P. aeruginosa
1

Figure 2.4 — A Venn diagram illustrating the co-isolation results of selected
organisms within dental plaque during the entirety of the clinical study by
microbial culture. There was a high incidence of co-colonisation between C.

albicans, S. mutans and S. aureus.

72



10 ym

Figure 2.5 - Live/dead viability assay of dental plaque with the SYTO® 9 dye
(live) and propidium iodide (red). A and B show an overlay of fluorescence
(A) and light microscopy (B); C indicates that a large portion of the cells were
dead (stained as red); D shows a magnified portion of dental plaque with

intact live cells intact (stained green; arrowed).
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2.3.8 Microbial culture of dental plaque during mechanical ventilation

A total of 848 dental plaque samples were collected from recruited patients
during MV (n=592) and after ETT extubation (n=256). Dental plaque from 53
patients was culture positive for target respiratory pathogens (S. aureus
and/or P. aeruginosa). Of those patients, 35 were culture negative for target
respiratory pathogens at the time of ETT intubation.

Of 43 patients whose dental plaque was culture positive for S. aureus during
MV, 22 were culture negative at time of intubation (Figure 2.3). Similarly, the
dental plaque of 23 patients was culture positive for P. aeruginosa during
MV, 18 patients (78%) culture negative at time of ETT insertion. These
findings would be indicative of a microbial change in the dental plaque
community to incorporate these targeted respiratory pathogens.

The dental plaque of 10 patients was culture positive for both S. aureus and
P. aeruginosa during MV. Candida albicans and S. mutans were detected by
culture in 86 and 48 patients, respectively during MV.

2.3.9 Prevalence of VAP and respiratory colonisation of dental plaque
Forty-one of the recruited patients were clinically diagnosed and treated for
VAP during this study. The apparent high VAP rate could be related to this
cohort of patients representing patients with prolonged ventilation (11
ventilated >5 d and 57 ventilated >7 d). Eighteen of these VAP patients
demonstrated colonisation by either S. aureus and/or P. aeruginosa in their
dental plaque during mechanical ventilation. An additional 9 VAP patients
had been shown to harbour respiratory pathogens in their dental plaque from
the beginning of intubation and during MV.

2.3.10 Association of dental plaque and lower airway microbiology
Figures 2.6 and 2.7 illustrate the detection of target respiratory pathogens in
dental plaque, NBLs, subglottic aspirations and extubated-ETTs.

For S. aureus (Figure 2.6), 11 patients were culture positive for S. aureus
only in their dental plaque during MV. Of 50 patients where S. aureus was
cultured from any sample site, 7 patients did not have S. aureus in their
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dental plaque. Analysis of dental plaque alongside NBL fluid showed that
43/52 patients had S. aureus in their dental plaque and/or the lower airways.
A further 2 patients were colonised with S. aureus in the ETT biofilm only.
However 17 patients were colonised with S. aureus in the ETT concurrently
with the dental plaque.

Figure 2.7 shows the microbial isolation of P. aeruginosa at multiple sampling
sites. Pseudomonas aeruginosa was detected in lower airways and
subglottic secretions, however the majority of P. aeruginosa detection
occurred only in the dental plaque (n=15). Ten patients were culture positive
for P. aeruginosa within the ETT and the lower airways only (ETT n=5; NBL
n=4; SUB n=1).
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Clinical site Number of patients

Dental plaque 43
Non-directed bronchoalveolar lavage 36
Subglottic aspiration 15
Endotracheal tube 21

Non-directed
- bronchoalveolar
~.lavage 4

Subglottic
aspiration

Figure 2.6 — Venn diagram representing the number of patients culture
positive for S. aureus during MV from the 107 patients at different locations;
within the dental plaque (DP - purple oval), non-directed bronchoalveolar
lavage (NBL — blue oval), subglottic aspiration (SUB - red oval) and
endotracheal tube (ETT — orange oval).
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Sample type

Number of patients

Dental plaque
Non-directed bronchoalveolar lavage
Subglottic aspiration
Endotracheal tube

23
12
4
5

Non directed
bronchoalveolar
T
. lavage
4

Subglotti
aspiration

Endotracheal

Figure 2.7 - Venn diagram representing the number of patients culture

positive for P. aeruginosa during MV, from the 107 patients at different sites;

within the dental plaque (DP - purple oval), non-directed bronchoalveolar

lavage (NBL — blue oval), subglottic aspiration (SUB - red oval) and

endotracheal tube (ETT — orange oval).
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2.3.11 Quantitation of polymicrobial biofilm development on
endotracheal tube biofilms

ETTs (n=110) were obtained from 97 mechanically ventilated patients. ETTs
were not available for microbiology analysis for all patients, and some
patients required >1 ETT insertion during MV. Table 2.8 summarises the
findings of microbial culture and ETT biofilm communities. Respiratory
pathogens were isolated from the ETTs of 21 patients, and microorganisms
representing frequent colonisers of the dental plaque i.e. S. mutans and C.
albicans) were recovered from 7 and 40 patients, respectively (Figure 2.8).
For 7 patients, both oral microorganisms and respiratory pathogens were
isolated from ETT biofilms. The ETTs from 44 patients were colonised by oral
microorganisms. Staphylococcus aureus and P. aeruginosa were isolated
from ETTs of 21 and 5 patients, respectively.

The number of microorganisms in ETT biofilms was quantified by culture
(CFU/cm?; Figure 2.9). Colonisation by C. albicans (Figure 2.9) was variable,
with a minimum count of 3.08x10° CFU/cm? and maximum of 2.45x10’
CFU/cm?. Mean counts were similar for S. aureus (1.04 x10° CFU/cm?), C.
albicans (1.05 x10° CFU/cm?) and P. aeruginosa (9.33x10° CFU/cm?), with
the lowest counts recorded for S. mutans (1.61x10° CFU/cm?).
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Table 2.8 — Microbial analysis of ETT biofilms (107 patients)

Number of
ETT culture
patients
No ETTs collected 10
No microbial growth 29
Respiratory pathogens 21
Oral microorganisms 40
Oral & respiratory co-culture 7
45
40
35
£
3 30
3 25
k)
5 20
Qo
E 15
z
10
5
0
S. aureus S. mutans C. albicans P. aeruginosa

Target microbial species

Figure 2.8 — Number of patients whose endotracheal tube (ETT) was
colonised by targeted microbial species in mechanically ventilated patients.
Oral species (S. mutans and C. albicans) and respiratory pathogens (S.

aureus and P. aeruginosa) were found to colonise ETT biofilms.
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Figure 2.9 - A box and whisker plot for numbers of selected species per unit
area (cmz)of ETT colonisation. The box plot shows average ETT colonisation
was greater for P. aeruginosa and S. aureus, with more variability in

colonisation levels for these two respiratory pathogens.
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2.3.12 Microscopy of ETT biofilms

2.3.12.1 Scanning electron microscopy

Extubated ETTs were subjected to microscopic analysis (Figure 2.10). ETTs
were selected for biofilm analysis by microscopic imaging based on microbial
culture results, whether oral-indicator organisms and/or respiratory
pathogens were initially cultured (2.2.3). SEM imaging (Figures 2.10, 2.11
and 2.12) revealed mature microbial biofilms, greater than 200um, present
on ETTs from mechanically ventilated patients. In addition, EPS production
and different cellular morphology was evident (Figure 2.11 and 2.12),
emphasising polymicrobial biofilm formation. Biofilms were developed within
ETTs after as little as 24 h through to ETTs being in situ for up to a period of
5-7 days (Figures 2.11 and 2.12).
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Figure 2.10 — A, B; macroscopic biofilms inside extubated endotracheal
tube, C; scanning electron micrograph with distinct cellular morphology and
the production of extracellular polymeric substances as indicated by the
arrows.
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Figure 2.11 - Scanning electron micrographs of biofilms (indicated by
arrows) formed on the inner lumen on endotracheal tubes from mechanically

ventilated patients.

83



Figure 2.12 - SEM micrograph of a multi-layered and stratified biofilm
(indicated by arrows) on the inner lumen of an endotracheal tube.
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2.3.12.2 Peptide nucleic acid (PNA) probe fluorescent in situ
hybridisation and confocal laser scanning microscopy (CLSM) of ETT
biofilms

CLSM of ETT biofilms from 10 patients revealed aggregates of bacterial cells
embedded within a complex EPS. The use of species-specific PNA probes
allowed culture-independent detection of targeted microbial species in the
ETT biofilm. Oral microorganisms and putative respiratory pathogens were
detected in the ETT biofilm and different cellular morphologies and EPS were
evident (Figure 2.13, A-D). Furthermore, various degrees of total bacterial
(Universal, Cy-3) biofilm formation and aggregates of bacterial cells adjacent
to the ETT lumen (Figure 2.14, image B) were apparent. PNA-FISH analysis
of extubated ETTs indicated that these biofilms contained a diversity of
bacterial morphologies and were therefore polymicrobial, further supporting
the microbial culture results and building upon the SEM analysis initially
undertaken.
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Bacterial aggregates C. albicans

‘

P aeruginosa bt g S. aureus

Figure 2.13 - Micrographs of endotracheal tube (ETT) biofilms obtained by
confocal laser scanning microscopy (CLSM). Micrographs are overlays of the
superimposed fluorescence on Nomarski differential interference (greyscale)
images. A) Aggregates of bacteria hybridised with the universal bacterial
Peptide Nucleic Acid (PNA) probe labelled with Cy-3 (red); B) Aggregates of
Candida albicans hybridised with FITC conjugated PNA probe (green) and
bacteria hybridised with the universal bacterial PNA probe labelled with Cy-3
(red); C) Pseudomonas aeruginosa hybridised with species-specific FITC
labelled PNA probe (green); D) Staphylococcus aureus hybridised with
species-specific PNA probe conjugated with Cy-5 (blue). Edge of the ETT

section is arrowed.

86



Figure 2.14 - Micrographs of endotracheal tube (ETT) biofilms obtained by
confocal laser scanning microscopy (CLSM). A) Aggregates of bacteria
within the microbial biofilm; B) aggregates of bacteria within a polymicrobial
biofilm and; C) Clusters of cocci-shaped bacteria. Bacteria were hybridised
with a universal bacterial Peptide Nucleic Acid (PNA) probe labelled with Cy-
3. The edge of the ETT section is arrowed.
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2.3.13 Antimicrobial susceptibility of S. aureus and P. aeruginosa
detected from mechanically ventilated patients

All S. aureus and P. aeruginosa isolates confirmed by molecular techniques
were subject to antimicrobial profiling. The majority (>70%) of isolates from
all sites were susceptible to the antibiotics tested. Antimicrobial sensitivity
patterns for recovered isolates of P. aeruginosa between dental plaque, the
lower airways and endotracheal tube biofilms were largely similar for 7 out of
10 patients (isolates recovered at dental plaque, from NBL and ETT biofilms).
Similarly, for recovered isolates of S. aureus between dental plaque, the
lower airways and endotracheal tube biofilms, antimicrobial sensitivity
patterns were related for 21 out of 30 patients (isolates recovered at dental
plaque, from NBL and ETT biofilms).

Where differences occurred, S. aureus isolates with antibiotic resistance
profiles were most frequently isolated from subglottic secretions and most
frequently exhibited resistance to erythromycin, penicillin and cefepime. Of
the 56 P. aeruginosa isolates, 35 were from dental plaque. Antimicrobial
resistance patterns for all tested antibiotics ranged between 2%
(ciprofloxacin) to 23% of isolates (meropenem). Whilst only 5 P. aeruginosa
isolates were recovered from endotracheal tube sections, one of these had
the most resistant profile across all antibiotics tested. Pseudomonas
aeruginosa isolates were most sensitive to tobramycin, with 80% of ETT
isolates and 97.1% of dental plaque isolates sensitive to all antimicrobials. A
total of 3 patients were colonised by MDR P. aeruginosa and 21 with an
MDR S. aureus (8 patients colonised with MRSA as determined by
resistance to cefoxitin with a ZOI <20mm).
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Table 2.9 - Antimicrobial susceptibility of 12 antibiotics for 114 S. aureus

isolates®.
114 Isolates of S. aureus
Fusidic
Cefepime Cefoxitin Ceftazidime Acid Gentamicin Meropenem
Sensitive % 65 88 88 89 82 86
Intermediate % 20 0 2 4 13
Resistant % 15 12 11 7 4
Ciprofloxacin  Clindamycin  Erythromycin  Penicillin  Tobramycin  Vancomycin
Sensitive % 86 61 62 55 79 88
Intermediate % 4 27 16 31 15 1
Resistant % 11 12 22 14 6 11

Table 2.10 - Antimicrobial susceptibility of 56 isolates of P. aeruginosa

indicates high levels of sensitive isolates®.

56 Isolates of P. aeruginosa

Ceftazidime Ciprofloxacin Gentamicin Tobramycin
Resistant % 8.8 1.8 1.8 1.8
Sensitive % 82.5 87.7 66.7 96.5
Intermediate % 8.8 10.5 31.6 1.8
Meropenem Piperacillin E;Z?)Laac(ilt”ar:;
Resistant % 22.8 15.8 10.5
Sensitive % 64.9 40.4 63.2
Intermediate % 12.3 43.9 26.3

3 Individual isolate sensitivities in appendix |

4 Individual isolate sensitivities in appendix |
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2.3.14. Microbial culture of dental plaque after ETT extubation

Out of 848 dental plaque samples, 256 were obtained post-ETT extubation.
Eighty-eight samples were collected within 1 week of ETT extubation, 66
were 2 weeks post-ETT extubation, 43 were 3 weeks post- ETT extubation
and a further 59 were collected >1 month post ETT extubation. For 31
patients, it was not possible to follow up dental plaque collection and
microbial analysis.

These analyses enabled assessment of persistence of respiratory pathogens
in dental plaque after extubation. Of the 21 patients whose dental plaque
became colonised by S. aureus during MV, S. aureus was not detectable by
microbial culture in the post-ETT period for 15. For 18 patients who had P.
aeruginosa colonisation of their dental plaque, 10 became culture negative
for P. aeruginosa after extubation. Eight of the 35 mechanically ventilated
patients exhibiting such microbial changes in total remained culture positive
for respiratory pathogens post-ETT extubation.

Figure 2.15 compares the number of patients (pooled data) colonised with
either S. aureus and/or P. aeruginosa at different times during MV and post-
ETT extubation. As previously described, a microbial change occurred to
colonisation by S. aureus and P. aeruginosa in 21 and 18 patients,
respectively (as shown in the graph by the shaded section). This figure also
shows the proportion of the patients in whom the change was reversed
following removal of the ETT. Of the 21 patients that exhibited a microbial
change to S. aureus dental plaque colonisation, 15 were no longer culture
positive post ETT extubation.

In the case of P. aeruginosa dental plaque colonisation, this species
appeared to be absent from dental plaque in 10 out of 18 patients post
extubation. However, P. aeruginosa continued to be detected in 8 patients
into the post ETT-extubation period. A higher proportion of patients whose
dental plaque was colonised with P. aeruginosa retained colonisation in post-
ETT extubation compared to those colonised by S. aureus. For the remaining
8 patients for whom an initial change in plaque microbiota during MV was

documented, it was not possible to analyse dental plaque from the post-ETT
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extubation period (due to patient death, removal from participation of the

study, or because of a discharge to a different hospital).
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@No colonisation of S. aureus and/or P. aeruginosa post-extubation

W Retain respiratory colonisation post-extubation

Figure 2.15 - Microbial colonisation of respiratory pathogens during
endotracheal intubation and analysis up to 8 weeks post ETT- extubation.
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2.4 Discussion

The microbiome of the oral cavity is both highly diverse and dynamic,
primarily because of the wide range of microbial habitats that exist in the
mouth and the fluctuations that can arise in these environments due to
changes in diet, salivary flow and oral hygiene interventions (Dennesen et
al., 2003; Wise et al., 2008; Marsh, 2010; Tada & Hanada, 2010; Wade;
2013b). Established dental plaque in healthy and stable oral environments
will exhibit colonisation resistance. This is the inhibition of colonisation by
new bacterial species (Wade, 2012). Synergistic and inter-relationships are
formed in dental plaque communities serving to minimise the introduction of
foreign microorganisms. It is however known that dental plaque community
dynamics can be influenced by prolonged changes to the local environment
that introduce new selective pressures that favour the presence of other
species better suited to grow and persist under the new environment. Oral
disease resulting from changes to the dental plaque composition is referred
to as the ecological plaque hypothesis (Marsh, 1994; Marsh, 2003;
Kolenbrander et al., 2010). An example of this is seen in plaque-mediated
disease such as dental caries where a change in diet to one consisting of a
high frequency intake of sucrose elevates the numbers of aciduric bacteria to
the detriment of those species that are less tolerant of lower pH
environments (Marsh, 1994). Potential pathogens, which may be present in
low numbers in a healthy plaque composition, will only be able to outcompete
other members of the oral microbiota following certain ecological pressures,
for example a low pH or low saliva flow resulting in shifts in the microbial
community (Marsh, 2006; Kolenbrander et al., 2010).

In the case of critically ill patients, there will be changes to the normal oral
environment arising from several mechanisms. Firstly, mechanical ventilation
(MV) via an endotracheal tube results in the mouth being partially held open,
leading to dehydration of the oral environment. Secondly the presence of the
endotracheal tube (ETT) physically impedes delivery of normal oral care, and
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finally, local and systemic effects of any underlying illness or administered
therapy may result in local and systemic changes affecting the oral cavity.
The reason(s) dental plague becomes colonised with respiratory pathogens
is as yet unclear, but are likely linked to local environmental changes in the
mouth. These may include plaque accumulation and gingival inflammation
from inadequate delivery of oral care during MV, a reduced salivary flow as a
consequence of drugs and reduced circulating saliva due to incomplete
mouth closure (Wood et al., 2002; Jones et al., 2011). Furthermore, there
may be patient-specific factors related to co-morbidities contributing to

plaque changes, the cause of critical illness or treatment thereof.

The present study was undertaken to examine the colonisation of dental
plaque by target species during and after MV. A total of 107 mechanically
ventilated patients were examined over a 14-month period, generating a
large quantity of data. Through targeting specific species (S. mutans and C.
albicans) normally present in dental plaque, as well as species (S. aureus
and P. aeruginosa) implicated in causing VAP, the study sought to confirm
and expand upon previous research indicating compositional dental plaque
changes during MV. Establishing the extent of respiratory pathogen
colonisation of dental plaque could result in increased focus to maintain the
oral biofilm during MV to directly limit the accumulation of dental plaque in
critically ill patients and lower the numbers of respiratory pathogens within
dental plaque, a risk factor for VAP. Ultimately, the purpose of targeted
microbial culture analysis within mechanically ventilated patients was to
assess the dynamics of the dental plaque community and by extension, the
lower airways via the ETT, in the context of VAP pathogenesis. Targeted
microbial culture also provided a collection of clinical isolates including
respiratory pathogens, and organisms typically associated with the oral
microbiota for in vitro biofilm dynamic studies (Chapter 5).

Previous studies have examined plaque community dynamics during critical

illness, but often these studies have only been for comparatively short

93



periods of time during MV. A study by Sachdev et al., 2013, recruited 50
patients in a critical care unit for microbial enumeration and plaque analysis.
Within their study, dental plaque was sampled at baseline, day 7 (x2 days)
and day 14 (£2 days), revealing an increase in total viable dental plaque. In
addition, 26% of patients exhibited colonisation by pneumonia-related
pathogens including P. aeruginosa, Klebsiella pneumoniae and
Staphylococcus aureus. The interaction between potential respiratory
pathogens and the commensal dental plaque microbiota over a prolonged
period of hospitalisation and recovery however has not previously been
studied.

Patients were diagnosed and treated for VAP based on clinical presentation,
X-ray changes and previously explained diagnostic criteria. In the treatment
of these patients, antibiotics were frequently administered with changing
clinical presentation. The VAP incidence rate for the studied patients was
~35% (n= 41) and this falls within previously reported ranges of 5-67% (Mori
et al., 2006; Joseph et al., 2010; Sundar et al., 2012). Some recent studies
have reported a lower average global incidence of VAP of 15% (Branch-
Elliman et al.,, 2015; Kollef, 2015). Regardless of the true incidence, a
diagnosis of VAP is significant for individual patients and the number of
patients affected places considerable economic costs in healthcare systems.
The most effective intervention would be the development of appropriate
preventative strategies (Safdar et al., 2005; Al-Tawfig & Abed, 2010; Heck,
2012).

During this study, mechanically ventilated patients presented with an age
range between 18 and 86, and variable illness/requirement of critical care
admission (Table 2.4), antibiotic administration (Table 2.5) and oral status as
deemed by DMFT scores. DMFT scoring is usually performed as an indicator
of dental caries (Becker et al., 2007), and dental scoring parameters such as
DMFT scores, are not currently performed in ICU. A future management
strategy administering tailored and specialised oral hygiene procedures by
identifying ‘high risk’ patients (as indicated with large DMFT scores) could
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minimise dental plaque accumulation and overgrowth of opportunistic oral
organisms alongside potential respiratory pathogens. A total of 97 DMFT
scores were performed within this clinical investigation. A Mean DMFT score
of 12.54 for this patient cohort (Table 2.6) indicated that the oral hygiene
status of these patients, was, in many causes previously poor, correlating
with previous studies (Tanaka et al., 2009; Rai et al., 2015). A study by Rai et
al., 2015 determined the DMFT scores of 300 hospitalised patients. A mean
DMFT score of 6.18 was calculated, considerably lower than the present
study. Within the study by Rai et al., 2015 however, 243 of the 300 (81%)
patients were < 60 years old. Within the present study, a lower proportion of
patients were < 60 years (63 out of 107 (59%)). Furthermore, a box and
whisker plot evaluation (Figure 2.1) suggested that, in general, the higher the
age of the patient, the higher the DMFT score. To assess localised changes
in the oral cavity during MV, in particular the abundance of dental plaque and
associated gingival inflammation, dental plaque scoring and gingival indexes
could have been performed to further the information provided by the initial
DMFT scores. Such additional information would have allowed correlation
analysis between dental plaque abundance, gingival inflammation and the
occurrence of respiratory pathogens in the dental plaque during MV.

A notable finding of this study was that the composition of dental plaque in a
significant proportion (n=35) of mechanically ventilated patients altered with
inclusion of the respiratory pathogens S. aureus and/or P. aeruginosa (Figure
2.3). Of those patients harbouring S. aureus and/or P. aeruginosa within their
dental plaque during MV, 27 were clinically diagnosed with VAP and treated
accordingly.

Staphylococcus aureus and P. aeruginosa are frequent causative pathogens
of VAP often exhibiting resistance to antibiotics, e.g. MRSA and mucoidal P.
aeruginosa, (Hunter, 2006; Parker et al., 2008; Bouza et al., 2012). A study
by Parker et al., 2008 investigated the prevalence of P. aeruginosa amongst
other multi-drug resistant bacterial pathogens using microbial culture
techniques in 739 patients with suspected VAP. The prevalence of
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Pseudomonas species was 13.4% (99/739), with 9.2% of patients (68/739)
colonised with other MDR pathogens. A further study by Bouza et al., 2012
evaluated the bacterial causes of 474 cases of VAP, with 148 (31.2%) of
cases caused by P. aeruginosa and a further 111 (23.4%) caused by MRSA
(with an additional 75 cases (15.8%) caused by MSSA).

Within the present study, although only a small proportion of S. aureus
isolates were identified as MRSA (n=8), ~25% isolates recovered from dental
plaque were resistant to at least one antibiotic tested in vitro (Tables 2.9 and
2.10). Where differences occurred within isolate sensitivities between the
dental plaque and lower airways, resistance rates were highest for P.
aeruginosa derived from the ETT biofilm and for S. aureus within subglottic
secretions (Table 2.10). This could imply higher rates of resistance within the
airways, and if VAP were to develop in these patients then this could
diminish the success of antimicrobial therapy.

Importantly, for the majority of patients where microbial changes occurred in
the dental plaque, a reversal occurred once the patient was extubated and
recovering from critical illness, and this was most readily evident for S.
aureus colonisation (Figure 2.15). A higher proportion of patients colonised
with P. aeruginosa retained the respiratory pathogen colonisation post
extubation. Further investigation of bacterial strain typing and further
genomic analysis of biofilm-related genes would elaborate on whether
patients’ who remain colonised in the post-ETT extubation period harbor the
same strain. Although most dental plaque communities reverted back to a
phenotype without respiratory pathogens within one week of extubation, the
fact that some patients remained colonised with respiratory pathogens over a
prolonged duration could represent a patient group at risk of subsequent
hospital-acquired pneumonia. Dental plaque colonisation is dynamic, and
during this study a reduction in respiratory colonisation occurred post-ETT
extubation. With the extubation of the ETT, normal host defence mechanisms
(within saliva, swallowing reflex) are re-introduced, and such defenses may

facilitate further changes to the dental plaque composition.
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Staphylococcus aureus colonises the nose and skin of up to 30% and 20% of
healthy individuals respectively. Given the anatomical proximity of the nasal
area and the oropharangeal, it is not surprising that S. aureus colonises the
oral cavity. Although not regarded as a normal inhabitant of the oral cavity, S.
aureus has been detected within the dental plaque of debilitated or elderly
individuals (Smith et al., 2001). Furthermore, S. aureus has been isolated in
the dental plaque community of healthy people in up to 24-36% of individuals
(Heo et al.,, 2013). In the current study, the high incidence (43 of 107
patients) of S. aureus in dental plague was nevertheless surprising,
particularly as half of these patients did not have S. aureus in their dental
plaque at the time of intubation. Similarly, dental plaque also became

colonised with P. aeruginosa during ventilation, albeit at a lower incidence.

The current study also targeted two microbial species frequently associated
with the normal oral microbiota, namely Streptococcus mutans and Candida
albicans. These oral indicator species allowed tracking of oral microbial
dissemination following intubation. During this study, polymicrobial
colonisation of the ETT involving both oral indicator species and respiratory
pathogens highlighted a link between the oral cavity and the ETT, and also
the role of the ETT as source of infectious agents. Importantly, oral-indicator
species were isolated from the dental plaque of 90% patients and were
further detected in ETT biofilms (n=40 for C. albicans and n=7 for S. mutans).
In accordance with the present study, ETT colonisation by both respiratory
pathogens and frequent members of the oral microbiota has been previously
reported. Cairns et al., 2011 revealed the detection of S. mutans in 5 out of
20 patients’ ETT biofilms, with 8 out of 20 patients’ ETT biofilms being
colonised with S. aureus and/or P. aeruginosa.

Subglottic secretions pool around the ETT, and these may leak below the
cuff through folds and micro-channels that form in the cuff material (Hamilton
& Grap, 2012). Continuity between the lower airways and the oral cavity is
emphasised by the colonisation of oral microorganisms such as S. mutans
and C. albicans within ETT biofilms, (and NBL fluid), shown through both
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SEM (Figures 2.0 - 2.12) and CLSM imaging coupled with species-specific
PNA probe hybridisation (Figures 2.13 and 2.14). Aggregates of respiratory
pathogens were clearly evident in the ETT biofilm using CLSM and
dissemination of these to the lower airway would deliver infectious agents
already existing within a biofilm phenotype and therefore potentially more

resistant to host defence mechanisms and administered antimicrobials.

To further analyse the microbial relationships between the dental plaque and
lower airways (including ETT biofilms) recovered isolates of target respiratory
pathogens (S. aureus and P. aeruginosa), and oral-indicator species (C.
albicans and S. mutans) could be genotyped to reveal the extent of isolate
matching between the dental plaque and the lower airways, and the amount
of translocation occurring between these clinical sites. Such strain typing
would build upon previous studies, namely an investigation by Heo et al.,
2008 (as outlined in 2.1.2).

It is important to recognise that other possible respiratory pathogens were
not tested for in this study (due to time, cost and the ability to assess all
microbial species using tailored culture techniques), others have found that
Escherichia coli, Klebsiella species and Acinetobacter species may also
colonise dental plaque and ETT biofilms during MV (Gil-Perotin et al., 2012).
A review by Kalanuria et al.,, 2014, lists the ten most frequent VAP
pathogens. Within the review, P. aeruginosa and S. aureus were responsible
for ~45% of VAP cases. Other VAP causative pathogens include
Enterobacteriaceae (E. coli, Klebsiella and Proteus species), Streptococcus
species, and Acinetobacter species. In acknowledgment of the limitations of
microbial culture, community profiling of dental plaque (Chapter 3) was
performed to characterise the microbiome during the course of MV.

Conclusion
In accordance with the aims of this chapter, the occurrence of respiratory
pathogens within both the dental plaque and the lower airways were revealed
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during this longitudinal study. Irrespective of patient demographics including
age and current oral health (as indicated by the DMFT scores), microbial
changes within the dental plague composition were observed. Interestingly,
respiratory pathogens were also isolated from mechanically ventilated
patients in the recovery phase of critical illness following removal of the ETT.
In relation to the third aim, microscopic imaging of ETT biofilms further
revealed the colonisation of respiratory pathogens and oral-indicator species
including S mutans and C. albicans. Furthermore, such longitudinal and
target microbial culture not only revealed that extensive changes occurred
within the dental plaque composition during MV, there are also polymicrobial
and pathogenic biofilms within the ETTs.
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Chapter 3

Molecular community profiling of
oral biofilms within mechanically
ventilated patients; a
longitudinal study
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3.1 Introduction

Mapping the oral microbiota has been the subject of numerous molecular
studies over the past decade (Wade, 2013a). Since the introduction of
Sanger sequencing, technological advances has allowed in-depth analysis of
both whole microbial communities and of individual species genomes
(Lazarevic et al., 2009; Perkins et al., 2010). The oral cavity is colonised by
an array of microorganisms including bacteria, fungi and viruses and
currently over 1000 bacterial species have been detected using culture-
independent approaches (1.1) (Avila et al., 2009; Lazarevic et al., 2009;
Dewhirst et al., 2010; Zaura, 2012; Wade, 2013a; Wang et al., 2013; Palmer,
2014). The use of contemporary DNA based technologies facilitates
identification of uncultured, dormant and dying cells that are unable to
replicate even on the most tailored media and as yet uncultured
microorganisms whose culture requirements have yet to be determined and

reproduced.

Furthermore, the diversity of microbial species within the oral cavity of
healthy individuals is increasingly well characterised. The microbiome of a
range of oral niches has been analysed, including the mucosal membranes,
the cheeks and tongue and scrapings of dental plaque (Dewhirst et al., 2010;
Liu et al., 2012). Although there are many shared species, different sites
within the oral cavity have a characteristic and often unique microbial
composition, relating to the different biological and physical properties of
each site (Dewhirst et al., 2010; Xu et al., 2015).

There is a large surface area provided by teeth for colonisation and
maturation of plaque. Areas with lowered oxygen potentials such as the
interproximal spaces of teeth and in deep periodontal pockets are frequently
colonised by large numbers of predominantly anaerobic species (Jefferson,
2004; Faran & Tanwir, 2012). The difference in the microbial composition at
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different sites emphasises the adaptability of the microbiome to specific

surroundings.

There is a natural progression in dental plaque development to maturation,
with initial colonisation by ‘pioneer’ bacteria including Streptococcus and
Lactobacillus species, and subsequently combinations of anaerobic species
such as Prevotella, Veillonella and Porphyromonas are detected (Peyyala &
Ebersole, 2013; Kolenbrander et al., 2005; Xie et al., 2010). Several species,
including those of Streptococcus and Prevotella have been identified within
the polymicrobial biofilm of dental plaque using next-generation sequencing
techniques and are associated with oral diseases including dental caries and
periodontitis, and are increasingly linked with systemic infections, including
respiratory infections (Paju & Scannapieco, 2007; Preshaw et al., 2012).

The majority of critically ill patients require mechanical ventilation (MV) to
treatment survival. An endotracheal tube provides the interface between the
patient and the ventilator and following insertion of the ETT (intubation)
alterations can occur in the oral microenvironment and oral microbiome.
These alterations have been hypothesised to facilitate the colonisation and
proliferation of both respiratory and other potentially exploitative pathogens in
oral and pulmonary niches (Scannapieco et al., 1992; Perkins et al., 2010;
Zuanazzi et al., 2010; Berry et al., 2011). The mechanisms underlying this
‘microbial shift are not clear, but may, in part, be due to the physical
presence of the ETT, which indirectly affects plaque clearance (difficulties in
oral hygiene interventions, saliva flow and mucosal drying), in addition to the
interventions and medications related to the management of the underlying

condition during critical illness.

Given the limitations of traditional microbiological culture, the aim of this
current study was to use molecular community profiling to comprehensively
analyse, on a longitudinal basis, the microbiome of dental plaque and the
lower airways during MV. The use of high-throughput sequencing platforms
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in this way allows the investigation of a microbiome without placing specific
focus or bias towards certain genera or pathogen. It also provides a more
representative profile of the community. Specifically the aims were on a
longitudinal basis to:

(1). Analysis of dental plaque derived sequences was performed to assess
three principle criteria:
1. Occurrence of potential respiratory pathogens during MV
2. Assessment of the most dominant species during MV
3. Microbiome analysis at four time points (covering dental plaque
collection at baseline, during MV and the post-ETT extubation

recovery period).

(2). The second aim of this chapter was to compare dental plaque derived
sequences during MV to those of microbial sequences extracted from the
lower airway fluids and ETT biofilms.
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3.2 Materials and Methods

3.2.1 Samples for bacterial community profiling

DNA extraction was performed on a total of 48 samples from 13
mechanically ventilated patients for community profiling at Research and
Testing Laboratory, LLC (Lubbock, Texas, USA). Dental plaque, ETTs and
lower airways fluids were selected based on initial microbial culture results
from Chapter 2, and available patient information including critical condition,

antibiotic administration and patient demographics such as age and gender.
3.2.2 Total bacterial DNA extraction for MiSeq lllumina Sequencing

3.2.2.1 DNA extraction from dental plaque

Total bacterial DNA extraction was performed as described in 2.2.3.4. All
incubation steps were extended to 1 h to maximise DNA elution. A 150-pl
volume of re-suspended dental plaque was transferred into a sterile
microcentrifuge tube for total microbial DNA extraction using an adapted
Gram-positive protocol as described in 2.2.3.4. Once the lysis suspension
was added and the pellet re-suspended, the sample was transferred to a
lysis tube (Qiagen) for a 1 min bead-beating step. After centrifugation for 1
min at 16,000 x g, the supernatant was transferred to a 1.5 ml centrifuge
tube and the protocol continued from the RNase A solution step, as
previously described in 2.2.3.4.

3.2.2.2 DNA extraction from NBLs and subglottic aspiration

A 150-pl volume of NBL/subglottic aspiration fluid was transferred into a
sterile microcentrifuge tube. An equal volume of Sputasol™ was added to the
tube, gently inverted and vortex mixed for 5 s. The DNA extraction procedure
was then followed (2.2.3.4, 3.2.2.1).

3.2.2.3 DNA extraction from endotracheal tube biofilms

The microbial biofilm was scraped from the lumen of the ETT using a cotton
swab and suspended into 1 ml of Sputasol™ (Fisher). The tubes were vortex
mixed for 20 s to disrupt the biofilm. DNA extraction procedure was followed
as described above (3.2.2.2).
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3.2.2.4 Bacterial 16S rRNA PCR and gel electrophoresis

To confirm the presence of DNA and to detect the amplicons before
preparation for Miseq Illumina sequencing, 16S rRNA was amplified using
universal primers. The primers used were: 1492r
(CACGGATCCTACGGGTACCTTGTTACGACTT) and 27f
(GTGCTGCAGAGAGTTTGATCCTGGCTCAG) (Eurofins MWG Operon)
(Zuanazzi et al., 2010; Dalwai et al., 2007). The total volume of PCR
reagents was 50 pl (25 yl PCR master mix, 2 yl DNA template, 0.5 ul reverse
primer, 0.5 yl forward primer, and 22 pl of nuclease water). PCR thermal
cycling parameters consisted of an initial denaturation step of 95°C for 1 min,
followed by 26 cycles of 94°C for 45 s, 50°C for 45 s and 72°C for 90 s
(Thermocycler G-Storm). A final single cycle extension step of 72°C for 15
min was also included. Gel electrophoresis (1.0% agarose gel) was
performed at 70/Vem? for 50 min, in a 0.5 x Tris Borate EDTA (TBE) buffer
with 10% SafeView™ for detection of nucleic acids (NBS Biologicals NBS-
SV1) alongside a 1 Kbp molecular weight ladder (Promega). A gel doc
system was used to determine DNA presence pre-sequencing (Gel-
DoclT_UVP; Biorad).

3.2.3 Preparation and transportation of DNA extracts for MiSeq lllumina
sequencing

Amplicons were stabilised via the addition of a DNA elution reagent (Qiagen),
and tubes were individually wrapped in Parafim M™ Wrapping film (Fisher)

to minimise evaporation and pressure changes.

3.2.4 MiSeq Sequencing: lllumina platform

MiSeq sequencing was performed at Research and Testing Laboratory, LLC
(Lubbock,  Texas, USA). Bacterial universal primers  (28F;
GAGTTTGATCNTGGCTCAG and 388R; TGCTGCCTCCCGTAGGAGT)
were used to generate multiple sequences of 250 bp overlapping at the V4
region of the 16S rRNA gene. DNA extracts were randomly fragmented and
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DNA adaptors (ligates) were added to both fragment ends. The DNA mixture
was injected into the glass flow-cell channel containing multiple attached
primers. The single stranded fragments were bound randomly to the surface
and nucleotides and polymerases were passed through the flow cell creating
double stranded bridge amplifications. The dsDNA were denatured leaving
anchored single strands and several million clusters of DNA in each flow cell
cycle. Four fluorescently labeled dNTPs, primers and DNA polymerase were
added to determine accurate pair base using the principle of laser excitation.
This cycle was repeated until 250 bp sequences were generated. The

sequencing by synthesis process is summarised in figure 3.1.

Cluster Sequencing

. eLizl;aa:i}/on' generation by synthesis anglat:i s
pgDF;\lA and - amplifi.es rering on Mothuryand R
adapters v DNAin reversible script

sample for terminator q
% sequencing chemistz programming
Figure 3.1 - Overview of the MiSeq lllumina DNA sequencing platform.

3.2.5 Phylogenetic identification

Data analysis from the raw sequences generated from the MiSeq lllumina
platform was performed within Mothur (Schloss et al., 2009) to check the
quality, pre-process, align and join the sequences to obtain a total number of
sequences in each sample. Sequences were scanned for errors by a series
of error command checks. Mothur was further utilised to cluster the data
according to operational taxonomic units (OTUs), to a species level of 97%
similarity (sequence data <97% confirmation were not identified in this study).
Singletons and any OTUs that were not found more than 10 times in any
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sample were collated into OTU_singletons and OTU_rare phylotypes

respectively to maintain normalisation and to minimise artifacts.

3.2.6 Data analysis

Phylogenetic data from Mothur was analysed using a combination of
statistical programs R-script (R Development Core Team, 2008), STAMP
(Parks & Beiko, 2010), SPSS V20 and Microsoft Excel (1.1.3). The two
methods used in this study to compare the similarity between each sample
were Jaccard’'s index of similarity and the Bray-Curtis distance measure
(measure of dissimilarity) (Lozupone & Knight, 2005; Wang et al., 2013).
Weighted Unifrac distance matrices were analysed in R using non-metric
multidimensional scaling ordination and the shared OTU file was used to
determine the number of times that an OTU was observed in multiple
samples and for multivariate analysis in R. OTU taxonomies (from Phylum to
Genus) were determined using the RDP Multi Classifier script to generate the
RDP taxonomy (Wang, et al., 2007), while species level taxonomies of the
OTUs were determined using the USEARCH algorithm combined with the
cultured representatives from the RDP database (Edgar, 2010). Using the
Vegan package alpha and beta indices were calculated from these datasets
with Mothur and R.
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3.3 Results

3.3.1 Sequencing data details

Before the extracted DNA was stabilised for transport to the sequencing
facility, a 2-pl aliquot was used as template for a 16S ribosomal RNA
(16SrRNA) PCR reaction to confirm the presence of amplifiable DNA, and
typical amplicons are shown in figure 3.2. A total of 48 samples were
successfully sequenced using the MiSeq lllumina platform (one DNA sample
was removed from data analysis post-sequencing due to low sequence reads
producing low quality data, a total of 30 reads, compared to a mean average
of >1000).

A total of 38 samples of dental plaque (DP), 4 non-directed bronchoalveolar
lavage (NBL), 3 subglottic aspiration (SUB) and 3 endotracheal tubes (ETTs)
were analysed by community profiling, from a total of 13 mechanically
ventilated patients. A 97% or higher similarity was used as the criterion for

identification of microorganisms (Mothur output in Appendix ).
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Figure 3.2 — 16S rRNA amplicons of total extracted bacterial DNA 1-52. The
following amplicons were negative following 16S PCR: 5, 39 48 and 50
respectively, and were discarded from the analysis (expected band size
1,000-1,500 bp).
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3.3.2 Patient demographics

The age of patients included in this analysis ranged from 18-75 years, with 5
female and 8 male subjects. The DMFT scores for 10/13 patients was >10. A
total of 6/13 patients were diagnosed with VAP. An additional two patients
were admitted with pre-existing respiratory disorders. Out of a total of 9
patients exhibiting respiratory pathogens within their dental plaque
community during ETT intubation, 5 were treated with antibiotics >48 h after
ETT intubation, and 3 patients were treated with antibiotics from the
beginning of ETT intubation.

3.3.3 Community profiling of dental plaque during mechanical

ventilation

3.3.3.1 Cluster analysing dental plaque bacterial sequences

All 38 samples of dental plaque were subject to initial analysis to determine
distance similarity between each sample. In total 1,911,760 sequence reads
(before quality control) were determined from pooled subgingival and
supragingival dental plaque, obtained from 13 mechanically ventilated
patients. OTUs were sub-sampled to the lowest read count of 1016, which
retained 97% of all OTU counts for clustering analysis. Furthermore,
clustering analysis was performed to provide an overview of the level of
bacterial similarity within dental plaque. Figure 3.3 shows the clustering
results using Jaccard’s index of similarity and the Bray-Curtis distance
methods of analysis. Figure 3.3 shows that the majority of dental plaque
sequences form a tight cluster with a minority of dental plaque (7/38)
sequences falling outside the tightly clustered main group.

A total of 5 bacterial phyla were detected during the analysis of dental plaque
of 13 mechanically ventilated patients (Figure 3.4). Furthermore, a total of 40
different genera, and over 100 microbial species were detected (Raw
sequencing data in Appendix IlI). Species identification was performed
according to two sequence confident parameters, at 80% and 97%

respectively. As previously stated, organisms identified at the 97% similarity
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level were accepted as positive organism identification, and this similarity

level was therefore used throughout data analysis and interpretation of the

results.
X51
X459
X104 Bray-Curtis
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Figure 3.3A - Bray-Curtis analyses of dental plaque (n=38). A red spot
represents each sample. These clustering analyses illustrate the similarity of
dental plaque derived sequences based on comparisons of final species
composition. By both methods, 31 communities of dental plaque were seen

to cluster tightly, with seven outliers identifiable.
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Figure 3.3B - Jaccard analyses of dental plaque (n=38). A red spot
represents each sample. These clustering analyses illustrate the similarity of
dental plaque derived sequences based on comparisons of final species
composition. By both methods, 31 communities of dental plaque were seen
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Figure 3.4 - The proportion of each of the 5 major bacterial phyla identified
from dental plaque specimens. Over 50% of all organisms identified

belonged to the Firmicutes phylum.

3.3.3.2 Potential respiratory pathogens detected within dental plaque

Of the 40 bacterial genera identified within this group of patients, 6
represented species not generally considered to be permanent members of
the dental plaque community, including Enterococcus and Staphylococcus
species.

In total, 8 potential respiratory pathogens were identified at the species level
from the dental plaque. Figure 3.5 shows the prevalence of potential
respiratory pathogens within dental plaque communities analysed. The four
most frequently occuring species and the percentage of plaque samples from
which they were isolated are as follows; Staphylococcus aureus (68%);
Streptococcus pseudopneumoniae (66%); Enterococcus faecalis (37%); and
Escherichia coli/Shigella flexneri (32%).
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Interestingly, although Pseudomonas aeruginosa was identified by culture
analysis of the dental plaque of mechanically ventilated patients (Chapter 2),
this species was not identified using the culture-independent approaches
performed within this study. Dental plaque from patients, including those
patients where P. aeruginosa was isolated (as documented in chapter 2)
were analysed via high-throughput sequencing. A total of 6/38 dental plaque
communities analysed using molecular techniques were microbial culture
positive for P. aeruginosa. Although Pseudomonas was detected at the
genera level, albeit in low abundance, P. aeruginosa was not identified at
species level for any of those samples. Following in house species-specific
PCR, 5 out of 6 dental plaque communities were positive for P. aeruginosa
(Figure 3.6).

30

25

20

15

10

Dental plague communities (n= dental plaque samples)

Figure 3.5 — Putative respiratory pathogen colonisation within dental plaque
of mechanically ventilated patients.
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Figure 3.6 — Species-specific PCR for the detection of Pseudomonas
aeruginosa in dental plaque. Dental plaque samples had been found to
contain P. aeruginosa by microbial culture (but were negative by high-
throughput sequencing). A total of five dental plaque samples (from the same
patients represented in high-throughput sequencing) were positive for P.

aeruginosas.

3.3.3.3 Profiling dental plaque communities during early stages of
mechanical ventilation (d1-2)

Baseline dental plaque collected from recruited mechanically ventilated
patients was taken as close to ETT intubation as possible. The time period
from obtaining consent for patient recruitment to the study and the
introduction of MV to the time of dental plaque collection varied between 4 h
and 48 h. In order to analyse differences in microbial relationships and
species for mechanically ventilated patients, a stacked bar graph depicting
the 5 most abundant genera was produced. Figure 3.7 shows the 5 most
abundant bacterial genera (accumulated based on the numbers of identified
sequence reads) identified in dental plaque within 48 h of ETT intubation.
From this analysis, we can see that abundant genera from early stages of
MV included those that are recognised as common oral bacteria as well as
those not frequently found in the oral cavity. The top 10 species detected in
dental plaque during MV (midpoint of MV, typically 3-6 days) are listed in
table 3.1, and the most abundant species belonged to the genus Veillonella.
Within this list, 50% (5 out of 10) of the most abundant organisms during

early stage MV were considered putative respiratory pathogens.

5 M = Molecular marker, -VE = negative control, +VE = positive control
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Figure 3.7 — The five most abundant organisms (genera level) present in the

dental plaque community at the start of mechanical ventilation for each of the

13 patients. Each patient is represented by a different colour.
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Table 3.1 — Ten most abundant bacterial species at the midpoint of MV.

Abundance Ten most abundant species at midpoint of MV

1 Veillonella parvula
Escherichia/Shigella flexneri*

Streptococcus pseudopneumoniae*
Enterococcus faecalis*
Staphylococcus aureus™
Granulicatella adiacens
Enterococcus villorum*

Lactobacillus gasseri

© 0o N o o b~ 0N

Prevotella melaninogenica

-
o

Lactobacillus salivarius

*Respiratory pathogen

3.3.3.4 Community analysis of the respiratory pathogen colonisation
during mechanical ventilation

During MV, there was a degree of inter-patient microbial variability within the
dental plaque community of mechanically ventilated patients. Non-Metric
Multidimensional Scaling (NMDS) coupled with t-tests were performed to
analyse the level of similarity between communities isolated from dental
plaque during the course of MV, and into the post-ETT extubation period.
Each dental plague community was assigned coordinates based on Unifrac
(phylogenetic community distance measure) analysis to generate a scatter
plot to assess similarity in the microbial community of dental plaque between
periods of MV and post extubation (Figure 3.8A). Dental plaque was divided
into four groups for subsequent analysis focusing on the change in microbial
composition or ‘microbial shift’ previously observed by culture analysis and
reported in Chapter 2 (Group 1 — commencement of MV, group 2 — midpoint
of MV typically 3-6 days, group 3 — end of MV and group 4 — post-ETT
extubation recovery period). Results revealed that changes in the
microbiome of dental plaque during MV occurred, and such changes were
statistically significant. Despite overlapping of microbial communities (Figure
3.8 B and C), statistically significant changes in the microbial composition of

dental plaque were evident during MV. Pairwise comparisons using t tests
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with pooled Standard Deviation (SD) were performed to compare data for
each of the time points groups. P-value adjustment was performed using the
Benjamini—Hochberg (BH) method, to control the false discovery rate (FDR)
when performing multiple comparisons. (FDR is a measure of true
significance, controlling any false discoveries in multiple comparison data

sets).

Furthermore, to analyse the microbiome of dental plaque at different time
points of MV, NMDS was performed. The parameters used were Unifrac
against time, to determine the level of organism diversity. The change in
microbial composition of dental plaque between the start and midpoint of MV
was shown to be statistically significant, p=0.0033. In addition, the
community profiles between the start and end, and between the midpoint and
end, were also shown to be significantly different (p=0.0403 and p=6.3¢"®
respectively). Descriptive statistics are presented in the box and whisker plot,
and are visual representations of the data revealing changes in microbial
composition during MV (Figure 3.9).

A stacked bar graph was generated to compare the 10 most abundant
species at the four defined stages of MV and post-ETT extubation recovery
period. The stacked bar graph (Figure 3.10) reveals a sweeping pattern,
indicating a trend of microbial differences during the course of MV.
Furthermore, the most abundant organisms detected at the start of MV
differed from that at the end of MV. Bacteria detected at the start and
midpoint of MV both showed a high prevalence of respiratory and non-oral
pathogens.

Microbial changes and the occurrence of respiratory pathogens in the dental
plaque during MV are presented in table 3.2, where the OTU abundance of
respiratory pathogens is compared. Furthermore, heat maps were
constructed to compare and quantify community-profiling data over time.
Figure 3.11 illustrates the phyla variation in dental plaque collected from
mechanically ventilated patient (PN021), and figure 3.12 extends upon this,
comparing species variation between the microbiome of dental plaque and
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the lower airways. Species level heat maps for all 13 mechanically ventilated
patients analysed via microbial community profiling are depicted in Appendix
Il.
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Figure 3.8A — Non-Metric Multidimensional Scaling (NMDS) analysis of

dental plaque - scatter representations of dental plaque communities.
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Figure 3.8B - Non-Metric Multidimensional Scaling (NMDS) analysis of
dental plaque groupings and relationship between dental plaque

communities from the start and end of intubation.
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Figure 3.8C - Non-Metric Multidimensional Scaling (NMDS) overlapping
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6 Ward — represents dental plaque collected in the post-ETT extubation period
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Figure 3.10 — The ten most abundant microbial species in dental plaque for

each time point group. This bar graph allows the comparison between oral

organisms and potential respiratory pathogens.

123



Table 3.2 — Abundance measurements (operational taxonomic units (OTUS))
of potential pathogens during MV.”

Respiratory pathogen Total OTUs detected
PN002 d1 d4 d5
Enterococcus villorum 623 983 135
Staphylococcus aureus 11 2 35
Enterococcus faecalis 0 1 20
Serratia nematophilia 214 0 30
PN004 d1 d30 post-ETT post-ETT
Streptococcus pseudopneumoniae 101 12 1 0
PNO007 d1 d11 post-ETT
Serratia nematophilia 1 0 0
Streptococcus pseudopneumoniae 155 766 796
Staphylococcus aureus 1 241 217
PNO018 d1
Streptococcus pseudopneumoniae 96
PNO19 d1 post-ETT
Streptococcus pseudopneumoniae 11 1
Staphylococcus aureus 0 3
Enterococcus faecalis 4 0
PN022 d1 dé post-ETT
Streptococcus pseudopneumoniae 159 126 7
Staphylococcus aureus 2 1 0
Enterococcus faecalis 0 4 0
PNO012 d1 dé post-ETT
Streptococcus pseudopneumoniae 929 1 0
Enterococcus faecalis 0 568 0
PNO021 d1 d3 post-ETT
Streptococcus pseudopneumoniae 130 145 325
Staphylococcus aureus 61 34 3
PNO030 d1 d5 post-ETT
Escherichia coli 349 385 1001
Enterococcus villorum 451 296 5

7PN — patient number, d - day of mechanical ventilation, post-ETT - collection of dental
plaque into the post-ETT extubation recovery period.7
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Staphylococcus aureus

17

Enterococcus faecalis 136 4

PN032 d1 d3 dé

Escherichia coli 949 863 13

Enterococcus villorum 3

Staphylococcus aureus 1

Enterococcus faecalis 1

PNO046 d3 d13 d26 d34 d48
Escherichia coli 0 1 18 0
Streptococcus pseudopneumoniae 12 18 102
Enterococcus villorum 22 0
Staphylococcus aureus 27 23 4
Enterococcus faecalis 22 916 549 2
Stenotrophomonas pavanii 0 1 0 0
PNO049 d1 d8

Escherichia coli 422 0

Streptococcus pseudopneumoniae 0 225

Staphylococcus aureus 3 11

Enterococcus faecalis 29 20

Clostridium bolteae 20 O

PNO050 d1 dz27 post-ETT
Streptococcus pseudopneumoniae 91 0 0

Staphylococcus aureus 0 2 104

Enterococcus faecalis 578 0 54

Stenotrophomonas pavanii 0 0 2
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Figure 3.11 - Heat map indicating phylum variation within dental plaque and
lower airways during mechanical ventilation (a total of 7 samples were

pooled).
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Figure 3.12 — Heat map indicating the level of phyla, species variation and

species abundance during MV. In the X1 key — a=subglottic aspiration, I=

NBL, and p=dental plaque. If none stated, the samples for analysis were

dental plaque.
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3.3.3.5 Presence of respiratory pathogens in dental plaque post-ETT
extubation

The final aspect of analysis of microbial communities of dental plaque was to
determine whether the bacterial communities at the start of MV (d1) were
similar to that of dental plaque communities post-ETT extubation (Figure
3.13). The 10 most abundant species were compared, revealing both oral
and potential respiratory pathogens were detected at the beginning of MV
and post-extubation. A pairwise t-test measuring the weighted Unifrac
against the data sets indicated a lack of significance (p=0.1945). Although
there was no significant difference between these two-pooled microbial
communities, there was a decrease in abundance of many respiratory
pathogens in the post-ETT extubation recovery period. There were however
similar or higher numbers of S. pseudopneumoniae and S. aureus
respectively, in the post-ETT extubation period (Figure 3.13). Veillonella and
Lactobacillus were the two most abundant genera in the post-ETT extubation
period, whilst Veillonella and E. coli were the two most abundant bacterial
types at the start of MV. In the post-extubation period, potential respiratory
pathogens including E. coli and S. aureus were detected, however their
abundance was lower compared to the start of MV. This can be seen by the
smaller bar on the stacked bar graph suggesting a decrease in total
abundance of pathogens (Figure 3.13). In contrast, Enterococcus species
were not identified in the post ETT-extubation period. A total of 50% of the
most abundant species in dental plaque collected during the recovery period

were recognised as frequent members of the oral microbiota.
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Figure 3.13 - The ten most abundant microbial species in patients' dental

plague communities at the commencement of MV (start) and into the post-

ETT extubation recovery period (ward).
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3.3.3.6 DMFT scoring and the abundance of dental plaque: correlation
analysis

DMFT scores were recorded for 97 patients and have been reported in
Chapter 2 (Section 2.3.1.6). DMFT scores for the 13 mechanically ventilated
patients during microbial profiling analysis ranged from 0 to 22, with 9 out of
13 patients having a DMFT score >10. Pearson's product-moment correlation
coefficient is a statistical analysis used to determine whether there is any
correlation between two measured variables. Correlation analysis was
performed to determine if there was a relationship between the patients’ total
dental plaque abundance (indicator of plaque abundance) and DMFT score
(Figure 3.14). The correlation coefficient was -0.432, indicating a negative
correlation between species abundance and DMFT scores within
mechanically ventilated patients. The 95% confidence interval ranged from -
0.637 to -0.168, and the extent of this range (~0.5) suggests a degree of
patient variability. The p-value derived from the statistical analysis
(p=0.002159) implies a very strong negative relationship between DMFT
scores and bacterial abundance, suggesting with increases in DMFT scores,

there are decreases in recovered bacterial abundance.
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Figure 3.14 - Correlation analysis between total dental plaque species
abundance and the DMFT score. This scatter plot shows the relationship
between species abundance (recovered DNA sequence reads from dental
plaque) with the previously recorded DMFT score.
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3.3.4 Similarity analysis of dental plaque, NBL, subglottic aspirations
and ETTs

Microbial community profiling was also performed to compare communities of
dental plaque, NBL, subglottic aspirations and ETT biofilms. The analyses
aimed to assess the degree of microbial similarity or otherwise between the
oral cavity and lower airways. ANOVA Bonferroni correlation analysis
(performed in STAMP) provided statistical comparison for two potential
respiratory pathogens identified in mechanically ventilated patients during
MV. Streptococcus pseudopneumoniae was identified in 11/13 patients, as
represented in figure 3.15, and E. coli was detected in 4/13 patients (Figure
3.16). For S. pseudopneumoniae, the abundance from all pooled samples
per patient was <25% with the exception of PNO0O7 for whom S.
pseudopneumoniae represented >50% of all identified sequences. The
abundance of E. coli/Shigella flexneri when analysing total pooled samples
collected per patient, ranged from <10% to >90% of total OTU reads
sequenced.

To compare the microbiome at different clinical sites, a stacked bar graph
representing the ten most abundant species from each sampling site was
generated (Figure 3.17). The most abundant bacterium detected within
pooled dental plaque was Veillonella parvula. For NBL and subglottic
aspiration samples the most abundant organisms were Haemophilus
influenzae and Lactobacillus salivarius, respectively. In the case of ETT
biofilms, the most abundant organism was the potential respiratory pathogen
S. aureus. Oral bacteria such as Veillonella species were detected from non-
oral sites, and potential respiratory pathogens such as S. aureus were also
identified in multiple sites.

The abundance of both the genera Staphylococcus and for S. aureus
between dental plaque, NBL, SUB and ETTs was analysed via one-way
ANOVA (Figure 3.18). The proportion of Staphylococcus species sequences
was significantly higher for ETT biofilms compared with dental plaque (p=
0.00019). Staphylococcus aureus was detected at all patient sample sites,
with a significantly increased proportion of S. aureus sequences detected
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within ETT biofilms, compared with dental plague and the lower airways
(NBL and SUB).

Furthermore, ANOVA was performed for an oral-indicator species.
Interestingly, ANOVA comparing the sequence proportion of Prevotella
nanceiensis between dental plaque and ETTs revealed a statistically
(p=0.023) greater detection of this oral species from the ETT biofilm
compared to dental plaque. Figure 3.19 represents this graphically, showing
a proportion of sequences for ETTs >25% for Prevotella nanceiensis, and
<5% from all other sampled sites.

NMDS analysis was performed to compare the microbiome of dental plaque
the lower airways, and ETT biofilms. Figure 3.20 (A) shows the NMDS
analysis assigned scatter plot per each sample analysed via community
profiling. Figure 3.20 (B) demonstrates the microbial relationship between the
dental plague microbiota and ETT biofilms. In addition, to compare similarity
between microbial species in dental plague and ETTs, a series of t-tests
were performed on 5 of the most abundant species detected in both sample
types. Figure 3.21 compares the sequence coverage (abundance) between 6
microbial species isolated within both dental plaque and ETT biofilms. T-tests
explored the level of significance between the relative abundance of species
between the dental plaque and ETT biofiims, with g-values for all t-tests
revealing all were statistically significant (<0.05). A g-value is the analogue of
the false discovery rate (to correct for multiple testing and comparisons), and
represents the p-values. Analysis indicates significant differences between
the species level at different sample sites. All species examined, including S.
aureus, Streptococcus agalactiae, Prevotella nigrescens and Aggregatibacter
segnis were isolated in a significantly higher abundance in ETT biofilms
except Veillonella parvula, which was significantly more abundant within the
dental plaque.
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Figure 3.15 - Box and whisker plots comparing the proportion of total
sequences identified as Streptococcus pseudopneumoniae. ANOVA
Bonferroni  correlation analysis compared the abundance of S.
pseudopneumoniae against all other microbial species identified. A corrected
p-value of 2.8937 indicated the abundance of S. pseudopneumoniae in total
sequences identified was statistically higher than other microbial species.
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Figure 3.16 - Box and whisker plots comparing the detection of E. coli from
total sequences collected from clinical samples from patients during
mechanical ventilation. ANOVA Bonferroni correlation analysis compared the
abundance of E.coli/Shigella flexneri against all other microbial species
identified. A corrected p-value of 0.014 indicated the abundance of E. coli/ S.
flexneri in total sequences identified was statistically higher than other
microbial species.
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Figure 3.18A — Box and whisker plot comparing the percentage of dental
plaque sequences for Staphylococcus between dental plaque, the lower
airways and ETT biofilms. The addition of multiple testing corrections allows
the testing of multiple hypotheses.
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Figure 3.18B — Box and whisker plot comparing the percentage of dental

plaque sequences for Staphylococcus aureus between dental plaque, the

lower airways and ETT biofilms.
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Figure 3.19 — Box and whisker plot at the species level for the oral organism
Prevotella nanceiensis. Prevotella nanceiensis was detected in the subglottic
aspirations, the dental plaque, and the ETT. ANOVA (with Benjamini-
Hochber multiple correction testing) was performed and a p-value of 0.023

emphasised a statistically significant difference between P. nanceiensis
detection amid clinical sites.
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Figure 3.20A - NMDS analysis of microbial communities taken from all
sample sites: dental plaque (green), NBL (red), subglottic aspiration (black)
and ETTs (blue), based on the weighted distances.
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Figure 3.20B - NMDS analysis of microbial communities of dental plaque
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Figure 3.21 — Comparison of the isolation of six different microbial species
from the dental plaque and the ETTs using t-tests. The first bar-row (green)
represents dental plaque isolation, and the second bar-row (purple)
represents the ETT. The mean proportion of sequence is situated on the left
of the image, followed by the difference in mean proportions between the
dental plaque and the ETTs. On the far right of figure 2 are the
corresponding g-values for the t-tests.
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3.4 Discussion

This is the first time that molecular community profiling has been used to
characterise changes that occur within the microbial communities of dental
plaque and the lower airways both during MV and post ETT-extubation. In
addition, the microbiome of the lower airways and biofilms from extubated
ETTs were analysed. Next-generation sequencing based technologies to
enable microbial community profiling provide simultaneous identification of
microorganisms as well as species quantitative data (Zaura, 2012).

During this study, MiSeq lllumina sequencing provided comprehensive
microbial profiles for different clinical sites within mechanically ventilated
patients, and highlighted significant increases in the detection of respiratory-
relevant pathogens within dental plaque of mechanically ventilated patients.
These findings confirmed and considerably extended those obtained from
culture-based studies, that have previously demonstrated changes in
microbial plaque composition which may facilitate the development of
secondary respiratory infections such as VAP (Mori et al., 2006; Zuanazzi et
al., 2010). In this context, it has been proposed that the placement of the
ETT may be one of the drivers that changes oral environmental factors
(Cairns et al., 2011; Lloyd et al., 2011). The results demonstrated that
several ‘non-oral’ genera co-existed with oral microorganisms in the dynamic
biofilm that is dental plaque. Physical alterations (such as the insertion of
ETTs) may influence microbial displacement and translocation within the
upper and lower respiratory system. The dynamics and influence of dental
plaque may in fact be underestimated and the amount of dental plaque can
be a significant contributing factor to several oral and systemic infections,
such as VAP.

Respiratory pathogens were identified within the dental plaque during the
early stages of MV, however a significant increase in pathogen abundance
was demonstrated during MV (Table 3.1; figure 3.7). The result emphasises
the potential of the mouth to act as a reservoir for pneumonia causing
bacteria. Zuanazzi et al., 2010 performed similar community profiling
analyses, in which the dental plaque and saliva of hospitalised patients was
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analysed by microbial culture and culture-independent analysis. Zuanazzi et
al.,, 2010, did not isolate staphylococcus aureus, however, coagulase
negative staphylococci were present. In contrast, during the present
microbiome study, S. aureus was the most abundant respiratory pathogen
identified in ETT biofilms (Figure 3.18A, B) and was amongst the most
abundant species of the dental plaque microbiome during MV (Figures 3.12
and 3.18). Performing high-throughput analysis alongside conventional
cultivable studies is useful for revealing any differences in the methodologies
and highlighting cases where respiratory pathogen detection was different
between microbial culture and culture-independent analysis. Although such
variation exists, the detection of respiratory pathogens in dental plaque and
the lower airways reinforces results from previous studies using microbial
culture analysis of dental plaque during MV.

Pseudomonas aeruginosa is considered a virulent and prominent species in
the aetiology of VAP and other associated lower airways infections (Parker et
al., 2008; Luyt et al., 2014). Interestingly, Pseudomonas species were rarely
detected in the high-throughput analyses of the 13 mechanically ventilated
patients. However, P. aeruginosa had previously been isolated in ~25% of
dental plaque via microbial culture (Chapter 2 - 2.3.2). Previous studies have
suggested that P. aeruginosa is a predominant coloniser of dental plaque
during MV and a causative pathogen of VAP (Parker et al., 2008; Raad et al.,
2011; Tarquinio et al., 2014). Pseduomonas aeruginosa is a frequent
coloniser of both water and soil (Perkins et al., 2010). Evaluating the
presence of P. aeruginosa in the water supply within the hospital could help
detect one of the sources for this pathogen.

Current microbiological analysis relies on cost effective, readily available and
reproducible microbial culture. Pseudomonas aeruginosa is a rapid coloniser
on nutritional media and can effectively outcompete the growth of other
microbial species and may therefore be misrepresented as a dominant
species by culture. The composition of dental plaque is extremely diverse
with many species not yet capable of being cultivated, reinforcing the
potential for P. aeruginosa, to ‘out-compete’ and be over-represented on
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microbiological media. Although, P. aeruginosa is considered an
opportunistic pathogen of the oral cavity within mechanically ventilated
patients, further high-throughput studies could elucidate the true extent of P.
aeruginosa within dental plaque during MV. Future studies could investigate
and compare commercially available total bacterial DNA extraction methods,
as certain elution techniques could result in a low detection of Pseudomonas
species. Further analysis concerning the detection of P. aeruginosa is
warranted to determine whether P. aeruginosa should still be considered the
predominant bacterium in this context, compared to S. pseudopneumoniae,

S. aureus and Gram-negative species such as E. coli.

Dental plaque is known to be diverse and dynamic with its microbial
constituents responding and adapting to their immediate microenvironment
(Hojo et al., 2009; Robinson et al., 2006). Within this study, 5 major phyla
and 40 genera were identified (Figure 3.4). These organisms ranged from
frequently identified and studied genera such as streptococci, Tannerella
species and Oscillibacter species; some of which lesser known genera have

been revealed in similar community profiling studies (Galimanas et al., 2014).

Haemophilus influenzae, an organism associated with respiratory infection,
was also detected within the dental plaque of mechanically ventilated
patients. Haemophilus influenzae, can often colonise the upper and lower
respiratory tract of healthy individuals and is considered a significant
pathogen in respiratory infection (King, 2012).

Microbial changes occurred in a high proportion of mechanically ventilated
patients, and at least one putative respiratory pathogen was detected in the
dental plaque of all 13 patients analysed in this study. Streptococcus
pseudopneumoniae has been suggested to be an early onset causative
pathogen of VAP, alongside S. aureus and Gram-negative bacilli (Kalanuria
et al., 2014). Streptococcus pseudopneumoniae was detected in 11 of the 13
mechanically ventilated patients (representing the larger cohort) during this

study (Figure 3.16 and table 3.2). Enterococcus faecalis, an opportunistic
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pathogen identified as being amongst the four most frequently occurring
species in dental plaque during MV, has the ability to integrate into the
polymicrobial dental oral biofilm in situ (Al-Ahmad et al., 2010). Enterococcus
faecalis, although not commonly regarded as a member of the oral
microbiota in health, may be isolated from the oral cavity in some individuals
and is interestingly frequently isolated from secondary endodontic infections
(Al-Ahmad et al., 2009). Vancomycin-resistant enterococci are increasingly
associated with hospital-acquired infections (HAIs), especially after the
patient has been in receipt of antibiotics (Austin et al., 1999; Rengaraj et al.,
2016). It may therefore not be surprising that Enterococcus colonisation
persisted during MV, emphasising the vast changes that are occurring in the

homeostasis mechanisms in dental plaque and host immunity.

Sachdev et al., 2013 reported that the amount of dental plaque in
hospitalised and ventilated patients increases. Associating increases in
gingival inflammation is one marker of host immune activity in response to
such elevated plaque levels thus highlighting the importance of oral
measures such as plaque scoring in critical care medicine (Wise & Williams,
2013). DMFT scores were recorded for all patients recruited to the
observational cohort study (2.3.1.5). Correlation analysis between DMFT
scores and total dental plaque abundance (OTU abundance average per
patient) was performed to analyse microbial communities in relation to DMFT
scores (Figure 3.15). Although not a measure of current health, DMFT scores
can provide an indication of previous oral health status (Becker et al., 2007).
Analysis (Figure 3.15) revealed there was no positive correlation between
increased DMFT scores and mean dental plaque abundance, in fact a slight
negative correlation was found. This may suggest that patients with previous
good oral hygiene may be at risk of increasing dental plaque and
furthermore, the introduction of respiratory pathogens during MV. Along with
the DMFT score, future work could investigate if correlations exist between
DMFTs, dental plaque and gingival index scores, and respiratory pathogen
colonisation of dental plaque. Such correlation analyses on larger cohorts
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could reveal whether patients admitted with poor pre-existing oral hygiene
were at greater risk of respiratory pathogen colonisation of dental plaque in
comparison to patients with previously good oral hygiene.

In addition to microbial profiling of dental plaque during MV, NBL, subglottic
aspirations and ETT biofilms were characterised for microbial content during
MV. A total of 10/48 samples processed for community profiling were non-
dental plaque samples. Within these microbial profiles, both oral-indicator
species including Prevotella species and respiratory pathogens were
detected (Figures 3.17 and 3.19). These findings may support the theory of
microbial translocation from the oral cavity towards the lower airways (Li
Bassi et al. 2015; Cairns et al. 2011). NMDS analysis comparing the
microbiome at different clinical sites (Figure 3.20A, B) analysed 3 patients’
ETT biofilms and compared these to 38 dental plaque samples. Preliminary
results indicated overlapping clusters, highlighting similarities between the
microbiomes of dental plaque and ETT biofilms. This analysis therefore,
although indicative of microbial similarities between sampling sites, in this
instance did not hold true statistical power, due to incomplete and uneven
sample size. A series of t-tests were performed on six different species,
comparing the mean proportion of sequences detected from either dental
plaque or ETT biofilms. S. aureus, Streptococcus algalactiae and
interestingly Prevotella species were present in higher numbers in the ETT
biofilm compared to dental plaque.

Analysis of the patients’ dental plaque during their recovery and post
extubation, revealed a decrease in detection of respiratory pathogens for
many patients, and suggests that the microbial community begins to revert
back to one that is predominantly comprised of healthy oral microbiota
(Figure 3.13). Respiratory pathogens, although at a lower abundance, were
detected from dental plaque of patients into their recovery period, suggesting
that once these organisms proliferate into the biofilm, they may resist
replacement whilst the patient is still immunocompromised. Future studies

could analyse dental plagque with a larger sample size and over a longer time
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period post recovery to statistically reflect the community and recovery

period of critically ill patients

Conclusion

Microbial community profiling was successfully applied to characterise the
microbiome of dental plaque in mechanically ventilated patients, both during
MV and into the recovery period when the patient was liberated from
mechanical ventilation. A significant ‘microbial shift' in the composition of
dental plaqgue was demonstrated for patients with potential respiratory
pathogens including S. aureus, S. pseudopneumoniae and E. coli
increasingly detected during MV. Interestingly, and in contrast to previous
culture studies (Chapter 2), P. aeruginosa was not detected in this molecular

analysis.

The lower airways and ETT biofilms were also subjected to characterisation
via community profiling. The detection of oral species within the lower
airways and strict oral anaerobic species including Prevotella within the ETT
biofilm highlights their presence, and preventing the translocation of dental

plaque may be important.

Fulfilling the chapter's aims, dental plaque was further characterised into the
post-ETT extubation period whereby both the presence and abundance of
respiratory pathogens was reduced following extubation. However, some of
these microbial species could still be identified at reduced number within the
community, and may therefore still represent risk factors for infection in the
longer term. Both oral indicator species and potential respiratory pathogens
were detected in oral and lower airways. This is the first comprehensive
characterisation of the microbiomes of dental plaque and lower airways in
this patient group. A better understanding of the compositional changes
within dental plaque, and the extent of microbial translocation may inform

interventional strategies to reduce incidence of VAP.
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Chapter 4

A longitudinal study of saliva
properties and protein
composition during mechanical
ventilation
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4.1 Introduction

The oral cavity is unique, containing both hard surfaces, namely the teeth,
and soft mucosal tissues, which are constantly subject to change both in
health and in illness. In addition, the oral microbiota is complex with distinct
microbial communities within different oral sites and currently over 1,000
bacterial species have been identified (Lazarevic et al., 2009; Wade, 2013b).
Dental plaque, an archetypal biofilm upon tooth surfaces, harbours an
estimated 500 different bacterial species indicating that the microbial
structure is not uniform, more so ever-changing (Rosan & Lamont, 2000).

Streptococcus species are recognised as primary pioneer colonisers of teeth
and therefore initiators of dental plaque development (Denepitiya & Kleinberg
1982). Early microbial colonisers within dental plaque, predominantly
members of the Streptococci genera including Streptococcus mitis and
Streptococcus salivarius, adhere to immobilised proteins within saliva such
as statherin that are anchored on the enamel surface of the tooth (Chaudhuri
et al., 2007; Rudney et al., 2003). Saliva therefore promotes positive
bacterial selection thus contributing to the production of dental plaque and
biofilm formation upon the tooth surface (Sekine et al., 2004).

Salivary mucins can bind to bacterial cells, ultimately maintaining adequate
levels of bacterial adhesion to the tooth’s enamel. The composition of saliva,
in particular free calcium and phosphate form buffering systems helping to
maintain the integrity of the tooth (Amerongen & Veerman, 2002; Lamkin &
Oppenheim 1993). Salivary proteins extend to the inclusion of antibacterial
peptides such as lysozyme and lacotransferrin serving to protect and defend
against organisms and foreign debris entering the oral cavity (Gorr &
Abdolhosseini, 2011; Silva et a., 2012).

In the past 10-15 years there have been numerous studies suggesting that
changes occur to the composition of dental plaque in critically ill and
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mechanically ventilated patients (Scannapieco et al., 1992; Fourrier, et al.,
1998; Heo et al., 2008; Zuanazzi et al., 2010; Jones, Munro & Grap, 2011;
Sachdev et al.,, 2013). The current study has documented the extent of
dental plague changes during MV by longitudinal microbial culture and
microbiome community profiling (Chapters 2 and 3). Dental plaque was
shown to become heavily colonised with respiratory pathogens including S.
aureus, E. coli, P. aeruginosa and S. pseudopneumoniae during MV, species
which in many cases are absent at the beginning of ventilation. These
microbial changes will likely have been driven by alterations to the local
and/or systemic environment. Potential variables that could drive microbial
compositional changes within dental plaque include saliva flow, pH and

proteomic composition.

Currently, there is little evidence of large studies investigating saliva
properties and any subsequent role that saliva may have in dental plaque
colonisation by respiratory pathogens. Dennesen et al., 2003, have however
measured saliva flow of 44 hospitalised patients (24 during intubation and 20
elective surgery). They reported inadequate salivary flow in intubated
intensive care patients, with a nearly absent stimulated salivary flow during
intubation, and comparably, only a temporary reduced postoperative
stimulated salivary flow for elective surgical patients (Dennesen et al., 2003).
Most existing literature addressing salivary flow during MV, or assessing the
benefits on the application of oral gels to intubated patients are primarily
focused around oral decontamination, and oral moistening (O’Reilly, 2003;
Scannapieco et al., 2009). In recent years there has been much emphasis on
the value of saliva as a prognostic and diagnostic fluid with proteomic
changes in saliva being used to assess and potentially predict certain
disease progression (Schipper et al., 2007; Pfaffe et al., 2011). Use of saliva

in this manner has the advantage of being a minimally invasive process.
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The overall aim of the work presented in this chapter was to determine if
there were detectable changes in the saliva of patients during and after
mechanical ventilation and to relate any changes to the composition of dental
plaque.

Specifically, the objectives were:

(1) - To determine whether there were changes in salivary parameters during
MV, including volume, protein concentration and pH.

(2) — To analyse the proteome of saliva during MV and in the post-ETT
extubation period.

(3) - To quantify pro-inflammatory cytokines in saliva, plasma and ETT fluid
during MV and (saliva) into the post-ETT extubation period.
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4.2 Materials and Method

4.2.1 Ethical approval

Ethical approval was obtained from National Research Ethics Service
(NRES) within the Research Ethics Committee (REC), Wales (Ref:
13/WA/0039) for a single NHS organisation study on 20" June 2013 to
evaluate dental plaque biofilms and salivary parameters during the course of
MV (2.2.1). Mechanically ventilated patients at a single University Hospital
Critical Care Unit were eligible for inclusion in the study if they were aged
>18 years, had >8 original teeth, anticipated period of MV >24h, and an
expected survival of >24 h. Informed consent for participation in the study
was obtained from the next of kin by the responsible clinician (2.2.2).

Ethical approval was granted on April 2014 from the School of Dentistry,
Cardiff University, for the collection of 5 saliva samples over a period of 10 d
from 5 healthy volunteers, forming the control group. The inclusion criteria for
the healthy volunteers was as follows: >18 years, >8 original teeth, and not in
receipt of prescription medications. The collected saliva was anonymised and
stored at -80°C following HTA guidelines for fluid containing human cells.

4.2.2 Saliva, plasma and ETT fluid from mechanically ventilated patients
Saliva and blood were collected three times during the first week of MV and
weekly thereafter until ETT extubation. All collections were undertaken at the
same time in the morning of the due date. Saliva was also collected weekly
during the post ETT extubation recovery period, and for up to 3 months post-
ICU discharge.

Whole saliva was obtained using Salivettes® (Sarstedt™), an effective and
non-laborious device containing a sterile cotton plug, within polypropylene
collection tubes. The cotton plug was placed and held securely in the oral
cavity of the individual for 45 s and placed in the polypropylene tube (Topkas
et al., 2012). Saliva was recovered by centrifugation at 1,000 x g for 2 min.
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The supernatant (saliva) was transferred into a 1.5 ml microcentrifuge tube
and the saliva stored at -80°C within 5 h of collection to prevent activity of
proteases (Thomadaki et al., 2011). Where possible, fluid was also collected
from the inner lumen of extubated ETTs using sterile swabs. The swab was
then immersed in 1 ml of PBS and stored -80°C prior to analysis.

Whole blood was collected in an anticoagulant (EDTA) treated vial to prevent
clotting. The tubes were inverted gently between 8-10 times to ensure even
distribution of EDTA before centrifugation. Blood cells were separated via
refrigerated centrifugation for 10 min at 1,000-2,000 x g. After blood
components were separated, plasma was collected using a pipette,
transferred to a 1.5 ml screw cap tube and stored at -80°C.

4.2.3 Measurement of salivary parameters: volume, pH and protein

concentration

4.2.3.1 Measuring salivary volume and pH

The volume of collected saliva (obtained over 45 s) was measured using a
pipette and a calibrated collection tube. A microelectrode pH meter (Fisher)
attached to a pH reader (Eutech Instruments) was used to measure the pH.

4.2.3.2 Bicinchoninic acid assay (BCA) for total protein measurement
Whole saliva samples were diluted 1:10 in double distilled water (ddH20). For
analysis of fluids obtained from the ETTs, a 1 cm section of the lumen was
scraped with a cotton swab for 30 s and placed in 500 pl of Sputasol™
(Oxoid) and vortex mixed for a further 30 s. Cells were removed by
centrifugation at 14,000 x g at 4°C for 20 min.

Serial dilutions of bovine serum albumin (BSA) from 1 ng/ul were prepared in
ddH0 in the wells of 96-well microtitre plates. These dilutions were used as
concentration standards, and were prepared in triplicate for each assay. A
25-ul volume of the diluted sample was added to duplicate clean wells. A
200-pI volume of BCA solution (5 ml BCA to 100 pl reducing agent (copper
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sulphate solution)) (Sigma) was added to all test and standard wells. The
microtitre plate was incubated at 37°C for 30 min and the absorbance
measured at 570nm. A standard curve was generated from the diluted BSA

and used to quantify protein concentrations of test samples.
4.2.4 Gel based salivary proteomics

4.2.4.1 SDS-PAGE 1D electrophoresis

A total of 13 pl of 30-ng/ul protein (diluted in ddH,O water, using protein
concentration data obtained from 4.2.3.2), 2 pl of reducing agent (x10
NuPAGE) and 5 ul of SDS buffer (x4 NuUPAGE) was loaded into each well of
a microtitre plate. The samples were placed in a heating block at 70°C for 10
min before loading. An 800-ml volume of running buffer (NUPAGE SDS-
Invitrogen) was prepared using 40 ml of 3-(N-morpholino) propanesulfonic
acid (MOPS) x 20 buffer (NUPAGE) and 760 ml of ddH20. A 200ml volume
of this solution was added to the cathode section of the tank (containing the
gel), the remaining buffer was added to fill the tank. A 20-ul volume was
added to each well (4-12% gel), including 20 pl of unstained molecular
marker (Invitrogen). Electrophoretic conditions were 200 V/ cm? (120 mA, 25
W) for 55 min (plus 25 min for extra separation if required).

4.2.4.2 Staining electrophoretic protein gels

4.2.4.2.1 Colloidal Coomassie Blue staining

Electrophoretic gels were transferred to weighing boats and placed in fixing
solution (40 ml ddH,0O, 50 ml methanol and 10 ml of glacial acetic acid) on a
rocking platform at room temperature for 10 min. The fixing solution was
discarded and replaced with 20 ml of staining solution A (55 ml of ddH,O and
20 ml of methanol). The gel was returned to the rocking platform at room
temperature for 10 min, and 5 ml of stainer B (Invitrogen) added to stain
overnight. The staining solution was then removed and the gel washed and

kept hydrated in 200 ml of ddH,O prior to scanning using ImageScannerll|
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(GE Healthcare). For long-term storage of the gel, a 1% acetic acid solution

was used as a preservative.

4.2.4.2.2. Silver nitrate staining

For silver nitrate staining, the gel was transferred to a plastic weighing boat
and placed on a rocking platform at room temperature. The procedure was
as described by the PlusOne Silver Nitrate Staining Kit (GE Healthcare). The
gel was placed in 250 ml of fixing solution (10% acetic acid and 40% ethanol)
for 30 min. The fixing solution was discarded and replenished with 250 ml of
sensitising solution (75 ml of ethanol, 17g of Na-acetate and 10 ml of 5% Na-
thiosulphate) for 30 min. The solution was discarded and replaced with 250
ml of ddH2O for a total of 3 separate 5 min washing steps. After the final
ddH,O was discarded, a 25-ml volume of 2.5% silver nitrate in 250 ml of
ddH20 was added for 20 min, followed by two 5 min washing steps in ddH-O.
After the ddH»O was discarded, a 250-ml volume of developing solution (6.25
g of Na-carbonate and 100 pl of 37% formaldehyde) was added to the gel.
This solution was left for 4 min, discarded and replaced with 250 ml of
stopping solution (containing 3.65 g of EDTA) for 10 min. Following three
final 5 min ddH,O washes, the gel was scanned using the ImageScannerlll
(GE Healthcare) and placed in a preservative solution of 500 ml of 1% acetic
acid.

4.2.5 2D gel electrophoresis (2DE)

4.2.5.1 Protein precipitation for 2DE

The starting protein concentration needed for 2D gel electrophoresis was 150
Mg/ul (with a maximum volume for the kit of 100 pl; using the ‘2D clean up kit’
by GE Healthcare). A 300-pl volume of protein precipitant was added, the
sample was vortex mixed for 5 s and incubated on ice for 15 min. A 300-pl
volume of co-precipitant was added and the sample was vortex mixed for 5 s
and centrifuged at 12,000 x g for 5 min. The supernatant was removed and a
further 40-pl volume of co-precipitant was added on top of the pellet, and
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placed on ice for 5 min. The samples were centrifuged at 12,000 x g for 5
min with the supernatant discarded, replenished with 25-ul of ddH,O, and
vortex mixed until the sample was dispersed into the liquid. A 1-ml volume of
chilled wash buffer and 5 pl of wash additive (GE Healthcare) was added to
the sample and incubated at -20°C for 30 min with a 30 s vortex mix every 10
min. The samples were centrifuged (12,000 x g for 5 min) and the pellet was
left to dry for 5 min.

4.2.5.2 Isoelectric focusing (IEF)

The protein pellet (obtained from section 4.2.5.1) was resuspended in 116 pl
of rehydration solution (7M wurea, 2M thiourea and 2% (v/v) 3-[(3-
cholamidopropyl) dimethylammonio]-1 propanesulfonate (CHAPS)) and
vortex mixed for 5 s. A 1-ul volume of bromophenol blue (10 mg/mL), 2 pl of
IPG Buffer (GE Healthcare) and 6.25 pl of dithiothreitol (DTT, 50 mM) were
added to the resuspended protein pellet to create the rehydration solution.

A total volume of 125 pl was required to distribute evenly into the IPG gel
strip (Immonbiline™ DryStrip pH 3-10 NL, 7cm) IPGphore coffin. The
immobilised pH gradient (IPG) gel strip was inserted into the coffin gel. An
800-pl volume of DryStrip cover fluid (mineral oil, Fisher) was placed over the
strip and the coffin was then placed on the IEF manifold for an initial
rehydration period of 12 h at 20°C. IEF parameters were 50 microamps
(MA)/strip at 20°C (step and hold 500 V 1 h, gradient 1000 V 2 h, step and
hold 1,000 V 1 h, gradient 8,000 V 2 h and step and hold 8,000 V 8 h).

4.2.5.3 Equilibration of the IPG strip

The IPG strip was removed from the gel-coffin and placed in 5§ ml of reducing
solution (0.5 ml of NUPAGE sample reducing agent and 4.5 ml of 1x
NuPAGE LDS buffer), which was gently rocked for 15 min. The IPG strip was
then transferred to 5 ml of alkylating solution (116 mg of iodoacetamide and
5 ml of 1x NuPAGE LDS buffer) for 15 min on the rocking platform. The IPG
strip was then transferred into the loading well of the Zoom™ gel (Invitrogen).
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4.2.5.4 SDS-PAGE using Zoom™ gels

A 200ml volume of running buffer (prepared as previously described, 4.2.4.1)
was added to the centre chamber, and the IPG strip was transferred to the
loading well of the gel (NUPAGE 4-12% Bis-Tris Zoom Gel). A 5-pl volume of
a 1:20 Mark 12 unstained molecular marker (Invitrogen) was added to the
single well. The SDS-PAGE and protein staining was performed as
previously described (sections 4.2.4.1 and 4.2.4.2).

4.2.5.5 Preparation of peptides from gel electrophoresis for Mass
Spectrometry (MS)

4.2.5.5.1 Gel spots and de-staining

Using a manual spot cutting pipette tip, targeted spots were cut and
transferred into an Ettan Disgestor 96 well plate (total gel volume 2.65mm?).
For quality control, one gel plug was cut from the protein marker (Invitrogen
Unstained Protein Standard Mark12) — [(-galactosidase (116.3kDa). Any
remaining liquid in the wells was removed to prevent protein leeching from
the bands into solution. A 50-ul volume of acetonitrile (50% acetonitrile
(ACN) (v/v) in 0.1% (v/v) trifluoroacetic acid (TFA)) was added to the gel
plugs for 5 min until the plugs turned opaque. To de-stain from coomassie
blue, each gel plug was covered with 50 pl of 50% (v/v) ACN in 25 mM
ammonium bicarbonate (NH4sHCO3) and this was gently rocked for 1 h.

The supernatant was discarded and the protein plug washed x3 times in 50
pl of 25 mM NH4HCOs. The gel plugs were dehydrated in 50 ul of 50% (v/v)
ACN for 15 min followed by rehydration in 50 pl 25 mM NH4HCO3 for 10 min.
This process was repeated twice and the spots were then incubated at 65°C
for 20 min.

4.2.5.5.2 Reducing and alkylation

Disulphide bonds of the proteins were irreversibly broken to achieve optimum
unfolding of the tertiary structure for downstream protein identification. A 25-
gl volume of 10 mM DTT in 25 mM NH4HCO3; was added to the 96-well plate,

covered and incubated at 56°C for 1 h. Once the plate had cooled for 15 min,
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the supernatant was removed and replenished with 25 pl of 55mM
iodoacetamide in 25 mM NH4HCO3, covered and incubated for 45 min at
room temperature in the dark. The gel plugs were washed with 25 pl of 25
mM NH4HCO;3; for 10 min and two dehydration steps were performed as

described previously (section 4.2.5.5.1).

4.2.5.5.3 Trypsin digestion

Trypsin (V5111 Promega UK Ltd) was prepared to a final concentration of
12.5 ng/pl in 25 mM NH4HCO3 A 5-pl volume of trypsin was added to fully
dehydrate the gel plug and the plate was sealed and incubated at 37°C for 20
min. Once fully rehydrated, the plug was covered with 10 pl of 25 mM
NH4HCO; (to keep the gel wet during digestion) and incubated for 4 h at
37°C.

4.2.5.6 Spotting peptides onto the mass spectrometry plate for Matrix-
Assisted Laser Desorption lonization (MALDI) analysis

Peptides were resuspended from the gel plug in 5 pyl of 50 ACN % (v/v) in
0.1% TFA (v/v) and sealed for incubation at 60°C for 1 h. A 0.5-pl volume of
peptide solution was spotted onto the mass spectrometry (MS) plate and left
to air dry. After 10 min, a 0.5-ul volume of matrix (section 4.2.6.5) was added
to each spot. Standards using pre-defined calibrations were also added to
the MS plate (Applied Biosystems MALDI TOF/TOF analyser 4800). Peptide
MS loading was devised and employed by qualified employees at The Henry
Wellcome Building (Cardiff University).

4.2.6 Gel free proteomics: Liquid chromatography, MALDI MS & Mascot
global protein identification (LC-MS/MS)

4.2.6.1 Protein extraction from extracellular saliva

Saliva was incubated on ice with a 500-pl volume of lysis buffer (1 ml of
tergitol-type nonyl phenoxypolyethoxylethanol detergent (NP-40) (10% v/v),
200 pl of triethylammonium bicarbonate (1 M), 100 ul of protease inhibitor (20
mg/ml) and 8.7 ml of distiled water for 15 min. Saliva was centrifuged
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(Allegra 21R, Beckman Coulter) at 14,000 x g for 5 min at 4°C and the

protein levels were quantified using the protein assay as described in 4.2.3.2.

4.2.6.2 Trypsin digestion for iTRAQ™ labelling

Trypsin digestion was completed following sample reduction, denaturing and
cysteine blocking. A-20 ul volume of dissolution buffer, 1 ul of denaturant
reagent (Applied Biosystems) and 2 pl of reducing reagent (Applied
Biosystems) were added to samples containing 100 pg of protein. After
gentle vortex mixing the tubes were incubated at 60°C for 1 h. A 1-ul volume
of cysteine blocking reagent (Sigma) was added to each sample, vortex
mixed and incubated at room temperature for 10 min. A 2-ul volume of 0.8 pg
of trypsin solution was added and gently vortex mixed. The samples were
incubated overnight (12-16 h) at 37°C. Each tube was centrifuged for 1 min
at 6,500 xg to move the sample digest at the bottom of the tube for iTRAQ™
labeling.

4.2.6.3 iTRAQ™ labelling

iTRAQ™ reagent vials 114-117 (Sciex) were mixed with 70 pl of ethanol
added and gently vortex mixed for 10 s. The contents of one iTRAQ™
reagent vial were mixed with extracted salivary proteins representing one

saliva sample and incubated for 1 h.

4.2.6.4 Liquid chromatography (LC)

iTRAQ™ labeled peptides were fractionated using LC for the downstream
application of MS/MS analysis to provide peptide sequences. The pump
wash was filled with 50% isopropanol, with the transport solvent at 2% ACN
in 0.05% TFA. Buffers A (2% ACN) and B (90% ACN) (flush and washing
buffers respectively) were prepared for each run. Buffer A was flushed
through the system for 20 min ensuring the buffer flowed to the needle of the
Probot. For quality control measures, Cytochrome C (1:80 water) was run as
an internal control to validate the performance of the LC. Two runs were
performed to retrieve the optimum data and spot sets for MALDI MS plating,
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the 1-D long run (210 min) and the short salt plug run (6x75 min), using a

reverse phase column aiding the sample spotting onto the MALDI plate.

4.2.6.5 MALDI Matrix (a-cyano-4-hydrxycinnamic acid) preparation
Matrix facilitated the ion adsorption of sample matter from the plate into the
MALDI workflow. A 1-ml volume of 70% ACN/0.1% TFA (v/v) was added to a
prepared a-cyano-4-hydrxycinnamic acid vial (Sigma) producing 10 mg/ml.
The matrix was further diluted to 2 mg/ml (800 pl to 3.2 ml of water) with 2 pl
of 50 pmol/ul Glu-Fib spike. The matrix was placed in a syringe (1 ml) and
loaded into the Probot mechanical spotter.

4.2.6.6 MALDI MS peptide analysis

Samples were spotted onto the MALDI plate using a Probot fraction collector
running in conjunction with LC. Two additional calibration spots were loaded
onto the plate (8% calibration mix and 92% matrix solution) as controls.
Figure 4.1 is a schematic highlighting the gel-free proteomic workflow used.
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Figure 4.1 - Schematic illustrating the stages for global protein identification

from whole saliva, adapted from Amado et al., 2013.
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4.2.6.7 Bioinformatics: proteomic data analysis

During analyses, saliva from three time points during MV were analysed from
one patient, whilst saliva from four time points (over a period of 10 d) was
analysed from one healthy volunteer. Each proteomic workflow (LC-MS/MS
of pooled saliva per individual) was repeated twice. Peptides were identified
according to peptide sequence matches at a 95% confidence, 2+ peptide
match level using search engines MASCOT and Paragon™ (applicable with
downstream quantitative software Protein Pilot™).

Gel-based (SDS-PAGE and 2DE) protein identification analysis was
performed using MS coupled with Mascot. For gel-free quantitative analysis,
raw peptide sequences were input into Protein Pilot™ coupled with the
Paragon algorithm to automatically optimise peptide identification. Paragon™
uses hybrid sequence tags and precursors to simultaneously identify and
analyse protein modifications in large quantities. ProteinPilot™ transferred
the proteomic data from MS (protein identification using Mascot search
engine) to generate expression peaks. Pooled saliva samples were identified
according to their iTRAQ label for differential protein expression (a relative
measure of quantitation) comparing proteomic content of saliva between
mechanically ventilated patients and healthy volunteers. Protein classification
and biological function comparisons were performed using a protein-to-gene
converter tool- neXtProt coupled with the Protein Analysis Through
Evolutionary Relationships (PANTHER) classification system, using gene

names (Vitorino et al., 2012).

4.2.7 IL-6 detection in plasma by ELISA - pilot assay to determine
cytokine recovery

ELISA was used to detect IL-6 cytokine in plasma from mechanically
ventilated patients. Fifty pl of capture antibody (1:250 anti-human IL-6
capture antibody eBioscience) were placed in the wells of a Nunc ELISA
plate which was incubated with shaking (100 rev/min; 30 s) overnight at 4°C.
The wells were aspirated, washed (x3; washing buffer — PBS, 0.05% Tween-
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20) and 100 pl of blocking buffer (x5 assay diluent; eBioscience) was added
to each well and incubated for 2 h at room temperature. After a further three
washing steps, 50 pl of control standards were added, ranging between 200
pg/ml to 3.125 pg/ml. A 150-ul volume of sample was added to triplicate
wells, and the plate was incubated overnight at 4°C. The wells were washed
(x6) and a 100-pl volume of detection antibody (IL-6 anti-human detection
antibody 1:250, eBioscience) was added to each well, and incubated at room
temperature for 1 h. The plate was washed (x6) and 50 pul of horseradish
peroxidase (HRP) (eBioscience) added at room temperature for 30 min. After
washing (x6), 50 pl of tetramethylbenzidine (TMB) ELISA substrate (x1;
eBioscience) was added, and the plate placed in the dark for 30 min for
colour development. The reaction was stopped with 50 ul of stopping solution
(ELISA stopping solution; eBioscience), and the absorbance read at 450nm

wavelength.

4.2.8 Cytometric bead array (CBA) analysis of inflammatory cytokines

in saliva, plasma and fluid from ETTs

4.2.8.1 Preparation of standards: human inflammatory cytokines

All reagents unless otherwise stated were from the Cytometric Bead Array
(CBA) Human Inflammatory Cytokines Kit (BD Biosciences). Standards were
reconstituted as described by the manufacturer.

4.2.8.2 Preparation of cytokine beads

Each capture bead preparation was vigorously vortex mixed and 5-pl
transferred into single tube for each sample. For plasma analysis, beads
were centrifuged (200 x g for 5 min), the supernatant was removed and
replaced with an equal volume of serum enhancement buffer before vortex
mixing. The mixed capture beads were incubated for 30 min at room
temperature in the dark.
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4.2.8.3 ETT preparation for cytokine analysis

The lumen of the 1 cm ETT section was scraped with a cotton swab for 1
min, and the swab was then placed into 1 ml of Sputasol™ (Oxoid) in a
microcentrifuge tube. The preparation was centrifuged (16,000%g, 1 min) and

the supernatant removed and used for cytokine analysis.

4.2.8.4 Cytokine bead assay for saliva and ETT fluid

Saliva samples were diluted based on total protein concentration (determined
in 4.2.3). ETT fluids were initially added undiluted from the preparation
described above. A 25-ul volume of the diluted samples (and all standards
and controls) was transferred into a labeled microcentrifuge tube (StarLab),
and a further 25 pl of the vortex mixed pooled capture beads added to all
samples. A 25-ul volume of pro-inflammatory cytokine PE detection reagent
was added to all assay tubes and gently mixed. All assay tubes were
incubated in the dark at room temperature for 3 h. A 500-ul volume of wash
buffer was added to each assay tube and centrifuged (200xg for 5 min). The
supernatant was discarded, leaving the cytokine beads, which were re-
suspended in 150-ul of wash buffer and transferred into a flow acquisition
tube (BD Falcon™) for flow cytometry multiplex analysis.

4.2.8.5 Cytokine bead array for plasma samples

A 25-yl volume of undiluted sample was transferred into a labeled
microcentrifuge tube (StarLab), and a further 25 pl of the vortex mixed pooled
capture beads added. All assay tubes were incubated in the dark at room
temperature for 90 min. A 500-ul volume of wash buffer was added to each
assay tube and centrifuged (200 x g for 5 min). The supernatant was
discarded, leaving 50 ul of liquid above the pellet and a 25-pl volume of
human inflammatory cytokine PE detection reagent was added to all assay
tubes, and gently mixed. Tubes were incubated away from direct light
exposure at room temperature for 90 min. The washing step before bead
analysis was repeated as with the saliva samples (4.2.8.4).
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4.2.8.6 Cytokine FACS analysis

For the multiplex analysis there were 6 different cytokine parameters with
different measured fluorescent intensities, ultimately allowing the collection of
six different clusters. A sandwich complex (capture bead and analyte
(cytokine) and detection reagent) was measured using the flow cytometer.

The Flow Cytometric Analysis Program (FCAP) array™ software was used to
analyse raw data collected from the cytometer, assigning each bead
(cytokine) to one of six clusters and creating a standard curve for each
detected cytokine bead. Fluorescence-activated cell sorting (FACS) was
performed and the standard curves used to measure the mean fluorescence

intensity and thus cytokine concentration in each test sample.

4.2.9 Statistical analysis

Mechanically ventilated patients were grouped in relation to respiratory
pathogen colonisation of dental plaque based on previous microbiological
results (Chapters 2 and 3). A series of t-tests were performed analysing
salivary volume, pH (untransformed hydrogen ion concentration data) and
total protein concentration during MV in relation to respiratory colonisation of
dental plaque. All statistical analysis was performed using IBM SPSS v20.

Non-parametric analysis was performed upon cytokine analysis using one-
way ANOVA (Kruskal- Wallis) (Rogers, 2013). In addition, correlation
analysis between cytokine expression and previous microbiological findings
(respiratory pathogen colonisation of dental plague) was also undertaken
using R script programming and STAMP software (3.2.6).
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4.3 Results

4.3.1 Salivette® processing

Saliva samples were collected from 107 mechanically ventilated patients
during MV and where possible into the post-ETT extubation period. A total of
488 Salivettes® were processed, yielding 136 saliva samples for analysis.

Over the course of 10 d, 5 saliva samples were collected from 5 healthy
volunteers (n=25), representing a control group. The control group age range
was between 23-35 years, 3 males and 2 females.

4.3.2 volume of saliva during mechanical ventilation

Of 107 patients, 36 failed to produce saliva at a detectable level either during
MV or into the post-ETT extubation period. A further third of patients (n=37)
only produced sufficient saliva only at the commencement of MV, with no
detectable saliva produced during MV (Table 4.1). The dataset of measured
salivary parameters (volume, pH, protein concentration) for individual saliva
samples and each mechanically ventilated patient is presented in Appendix
lll. For analysis of salivary volume, patients were grouped according to
previous microbiological culture and next-generation sequencing findings
(Chapters 2 and 3) dependent on whether respiratory pathogens were
isolated within dental plaque during MV.

Saliva production decreased for 52 mechanically ventilated patients during
ETT intubation. Whilst there was an average reduction in the salivary volume
during MV for those patients exhibiting respiratory pathogen colonisation
within dental plaque (Figure 4.2), the reduction was not statistically significant
for these patients in comparison to those patients not colonised with target
respiratory pathogens (S. aureus and P. aeruginosa).

4.3.3 pH of Saliva during mechanical ventilation
The pH of saliva is shown in table 4.1 and figure 4.3. A full list of salivary pH

measurements per patient can be found in appendix Ill. In comparison to the
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mean pooled salivary pH of the healthy volunteers, (pH 6.98; table 4.2), the
greatest decrease in pH is observed around the commencement of MV, for
both groups (pH 6.57 for patients exhibiting normal oral microbiota and pH
6.44 for patients exhibiting respiratory pathogens within their dental plaque).

Salivary pH was slightly acidic (mean pH 6.51) for all mechanically ventilated
patients, in comparison with the mean pH values obtained from saliva
collected from healthy volunteers (pH 6.98). Importantly, at midpoint of MV
(mean time of 2-4 d) there was a significant reduction (p=0.009) in pH for
those patients exhibiting respiratory pathogens in their dental plaque (Figure
4.3) in comparison with those patients exhibiting predominantly oral

microbiota.

Table 41 - A summary of saliva volume production and pH from
mechanically ventilated patients.

Number
Saliva measurement of

patients
No detectable saliva during intubation 36
Respiratory pathogen colonisation and no detectable saliva during intubation 6
>2 saliva samples 34
Respiratory pathogen colonisation and decrease in saliva volume 8
Saliva volume reduced during MV 52
Acidic pH <6.2 developed 20
Saliva pH reduced by 1 unit 8
Respiratory pathogen colonisation and decrease in saliva volume and pH 12

MV, mechanical ventilation
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Figure 4.2 — Salivary volume produced (over 45 s) for patients during MV in
relation to respiratory pathogen presence in dental plaque.
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Figure 4.3 — The pH of saliva during MV for patients exhibiting predominantly
normal oral microbiota, and patients colonised with respiratory pathogens.

4.3.4 Protein concentration of saliva during mechanical ventilation

Total protein concentration was determined for saliva, primarily to inform
downstream applications. For 128/136 samples there was sufficient volume
to complete a protein concentration assay. The protein concentration range
of saliva from healthy volunteers (Table 4.2) was 1.5 - 4.95 ug/ul. Protein
concentration levels in healthy saliva were relatively stable during a 10 d
period (collected every 2-3d), however they were significantly lower than
those of mechanically ventilated patients (p<0.035). Furthermore, there was
less variation in protein concentration over time for saliva from healthy

volunteers compared to mechanically ventilated patients.

On average, at the start of MV, salivary protein concentration was ~15 ug/pl,
compared to ~10 pg/ul during the remainder of MV and post extubation
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(Figure 4.4). Patients exhibiting respiratory pathogen colonisation of dental
plague had greater variations in salivary protein concentration during MV,
with an average concentration >10 pg/pl.

Table 4.2 — Salivary volume, protein concentration and pH for 5 healthy

volunteers over a 10 d period.

Protein Volume

Volunteer Sample (mg/pul) (ul) pH
1 2.55 750 71

2 1.65 700 6.97

A 3 1.50 800 7.15
4 1.80 700 7.15

5 2.40 900 6.89

Average 1.98 770 7.05

SD 0.50 83.7 0.1
1 3.3 850 7.09

2 27 1000 7.01
B 3 3.75 900 7.00
4 3.45 1200 6.81
5 3.3 1000 7.00
Average 3.3 990 6.98

SD 0.4 134.2 0.1
1 1.8 750 7.03
2 24 700 7.04
o 3 1.8 800 7.04
4 24 800 7.02
5 4.8 750 6.78
Average 2.64 760 6.98

SD 1.2 41.8 0.1
1 2.25 1200 6.68
2 1.35 1300 6.96

D 3 3.3 900 6.91
4 1.8 1000 7.01
Average 2175 1100 6.89

SD 0.8 182.6 0.1
1 3.75 600 7.02
2 3.6 550 7.04
E 3 4.05 650 6.99
4 3.3 600 7.10

5 4.95 700 6.91

Average 3.93 620 7.01

SD 0.6 57.0 0.1

171



18

gl

12

Pt

10

Protein concentration (ug/pl)

Insertion Midpoint Extubation

ONormal microbiota ORespiratory pathogens identified

Figure 4.4 — Total saliva protein concentration (ug/upl) obtained during the
course of MV and in relation to respiratory pathogen presence in dental
plaque.
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4.3.5 Gel based salivary proteomics

4.3.5.1 SDS-PAGE

Saliva from 10 patients was analysed by SDS-PAGE for salivary protein
composition over MV. SDS-PAGE compared 5 saliva samples from 5
different time points during MV and into the post-ETT extubation/recovery
period (Figure 4.5, gel A). These were further compared to 5 saliva samples
from a single healthy volunteer over 10 d (Figure 4.5, gel B).

During MV, numerous protein compositional and abundance changes were
evident in saliva (Figure 4.5 gel A). In contrast, very similar protein profiles
were evident from the healthy volunteer over a period of 10 d (Figure 4.5, gel
B).

SDS-PAGE analysis of saliva from 3 mechanically ventilated patients was
compared to the proteomic profile of fluid collected from extubated-ETTs
(Figure 4.6). Peptides of low and high molecular weight were isolated from
saliva and ETTs. There were multiple differences in protein profiles between

saliva samples and fluids from ETTs over the course of MV (Figure 4.6).

Peptides were stained with colloidal coomassie blue (Figures 4.5 and 4.6).
Figure 4.7 illustrates peptide staining using two techniques, colloidal
coomassie blue and silver nitrate. The silver staining was deemed more
sensitive, revealing numerous additional protein bands, not detected using
colloidal coomassie blue (Figure 4.7 gel B). Proteins of higher abundance
within the separation were found to cross over on occasion leading to
blurring (Figure 4.7), and this was particularly evident for proteins within the
range of 116.3 kDa to 36.5 kDa. There were likely to be multiple proteins
within these overlapped bands.
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Figure 4.5 - SDS-PAGE analysis A; Mechanically ventilated patient
colonised with respiratory pathogens during the course of MV (peptide
differences shown by the arrows); B, 5 saliva samples within a 10 d period
from a healthy volunteer. M protein marker.
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Figure 4.6 - SDS-PAGE of saliva from 3 patients during MV whose dental
plague was colonised with respiratory pathogens. A total of 2 saliva samples
(S) and the fluid from 1 ETT (E) was analysed for each patient. Peptides

were detected from both saliva and ETT fluid, as shown by the arrows. M,
protein marker.
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Figure 4.7 - SDS-PAGE of saliva from 3 mechanically ventilated patients (2
saliva samples per patient). A; stained with coomassie blue; B stained with
silver nitrate, with additional peptide bands detected (arrowed). M, protein

marker.
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4.3.5.2 2DE analysis of saliva

Based on results from the SDS-PAGE, saliva was further analysed by 2DE.
During 2DE, one saliva sample can be processed per gel, yielding higher
quantities of data (Figures 4.8, 4.9 and 4.10).

Saliva from two time points during MV of a patient was analysed via 2DE
(Figure 4.8). A series of defined protein spots (Figure 4.8) were subject to
protein identification using MALDI-MS. Protein identifications from peptide
gel plugs (Figure 4.8) are present in Table 4.3. Extremely low e-values were
evident highlighting high quality and confidence of identification (Table 4.3).
Proteins frequently isolated from healthy saliva were identified using MALDI-
MS including a-amylase, serotransferrin and cystatins. At 3 different locations
within the gel (Figure 4.8), a-amylase was identified indicating potential

complex formation.

Silver nitrate staining (Figure 4.9) of the same salivary samples was
performed. As highlighted by arrows in gel B, there were numerous proteins

absent in Figure 4.9 gel A, and by coomassie blue staining (Figure 4.8).

2DE was also performed on two separate saliva samples from a healthy
volunteer. There were areas within the gel that highlighted compositional
differences over time (Figure 4.10). Fewer peptides and compositional
changes were detected over time for the healthy saliva, compared with saliva
from a mechanically ventilated patient.
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Figure 4.8 - 2DE analysis of two saliva samples during MV. A;

commencement of MV and B; midpoint (day 3) MV.

Table 4.3 — Protein Identification (with 2 peptides?) for gel-plugs A3-A7, B4-
BS (gel, figure 4.9).

Sample spot Protein Name Peptide(s) e value
A3 Ig kappa chain C SGTASVVCLLNNFYPR 1.20E-12
A4 Alpha-amylase 2B EVTINPDTTCGNDWVCEHR 2.20E-14

TGSGDIENYNDATQVR 8.70E-12

A5 Serum albumin FQNALLVR 7.80E-05
KVPQVSTPTLVEVSR 2.60E-04

A6 Alpha-amylase 1 NVVDGQPFTNWYDNGSNQVAFGR 6.20E-18
EVTINPDTTCGNDWVCEHR 6.60E-16

A7 Serotransferrin FDEFFSEGCAPGSK 1.00E-07
EGYYGYTGAFR 6.00E-05

B4 Alpha-amylase 1 EVTINPDTTCGNDWVCEHR 1.10E-14
TGSGDIENYNDATQVR 1.00E-13

B5 Cystatin-S SQPNLDTCAFHEQPELQK 4.70E-07
IIPGGIYDADLNDEWVQR 1.80E-06

8 |dentification at a 95% confidence level
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Figure 4.9 - 2DE of 2 saliva samples from a patient during MV stained with

silver nitrate (repeat saliva samples as analysed in figure 4.7) A; start of MV,

B; day 3, midpoint MV. Arrows (B) highlight additional differences in protein

spots/clusters identified during MV.
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Figure 4.10 — 2DE analysis performed on two saliva samples from a healthy
volunteer. A; collected on day 1 and B; collected on d 5. Arrows highlight

areas of potential peptide compositional differences over time.
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4.3.6 Gel-free proteomics

4.3.6.1 Global-scale protein identification

To complete gel-free proteomic analysis, based on results from gel-based
proteomics, whole saliva was initially separated according to peptides using
liquid chromatography (LC). The complex peptide mixture was further
analysed using MS/MS coupled with databases (MASCOT and Uniprot) for
global peptide identification/ quantification. Proteins were identified according
to peptide sequences and were grouped according to their protein class and
biological function (4.3.6.2). Relative protein expression was quantified
during MV (and within a 10 d period for ‘healthy saliva’) using iTRAQ labeling
(4.3.7).

Total number of proteins identified from pooled salivary samples collected
from a healthy individual and a mechanically ventilated patient are presented
in table 4.4. For fresh saliva a total of 178 and 141 proteins were identified
(at a 95% CI level) for the healthy volunteer and the mechanically ventilated
patient, respectively. At the 2+peptide parameter (proteins identified with >2
matching peptides and the >95% CI), 116 and 98 proteins were identified for
saliva from the healthy volunteer and the mechanically ventilated patient,
respectively. The number of peptides identified during the frozen repeat was
141 and 146 proteins (at a 95% CI level), and using the 2+matching peptide
for identification parameter >90 proteins were identified for both healthy

saliva and saliva collected during MV (Table 4.4).

Haemoglobin, complement factors B and C4-B, and neutrophil elastase and
neutrophil defensin were identified in saliva from a mechanically ventilated
patient (Table 4.5). These proteins were absent from saliva obtained from the
healthy individual. ldentified peptides were grouped according to protein
class and biological function.
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Table 4.4 - Peptides identified with high confidence during the LC- MS/MS

workflow?®.

LC-MS/MS Identification Healthy Mechanically
work flow criteria volunteer ventilated patient
FRESH RUN 2+ peptides 116 98
>95% ClI 178 141
FROZEN RUN 2+ peptides 92 90
>95% CI 141 146

Two parameters for identification criteria were used: 2+ peptides —proteins identified
according to 2+ matching peptides, and a protein identification scoring at >95% confidence
interval (Cl), relating to high confidence in the protein ion score.

Table 4.5 - Proteins identified in saliva from a mechanically ventilated

patient, but absent in healthy saliva.

Accession Protein Protein Peptide

Protein Name number MW Pl Count
Haptoglobin HPT_HUMAN 45728 6.13 13
Complement factor B CFAB_HUMAN 86582 6.67 8
Protein S100-A8 S10A8_HUMAN 10874 6.51 8
Haemoglobin subunit alpha HBA_HUMAN 15294 8.72 4
Lysozyme C LYSC_HUMAN 16894 9.38 4
Complement C4-B C0O4B_HUMAN 193872 6.89 3
Neutrophil elastase ELANE_HUMAN 29006 9.71 2
Neutrophil defensin 3 DEF3_HUMAN 10514 5.71 2

MW — theoretical molecular weight, Pl — isoelectric point, peptide count — peptide identifiers

9 Table 4.4 represents a summary of pooled salivary samples from both a healthy control,
and a mechanically ventilated patient respectively.
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4.3.6.2 Protein classification into protein class and biological function

Protein classes for pooled saliva from the healthy volunteer (control) and

mechanically ventilated patient were compared (Figure 4.11 and figure 4.12).

Protein classes ranged from calcium-binding proteins, to defense/immunity

proteins, proteases and transporter proteins. Generally, protein classes

identified for the healthy individual and mechanically ventilated patient were

similar. Certain proteins, including cell junction and transcription proteins

were identified in saliva from the mechanically ventilated patient but were

absent from the saliva of the healthy individual. Figures 4.13 and 4.14

illustrate the identified proteins (genes) according to biological processes.

PANTHER Protein Class

Tetal ® Genes: 106  Total # protain class higx: 12

i

& calcium-binding protein (PCO0060Q) )
cell adhesion molecule (PCODDED) )

W chaperone (PC00072) ?
cytoskeletal protein (PCO00BS) b
defense/immunity protein (PCO0090) b

B enzyme modulator (PCOD095) )
extracellular matrix protein (PC00102) ]
hydrolase (PC00121) y

B somerase (PCO0135) =

B Ilyase (PCO0144) o

B nucleic acid binding (PC00171) @
oxidoreductase (PCO0176) >

W protease (PC00190)
receptor (PC00197) o

B signaling molecule (PC00207) »
structural protein (PC00211) ]

B transfer/carrier protein (PC00219) Y
transferase (PC00220) Y

B transporter (PC00227) o

Figure 4.11 - Grouping a total of 116 identified peptides within saliva

collected from a healthy volunteer according to protein class (PC).
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PANTHER Protein Class
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cell junction protein (PCO0070) 2
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cytoskeletal protein (PCO008S) =

B defense/immunity protein (PCO0090) o

B enzyme modulator (PCO0095) =
extracellular matrix protein (PC00102) =
hydrolase (PC00121) 2

B somerase (PCO0135) =
kKinase (PCO0137) 2

W lyase (PC00144) =

B nucleic acld binding (PCO0171) =
oxidoreductase (PCOD176) ]

W protease (PCO0190) =

! receptor (PCO0197) ]

B signaling molecule (PCO0207) =
structural protein (PC00211) ]

B transcription factor (PCOD218) =

W transfer/carrier protein (PC00219) - ]
transferase (PC00220) 2

B transporter (PC00227) =

Figure 4.12 — Grouping 98 identified peptides from a mechanically ventilated
patient over a period of time according to protein class (PC).

S
W apoptotic process (G0:0006915) &
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W biological requlation (G0:0065007) %
cellular component organization or biogenesis (G0:0071840)
W cellular process (G0:0009987) &
B developmental process (G0:0032502) %
B immune system process (G0:0002376) &
W localization (GO:0051179) &
W metabolic process (G0:0008152) &
¥ multicellular organismal process (G0:0032501) %
B reproduction (G0:0000003) %
response to stimulus (GO:0050896) &

Figure 4.13 — Comparison of biological function from 116 peptides identified
from saliva collected from a healthy volunteer. GO — gene ontology. Gene
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ontology (GO) is a bioinformatics initiative aiming to unify protein and gene

classification.

GO Biological Process

Total @ Gases: 106  Total @ process hies: 190

B biclogical adghesion (G0:0022610) »
B biclogical regulation (GO:0065007) =2
celiular component organization or biogenesis (GO:0071840) o
B celluler process (GO:0009987) 9
B gevelopmental process (G0:0032502) 2
B immune system process (G0:0002376) 2
B localization (GO:0051179) @
B metabolic process (GO:0008152) 2
muRticeliviar organismal process (GO:0032501) 92
B reproduction (GO:0000003) 9
response 10 stimulys (GO:0050896) 2

Figure 4.14 — Comparison of biological processes of identified peptides from
a mechanically ventilated patient. Gene ontology (GO) is a bioinformatics

initiative aiming to unify protein and gene classification.
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4.3.6.3 Bacterial and fungal peptides identified in saliva

All bacterial and fungi originating peptides isolated within saliva were
identified with a maximum of 1 peptide match, all with a Cl score >95%,
representing a confident identification (Table 4.6). The protein pl
representing the relative pH of the peptide suggests both acidic and basic
peptides were present ranging from a theoretical pH of 4.45 to 10.28 from

both the healthy individual and the mechanically ventilated patient analysed.

Peptides originating from C. albicans, lactobacilli, Campylobacter concisus
and anaerobic bacteria such as Bacteroides fragilis were identified from
pooled healthy saliva. Similarly, peptides from oral species such as
lactobacilli and Candida species were identified from saliva from a
mechanically ventilated patient. Interestingly, a peptide from the potential
respiratory pathogen Escherichia coli was detected within saliva during MV.
This mechanically ventilated patient (PN046) exhibited respiratory pathogen
colonisation within their dental plaque during MV.
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Table 4.6 — Bacterial and fungal peptides detected in saliva from a mechanically ventilated patient, and a healthy

volunteer. MW — molecular weight, Pl — isoelectric point, peptide count — peptide matches

Saliva Species Peptide (Protein name) Accession Protein Protein lon Score Peptide
number MW Pl C.l. % Count

Bacteria Trigger factor Lactobacillus reuteri (strain DSM 20016) TIG_LACRD 48717.24 445 99.63 1

Fimbrial protein MS11-D1, Neisseria gonorrhoeae FMD1_NEIGO 23236.61 76 99.60 1
CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase,

Mechanically Escherichia coli 01:K1 PGSA_ECOK1 20733.05 8.89 99.53 1

ventilated GMP synthase Lactobacillus acidophilus strain ATCC 700396 GUAA_LACAC 57822.82 5.26 99.30 1

patient Lipoyl synthase, Micrococcus luteus (strain ATCC 4698 / DSM 20030) LIPA_MICLC 37935.15 6.18 99.29 1

Fungi Actin, Candida dubliniensis (strain CD36) ACT_CANDC 41895.78 545 100 4

Histone H2A.1, Candida albicans (strain SC5314) H2A1_CANAL 14000.69 10.28 99.92 1

6-phosphogluconate dehydrogenase, decarboxylating, Candida albicans 6PGD_CANAX 57118.07 6.14 99.31 1

Bacteria 3-oxoacyl synthase 3, Agrobacterium vitis (strain S4 /| ATCC BAA-846) FABH_AGRVS 34343.62 54 99.47 1

DNA replication and repair protein RecF, Bacteroides fragilis (YCH46) RECF_BACFR 43035.94 6.09 99.46 1

50S ribosomal protein L9, Pelagibacter ubique (strain HTCC1062) RL9_PELUB 17317.60 9.22 99.44 1

Healthy Sec-independent protein translocase protein TatA, TATA_PHEZH 7593.99 8.15 99.42 1

volunteer Glutamate--tRNA ligase, Synechococcus sp. (strain CC9605) SYE_SYNSC 53552.12 5.15 99.31 1

Homoserine kinase, Campylobacter concisus (strain 13826) KHSE_CAMC1 32350.40 6.92 99.28 1

Demethylmenaquinone methyltransferase, Lactococcus lactis UBIE_LACLA 28614.61 9.06 99.07 1

Fungi Phosphoglycerate kinase, Candida glabrata (strain ATCC 2001) PGK_CANGA 44681.56 6.37 99.86 1

Autophagy-related protein 34, Saccharomyces cerevisiae (ATCC 204508) ATG34_YEAST 46947 .49 5.33 99.51 1

Protein SDS23, Phaeosphaeria nodorum (strain SN15 / ATCC MYA-4574) SD23_PHANO 57184.72 8.99 99.45 1

Ubiquitin-like modifier-activating ATG7, Candida glabrata (ATCC 2001) ATG7_CANGA 71298.68 5.48 99.41 1

RNA polymerase |l transcription 21, Candida albicans (strain SC5314) MED21_CANAL 20368.28 4.54 99.18 1
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4.3.7 Quantitative analysis: Protein expression during mechanical

ventilation

A total of 4 salivary samples from a healthy volunteer were labeled with a
different iTRAQ™ label and subsequently pooled for LC-MS analysis. This
process was repeated independently for 3 samples collected from a patient
during MV and post-ETT extubation recovery. Raw peptide sequences were
input into Protein Pilot™ for initial identification using Paragon™ software
coupled with downstream quantification analysis. Identified peptides were
quantified by expression-fold differences over time, for both healthy saliva

and saliva collected from a mechanically ventilated patient, (Figure 4.15).

Healthy saliva was compared at 3 time points over 10 d to assess protein
compositional differences. Twenty-one proteins exhibited an expression
change >50% from a total of 200 proteins that were identified (Table 4.7).
Protein expression of serum albumin and cystatins noticeably increased over
the 10 d period. Expression of Peregrin and Tripeptidyl-peptidase 2 also
increased between 50-85 fold.

For the majority of identified proteins, expression and relative quantification
over the tested period were not noticeably different. Appendix Ill provides a
full list of proteins identified from saliva of a healthy volunteer over the 10 d

period.

Differences in protein expression during MV were assessed (Table 4.8).
Within Protein Pilot™ identified peptides (n=156) were displayed at a Cl of
95%. Proteins including complement C3, serotransferrin, antibody peptides,
neutrophil elastase and hemoglobin were highly expressed at the time of
intubation. Proteins including complement C4, S-100, and antibody peptides
increased during MV (Table 4.8).
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There were several proteins with noticeably increased expression during the
post extubation recovery period e.g. antimicrobial proteins such as
lactotransferrin, lysozyme and lactoperoxidase increased in expression by up
to 10-fold. Relative expression of proteins involved in the scavenging of
toxins and pH homeostasis, (e.g. lipocalin and carbonic anhydrase,
respectively), increased during the post-ETT extubation period. In addition,
expression of a-amylase increased >25-fold in the post —ETT extubation
recovery period. Finally, proteins including cystatin-B, thioredoxin, cystatin-
SN, involucrin, and mucin-5B were expressed at similar levels to that
encountered in saliva from the healthy individual during both MV and into the

recovery period.
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Figure 4.15 — Screen shot of Protein Pilot™ software during protein
expression and quantification analysis using iTRAQ™ multi-plex labels for
saliva samples during mechanical ventilation (115, 116, and 117) compared
to pooled saliva collected at multiple time points (days) from a healthy

volunteer.
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Table 4.7 — Peptides with expression differences >50% from the first time

point, within a 10 d period, from healthy saliva.

Peptides

Name Accession number (95%) d1 d4 d8

Serum albumin sp|P02768|ALBU_HUMAN 50 1.00 1.03 1.51
Cystatin-S sp|P01036|CYTS_HUMAN 28 1.00 1.34 1.66
Cystatin-SN sp|P01037|CYTN_HUMAN 28 1.00 1.24 1.87
Ig lambda-2 chain C regions sp|POCGO5|LAC2_HUMAN 17 1.00 1.15 047
Cystatin-SA sp|P09228|CYTT_HUMAN 16 1.00 147 1.71
Prolactin-inducible protein sp|P12273|PIP_HUMAN 7 1.00 140 1.94
Cystatin-D sp|P28325|CYTD_HUMAN 7 1.00 1.12 219
Keratin, type | cytoskeletal 10 sp|P13645|K1C10_HUMAN 5 1.00 1.00 0.49
Beta-2-microglobulin sp|P61769|B2MG_HUMAN 5 1.00 0.97 1.58
Ig kappa chain V-1V region JI sp|P06313|KV403_HUMAN 3 1.00 1.34 252
Keratin, type Il cytoskeletal 5 sp|P13647|K2C5_HUMAN 2 1.00 0.96 0.00
Peregrin sp|P55201|BRPF1_HUMAN 1 1.00 0.05 823
Tripeptidyl-peptidase 2 sp|P29144|TPP2_HUMAN 1 1.00 1.00 527
Filamin-A sp|P21333|FLNA_HUMAN 1 1.00 2.01 0.14
Tropomyosin alpha-3 chain sp|P06753|TPM3_HUMAN 1 1.00 2.82 5.86
EF-hand domain- protein D2 sp|Q96C19|EFHD2_HUMAN 1 1.00 0.75 1.72
Proline-rich protein 27 sp|Q6MZM9|PRR27_HUMAN 1 1.00 2.16 2.07
Nucleobindin-2 sp|P80303|NUCB2_HUMAN 1 1.00 2.00 8.44
Cytidine deaminase sp|P32320|CDD_HUMAN 1 1.00 0.22 0.93
Cathelicidin antimicrobial peptide sp|P49913|CAMP_HUMAN 1 1.00 0.66 1.62
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Table 4.8 — Changes in salivary protein expression during mechanical

ventilation (MV). Peptides highlighted with expression differences >50% from

start of MV.
Peptides Start Midpoint Extubation
Protein Name Accession number

95% MV MV MV

Serum albumin sp|P02768|ALBU_HUMAN 141 1.00 0.49 0.51
Complement C3 sp|P01024|CO3_HUMAN 51 1.00 1.03 0.27
Serotransferrin sp|P02787|TRFE_HUMAN 47 1.00 0.47 0.25
Alpha-amylase 1 sp|P04745/AMY1_HUMAN 51 1.00 1.00 26.79
Alpha-2-macroglobulin sp|P01023|A2MG_HUMAN 31 1.00 0.61 0.72
Alpha-1-antitrypsin sp|P01009|A1AT_HUMAN 37 1.00 1.03 0.52
Lactotransferrin sp|P02788|TRFL_HUMAN 29 1.00 3.79 3.45
Polymeric immunoglobulin sp|P01833|PIGR_HUMAN 28 1.00 1.45 13.68

receptor

Fibrinogen beta chain sp|P02675|FIBB_HUMAN 28 1.00 1.33 0.21
Apolipoprotein A-l sp|P02647|APOA1_HUMAN 23 1.00 0.16 0.13
Zinc-alpha-2-glycoprotein sp|P25311|ZA2G_HUMAN 22 1.00 1.31 15.04
Ig gamma-2 chain C region sp|P01859|IGHG2_HUMAN 20 1.00 0.44 0.47
Haptoglobin sp|P00738|HPT_HUMAN 20 1.00 13.13 1.02
Myeloperoxidase sp|P05164|PERM_HUMAN 13 1.00 1.36 0.36
Alpha-1-antichymotrypsin sp|P01011|AACT_HUMAN 15 1.00 1.55 0.98
Actin, cytoplasmic 2 sp|P63261|ACTG_HUMAN 17 1.00 1.81 0.81

Ig alpha-1 chain C region sp|P01876|IGHA1_HUMAN 22 1.00 0.88 3.32
Fibrinogen alpha chain sp|P02671|FIBA_HUMAN 15 1.00 1.59 0.33
Ceruloplasmin sp|P00450|CERU_HUMAN 1" 1.00 0.58 0.42
Fibrinogen gamma chain sp|P02679|FIBG_HUMAN 13 1.00 1.49 0.11
Complement factor B sp|P00751|CFAB_HUMAN 1" 1.00 0.85 0.21
Antithrombin-IIl sp|PO1008|ANT3_HUMAN 9 1.00 0.53 0.47

Ig mu chain C region sp|P01871|/IGHM_HUMAN 12 1.00 0.64 0.27
Leucine-rich alpha-2-glycoprotein sp|P02750|A2GL_HUMAN 9 1.00 1.09 1.43
Hemoglobin subunit beta sp|P68871|HBB_HUMAN 12 1.00 0.82 0.11
Protein S100-A8 sp|P05109|S10A8_HUMAN 15 1.00 3.77 0.23
Plastin-2 sp|P13796|PLSL_HUMAN 10 1.00 2.77 1.12
Small proline-rich protein 3 sp|Q9UBCY|SPRR3_HUMAN 9 1.01 4.36 25.80
Lipocalin-1 sp|P31025|LCN1_HUMAN 9 1.00 5.10 73.40
Alpha-1-acid glycoprotein 1 sp|P02763]A1AG1_HUMAN 12 1.00 0.70 0.97
Fibronectin sp|P02751|FINC_HUMAN 7 1.00 0.47 0.29
Leukocyte elastase inhibitor sp|P30740|ILEU_HUMAN 7 1.00 1.94 1.85
Hemopexin sp|P02790|HEMO_HUMAN 7 1.00 0.82 0.87

Ig kappa chain C region sp|P01834|IGKC_HUMAN 16 1.00 0.40 1.22
Cystatin-S sp|P01036|CYTS_HUMAN 11 1.00 1.00 4.00
Vitronectin sp|P04004|VTNC_HUMAN 6 1.00 0.41 0.39

Matrix metalloproteinase-9 sp|P14780|MMP9_HUMAN 6 1.00 3.53 1.02
Prolactin-inducible protein sp|P12273|PIP_HUMAN 6 1.00 0.83 24.98
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Apolipoprotein B-100
Cystatin-B
Complement C4-A
Protein S100-A9
Lysozyme C
Ig gamma-1 chain C region
Inter-alpha-trypsin inhibitor
Heat shock 70 kDa protein 1A/1B

Vitamin D-binding protein

Immunoglobulin lambda-like
polypeptide
Gelsolin

Alpha-2-HS-glycoprotein
Alpha-enolase
Keratin, type Il cytoskeletal 1
Alpha-1B-glycoprotein

Plasma protease C1 inhibitor

6-phosphogluconate
dehydrogenase

Cystatin-A
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Protein AMBP sp|P02760|AMBP_HUMAN 1.00 0.68 1.34
Ig lambda chain V-Il region BUR sp|P01708|LV205_HUMAN 1.00 0.85 1.37
BPI f°'d'?:;rf£r”g family A sp|Q9BEDR5|BPIA2_HUMAN 1.00 0.55 1.09
Golgi membrane protein 1 sp|Q8NBJ4|GOLM1_HUMAN 1.00 1.53 12.46
Protein S100-A12 sp|P80511|S10AC_HUMAN 1.00 3.40 0.75
Actin-related protein 2/3 subunit 4 sp|P59998|ARPC4_HUMAN 1.00 3.38 0.42
Serum amyloid A-4 protein sp|P35542|SAA4_HUMAN 1.00 0.26 0.56
Protein S100-A4 sp|P26447|S10A4_HUMAN 1.00 4.47 1.10
Cornifin-B sp|P22528|SPR1B_HUMAN 1.00 1.38 7.88
Glucose-6-phosphate 1- sp|P11413|G6PD_HUMAN 1.00 1.51 0.80
dehydrogenase
Apolipoprotein A-IV sp|P06727|APOA4_HUMAN 1.00 0.58 0.19
Serum amyloid P-component sp|P02743|SAMP_HUMAN 1.00 0.88 1.20
Ig lambda chain V-V region Hil sp|P01717|LV403_HUMAN 1.00 0.59 0.97
Ig kappa chain V-I region Wes sp|P01611|KV119_HUMAN 1.00 0.48 1.27
Ig heavy chain V-I region WOL sp|P01760|HV105_HUMAN 1.00 0.73 0.79
Fatty acid-binding protein, sp|Q01469|FABP5_HUMAN 1.00 1.46 1.00
epidermal
Keratin, type | cytoskeletal sp|P02533|K1C14_HUMAN 1.00 0.30 0.83
E3 ubiquitin-protein ligase Arkadia sp|Q6ZNA4|RN111_HUMAN 1.00 0.80 2.56
Proline-rich protein 27 sp|Q6MZM9|PRR27_HUMAN 1.00 0 36.8
Carbonic anhydrase 1 sp|P00915|CAH1_HUMAN 1.00 0.70 0.68
F-actin-capping protein subunit sp|P52907|CAZA1_HUMAN 1.00 0.95 0
alpha-1
Alpha-actinin-4 sp|043707|ACTN4_HUMAN 1.00 1.06 0.87
Myosin-13 sp|QOUKX3|MYH13_HUMAN 1.00 0.16 0.23
Cytospin-A sp|Q69YQO|CYTSA_HUMAN 1.00 0.49 0.28
CAP-Gly domainz'contai”i”g linker 0 1QoUDT6|CLIP2_HUMAN 1.00 4.16 0.29
Adiponectin receptor protein 2 sp|Q86V24|ADR2_HUMAN 1.00 0.61 0.38
Lysyl oxidase homolog 4 sp|Q96JB6|LOXL4_HUMAN 1.00 0.82 0.55
Decrease Decrease
Increase Increase
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4.3.8 Detection of IL-6 from plasma using ELISA

ELISA was performed on 24 plasma samples from 8 mechanically ventilated
patients to detect IL-6. The cytokine IL-6 was detected in 14 plasma samples
during MV, with the highest levels recorded at the start and midpoint of MV
(Table 4.9).

Table 4.9 — IL-6 detection from plasma during MV.

IL-6 pg/ ml in plasma during MV

Patient Start Midpoint ETT
Number MV MV extubation
PNO0O1 15.42 7.81 23.67
PN003 64.90 16.21 5.75
PN026 93.10 38.27 9.41
PNO031 0.00 0.00 0.00
PN040 0.00 0.00 1.17
PNO77 4.54 0.00 0.00
PN088 46.32 804.90 8.11
PN109 0.00 0.00 0.00
Mean IL-6 28.04 108.40 6.01

IL-6 was detected at all stages during MV. IL-6 ELISA was performed on 24
plasma samples from 8 mechanically ventilated patients.
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4.3.9 Cytokine quantification during MV using the cytometric bead array

analysis

4.3.9.1 Salivary cytokine analysis from healthy volunteers

Nine saliva samples from 2 healthy volunteers were analysed for cytokine
presence over 10 d (Figure 4.16). Levels of cytokines ranged between 0.1
and 100-pg/ml (Table 4.10). Highest cytokine levels in healthy saliva were for
IL-8 and IL-1B. There was a variation of ~50 pg/ml over 10 d.

4.3.9.2 Plasma cytokine analysis during mechanical ventilation

Plasma (n=105) was analysed for cytokines from 35 mechanically ventilated
patients. The cytokines, IL-8 and IL-6 were present at >200 pg/ml, with all
other cytokines (IL-1B8, TNFa, IL-10 and IL-12p70) detected at <10 pg/ml.
Figure 4.17 presents the detection of IL-8, IL-18 and IL-6 during MV. At the
time of intubation the highest cytokine levels were for IL-6. There were no
significant differences in the concentrations of IL-8 and IL-6 during MV
(Figure 4.17). For IL-1B there was a significant increase post-ETT extubation
period (p-<0.001). All individual cytokine quantifications are in appendix .
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Figure 4.16 - The CBA acquisition template for flow cytometry analysis of

samples conjugated with cytokine beads. A; Gated population of cells, B;

Detection of each cytokine via captured fluorescence and C; Histogram

showing the separation peak of each pro-inflammatory cytokine.
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Table 4.10 - Cytokine detection over 10 d in saliva from two healthy
volunteers™.

Cytokine Concentration (pg/mL)
IL-8 IL-1B IL-6 IL-10 TNFa IL-12p70

d1 199.38 98.01 19.93 11.13 0 13.4
d3 99.05 134.72 20.76 0 14.61 0
Volunteer 1 ds 63.5 4531 20.76 0 0 16.16
do 13.31 30.48 0 0 0 0
d10 133.58 77.46 11.72 0 18.34 17.71
d1 100.18 121.63 0 0 0 13.38
Volunteer 2 ds 56.39 112.39 14.84 0 0 0
do 53.81 96.18 24.92 18.75 0 20.29
d10 160.58 166.32 19.93 0 0 29.23

Mean 97.75 98.06 14.76 3.32 3.66 12.24
SD 58.64 4263 9.18 6.86 7.32 10.31
SEM 19.55 14.21 3.06 229 244 3.44
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Figure 4.17 - Plasma cytokine concentrations during MV.

10 d — day of mechanical ventilation
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4.3.9.3 Endotracheal tube (ETT) fluid analysis

The fluid from 22 ETTs from 15 mechanically ventilated patients was
analysed for cytokine presence. Cytokine’s were detected in all of the ETT
fluids analysed. IL-8 was detected at >20,000 pg/ml in patients who had
respiratory pathogens isolated from their dental plaque, and IL-8 was
noticeably lower at <14,000 pg/ml for patients exhibiting predominantly
normal oral microbiota during MV. There was no significant difference in
cytokine levels for these two patient groups (IL-8 p=0.374, IL-13 p=0.214, IL-
6 p=0.678, IL-10 p=0.069, TNFa p=0.237 and IL-12p70 p=0.340).

One-way ANOVA compared pro-inflammatory cytokine concentrations within
saliva and ETT fluids. Concentrations of IL8, IL-1B, IL6, IL10 and TNFa were
similar for both sample types. The level of IL12p70 for mechanically
ventilated patients was significantly lower (p<0.001) in ETT fluids compared
to saliva. Half of the ETT fluids analysed (n=11) did not contain detectable
levels of IL12p70.

4.3.9.4 Salivary cytokine levels during MV

A total of 68 saliva samples from 22 mechanically ventilated patients were
analysed for pro-inflammatory cytokine concentration during MV (Figure
4.18). The salivary concentration of IL-8 was over 100-fold higher (up to
100,000 pg/ml) than in plasma. Concentrations of IL-10, TNFa and IL-12p70
were <500 pg/ml.

There were no significant differences (p>0.387) in salivary cytokine levels
during MV. An increase in IL-8 levels was noted at ETT extubation (100,000
pg/ml relative to 70,000-pg/ml at start of MV). For IL-8 and IL-6, salivary
levels were highest at the start of MV and were significantly reduced
(p<0.001) post extubation. No significant difference in the levels of IL-10,
IL12p70 and TNFa for saliva collected from mechanically ventilated patients

and healthy volunteers (p >0.255) was found.
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Figure 4.18 — Detection of IL-8, IL-13 and IL-6 in saliva during mechanical
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during MV and post-ETT extubation.
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4.3.9.5 Cytokine levels and occurrence of respiratory pathogens in
dental plaque of mechanically ventilated patients

Patients were divided into two groups based on presence or absence of
respiratory pathogens in dental plaque during MV (Chapters 2 and 3). Figure
4.19 shows the cytokine levels in saliva relative to respiratory pathogens
colonisation of dental plaque.

The distribution of IL-6 (Figures 4.20), and IL-1B (Figure 4.22) were
noticeably increased in saliva of patients colonised with respiratory
pathogens (namely S. aureus and/or P. aeruginosa) in dental plaque. In the
case of IL-1B there was a significantly (p=0.035) higher variation in cytokine
concentration for patients with respiratory pathogens in their dental plaque
compared to other patients. The concentration of IL-8 (Figure 4.21) was
however both lower in patients’ dental plaque colonised with respiratory
pathogens and more varied (as indicated with the larger whiskers in the box

plot).
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Figure 4.19 — Heat map and dendrogram showing the relationship between
mechanically ventilated patients and relative distribution of cytokines. The
abundance of each cytokine for each mechanically ventilated patient
analysed is represented by a colour (blue-red).
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Figure 4.20 - Box and whisker plot comparing distribution of IL-6
concentrations between mechanically ventilated patients exhibiting normal
oral and those exhibiting respiratory pathogens in dental plaque during
mechanical ventilation11.

11 within box and whisker plots, star values represent the mean value for each group of
patients, with any noticeable outliers represented by a cross. The line within the box of the
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Figure 4.21 - Box and whisker plot comparing distribution of IL-8
concentrations for two patient groups; those exhibiting colonisation of dental
plaque with potential respiratory pathogens and those in whom the plaque
was not colonised with potential respiratory pathogens.

IQR represents the median value and the whiskers relate to the most extreme values when
comparing the cytokine levels.
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Figure 4.22 - Box and whisker plot comparing distribution of IL-1B

concentrations for two patient groups; those exhibiting colonisation of dental

plaque with potential respiratory pathogens and those in whom the plaque

was not colonised with potential respiratory pathogens.
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4.4 Discussion

Saliva is a complex fluid performing multiple functions, and contains several
different antimicrobial peptides offering protection within the oral cavity (1.1).
Although previous studies have reported reductions in salivary flow during
hospitalisation, for example Dennesen et al., 2003 investigated salivary flow
in intubated intensive care patients, the relationship between dental plaque
and salivary parameters, including volume, pH and composition during
mechanical ventilation (MV) is relatively unexplored. The main aim of this
chapter was to evaluate whether changes in saliva volume, pH and
composition occur both during MV and after ETT extubation, and whether
any changes can be associated with the respiratory pathogen colonisation of
dental plaque.

Reduced salivary volumes were evident for mechanically ventilated patients
(Figure 4.2), both during MV and into the recovery period. Dryness of the
mouth (xerostomia) is intimately linked to lower salivary flow (O’Reilly, 2003;
Fenoll-Palomares et al., 2004). Salivary secretion in healthy individuals
follows natural circadian rhythm (Flink et al., 2005). Critically ill and
mechanically ventilated patients may mirror a state of sleep, and as a
consequence, the observed salivary flow reduction could reflect natural
circadian rhythm patterns (Thie et al., 2002). A total of 65 of the 107 recruited
patients were >50 years of age (2.3.2, table 2.3) and salivary flow in healthy
individuals has been shown to decrease with age (Dodds et al., 2005),
perhaps increasing likelihood of patients in this age group having lower saliva
production.

Dehydration of hospitalised patients, often indicated with high levels of
sodium (hypernatraemia) (Adrogue & Madias, 2000), has been linked to
increased length of hospital stay (Welte et al., 2012) and may further
contribute to reduced salivary flow (Ship & Fischer, 1997), especially when

coupled with decreased neural input from taste and chewing for mechanically
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ventilated patients in critical care (normal activators of the salivary reflex) (
(Bardow et al., 2001). Due to decreased salivary flow during MV, cleansing
and clearance actions may also be impaired, which may influence the
abundance and composition of dental plaque (Humphrey & Williamson,
2001).

Salivary flow is often affected by medications, including those frequently
administered to mechanically ventilated patients. Prasanthi et al., 2014
investigated the effects of diuretics on salivary flow and oral health status.
Diuretics are used to treat a variety of conditions including renal failure and
congestive cardiac failure, and Prasanthi et al., 2014 reported significant
reductions in salivary flow rates. Medications can cause xerostomia through
a number of mechanisms. Certain drugs (including antihistamines) compete
with acetylcholine release at the parasympathetic effector junction, leading to
a decreased saliva production. Diuretics however produce alterations in
electrolyte and fluid balance, leading to fluctuations and reductions in
stimulated whole saliva (Vinayak et al., 2013).

Decreased production of saliva was evident in patients during MV and this
would affect buffering within the oral cavity and may influence local pH levels
(Fenoll-Palomares et al., 2004). When saliva is stimulated, for example after
food, an increase in bicarbonate ions occurs leading to higher (more alkaline)
salivary pH (Diaz-Arnold & Marek, 2002). Mechanically ventilated patients
are obviously ‘nil by mouth’ and often receive a consortia of medications that
decrease salivary flow and may therefore contribute to changes in salivary
pH. For example, diuretics frequently used in critical care medicine, for
controlling fluid balance (Tibor, 2007), can alter salivary buffering capability,
again serving to reduce overall pH (Prasanthi et al., 2014).

Acidic end products of saccharolytic and cariogenic bacteria may in turn

decrease salivary pH. Streptococcus mutans can ferment carbohydrates to
acidic end products and is tolerant of acidic conditions as low as pH 4.5.
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Under such conditions, aciduric bacteria will have a selective advantage over
less acid tolerant species and will out-compete these species in dental
plaque (llie & Picioreanu, 2012). Dental plaque containing S. mutans are
more resilient to acid shock tests, suggesting increased resistance to an
environment with a lower pH (Cvitkovitch, 2010).

Xerostomia during MV can contribute to the development of oral candidiasis,
with C. albicans exploiting changes in the microenvironment of the oral cavity
to grow at higher levels (Torres et al., 2002; Thein et al., 2007). Studies of
microbial co-aggregation have demonstrated synergistic relationships
between C. albicans and oral streptococci (Metwalli et al., 2013). Low
salivary pH can influence hyphae growth of C. albicans by increasing the
yeast-hyphae transition as a survival strategy and contribute to biofilm
development (Xu et al., 2014). Candida albicans may also promote
colonisation of P. aeruginosa. Azoulay et al., 2006 reported a positive
correlation between C. albicans colonisation of the airways and P.
aeruginosa causing VAP. The complex relationship between C. albicans and
P. aeruginosa is further explored in biofilm in vitro development in chapter 5
(6.3.2.2). Changes in the oral microbiome arising from lowered pH could
have been a factor in colonisation of plaque by S. aureus and P. aeruginosa.
In this study, S. aureus was isolated from the plaque of 43 mechanically
ventilated patients. This species can thrive in microenvironments with a pH
as low as 5.5 (Korting et al., 1992; Baudoux et al., 2007; Lemaire et al.,
2011). During this study, it was at the midpoint of MV when salivary pH was
at its lowest (Figure 4.3). In addition, at midpoint of MV, respiratory pathogen
colonisation of dental plaque was highest (demonstrated by microbial culture
(Chapter 2) and high-throughput sequencing (Chapter 3)).

For collection of the salivary proteome, Salivettes® were used. Previous
studies have shown increased proteolytic enzyme recovery, but a reduced
mucin recovery using Salivettes® compared with passive collection (Lundy &
Lamey, 1995; Amado et al., 2013). Collection of saliva using passive drool is
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often considered the ‘gold standard’ method (Topkas et al., 2012), however
in the mechanically ventilated patient cohort in this study, such an approach
was not practical. In addition, one advantage of lower mucin levels is that the
resulting saliva is less viscous and this can improve resolution of proteins

during separation and peptide identification (Amado et al., 2013).

Compositional changes in the salivary proteome during MV may be a driver
of microbial changes, or could be a result of such changes. Proteomic
changes in saliva were analysed during MV using gel-based and high-
throughput techniques. Analysis of whole saliva by SDS-PAGE revealed
large proteomic differences during MV in saliva from mechanically ventilated
patients compared with relatively stable longitudinal protein profiles observed
in saliva from healthy individuals over 10 d (Figure 4.5 B). The saliva
proteome is known to alter rapidly during episodes of physiological stress,
which would be inevitably experienced by mechanically ventilated patients
(Humphrey & Williamson, 2001).

Although informative, there are several limitations to SDS-PAGE. The
complexity of the salivary proteome limits separation on a single dimension.
Protein identification from bands resolved by SDS-PAGE is problematic as
such bands are likely to consist of multiple proteins due to co-migration.
Consequently, 2-dimensonal separation is the current gel-based gold-
standard (Schwartz, 1995; Lamy et al., 2012; Amado et al., 2013).

Given the occurrence of post-translational modifications (PTM) and protein
complexes within a proteinaceous fluid such as saliva (Gharahdaghi et al.,
1999; Mata-Gomez et al., 2012), gel-based proteomics cannot truly reflect
the salivary proteome. PTMs and protein complexes may lead to the same
proteins being located at different positions within a single gel. Indeed, this
was evident in this study using 2DE and colloidal coomassie blue staining
and protein identification from gel spots by MALDI-MS coupled with
MASCOT database searches. MASCOT provides calculated values for
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molecular weight and pl (isoelectric point, pH) and therefore these are
theoretical. Such calculations are for unmodified versions of peptides and do
not take into account PTM. Identification of a-amylase at multiple locations
within one saliva sample (Table 4.3) indicates that salivary proteins formed
PTMs and complexes, highlighting the difficulties encountered using gel-
based approaches. The enzyme a-amylase is primarily known as a digesting
enzyme for carbohydrates. However during MV, patients were nil-by mouth
suggesting that a-amylase, although constitutively produced independent of
food intake, might have more than one biological function (common attribute
of saliva proteins). For example, a-amylase has previously been identified in
the enamel pellicle layer, and may have an important role in microbial
adhesion and dental plaque formation by acting as a receptor and binding
with oral Streptococcus species (Scannapieco et al., 1993).

To reveal the extent of compositional changes using a gel-based approach,
both a colloidal coomassie blue and a silver nitrate stain were undertaken on
the same saliva samples. Silver nitrate staining is more sensitive compared
with colloidal coomassie blue (Gharahdaghi et al., 1999). However, when
downstream analysis is to be undertaken, such as MALDI-MS, colloidal
coomassie blue is often preferred. This is because silver nitrate in stained
gels will affect any subsequent trypsin cleavage resulting in poor protein
identification (Chevalier, 2010). For 2DE analysis, two saliva samples
collected during MV were assessed (Figures 4.9 and 4.10). Differences in
protein composition were evident during MV compared with saliva collected
from a healthy individual (Figure 4.10). Results using silver nitrate staining,
revealed that the second salivary sample collected midpoint MV had >2-
dozen additional protein spots compared with the equivalent sample at the
start of MV (Figure 4.9).

LC-MS/MS is a ‘shotgun’ bottom-up proteomic approach that can identify

proteins in complex mixtures through a combination of chromatography and
mass spectrometry (Lamy et al., 2012). Protein composition of saliva is
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dynamic often changing according to age, gender, diet and status of oral
hygiene (Fleissig et al., 2010). Identified proteins were grouped according to
protein class and overall, were similar for both saliva collected from a healthy
volunteer and a mechanically ventilated patient (Figures 4.11 and 4.12
respectively). However, a number of transcription proteins were shown to be
present in saliva from a mechanically ventilated patient, that were absent in
the saliva from a healthy individual.

Analysis of the salivary proteome during MV revealed multiple differences
when compared to that of healthy saliva. For example complement proteins,
and proteins associated with neutrophil recruitment were identified during MV
(Table 4.5), but were absent from saliva at all time points for the healthy
individual. This may suggest an initiation of innate immune responses and
the recruitment of leukocytes for localised defense in the mechanically
ventilated patient. Protein S-100 was identified during MV and has biological
functions including promoting oral homeostasis in addition to regulatory roles
for the recruitment of neutrophils and macrophages (Donato et al., 2012).
The presence of peptides from hemoglobin in saliva collected during MV,
may suggest an increase in localised inflammation and oral mucosal tissue
damage during MV, perhaps as a result of dental plaque accumulation.
Several bacterial and fungal proteins were identified in saliva from the
healthy volunteer and a mechanically ventilated patient (Table 4.6). Proteins
from lactobacilli, anaerobic bacteria, Candida, and Campylobacter concisus
were identified from healthy saliva. Although C. concisus has been
associated with gingival inflammation, there have been reports of C. concisus
isolation in healthy individuals (Zhang et al., 2010). Alongside proteins from
members of the normal oral microbiota, E. coli peptides were detected in
saliva during MV. Interestingly, E. coli was also identified within dental plaque
during MV (3.3.3.4, table 3.1 and figure 3.10).

Quantitative analysis of proteins using iTRAQ™ reagents, compared protein
expression over the course of MV. Previous studies using iTRAQ™ labeling
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have reported success with the identification of proteins from a diverse
abundance, isoelectric point (or pH) and molecular weight (Aggarwal et al.,
2006). It was necessary to determine relative expression changes of proteins
in healthy saliva before quantifying changes during MV. Quantitative analysis
on healthy volunteer saliva over 10 d allowed assessment of potential protein
variance prior to examining changes over the course of MV (Table 4.7).
Limited changes in salivary proteins occurred over the 10 d period for the
healthy volunteer saliva. Out of more than 100 identified proteins, noticeable
increases were evident only with peregrin and tripeptidyl-peptidase 2, the
latter a multipurpose peptidase involved in metabolic pathways (Tomkinson &
Lindas, 2005), which increased up to 50 fold.

Proteomic analysis of saliva from a mechanically ventilated patient revealed
noticeable increases in the expression of several proteins, particularly those
associated with inflammatory responses (Table 4.8). Proteins such as
neutrophil gelatinase, lactotransferrin, and haptoglobin were all elevated
during MV, suggesting that the oral mucosa and gingival tissue may be
responding to external stimuli and stress, including microbial changes and
underlying patient condition. Protein expression was set to 1.0 at the start of
MV, allowing calculation of the relative change in expression during MV.
Although informative of fold-differences during MV, one such limitation of this
approach is the investigation of highly expressed proteins at the beginning of
MV. A drop in expression of a particular protein at midpoint of MV would

however suggest an increased expression at intubation.

Furthermore, noticeably increased levels of lysozyme and lactoperoxidase
were evident in saliva obtained after ETT-extubation compared to during MV.
These findings could reflect diminished expression during MV, and a return
to normal levels of this antibacterial peptide. Lipocalin-1, is a protein
associated with scavenging of toxic molecules (Vitorino et al., 2004; Jessie et
al., 2010), and this was highly expressed after ETT extubation, compared

with levels at the commencement and during MV. Saliva levels of carbonic
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anhydrase (associated with pH homeostasis) were noticeably higher in the
post-ETT extubation (Table 4.8). Increased concentrations of carbonic
anhydrase VI in saliva enhances the buffering capacity of saliva (Kimoto et
al., 2006), and could therefore have a role in increasing the salivary pH
following discontinuation of MV. Carbonic anhydrase VI has been reported as
a potential anti-caries protein, neutralising dental plaque acid (Kimoto et al.,
2006).

Oral mucosa is comprised of stratified squamous epithelial cells, offering
immediate continuous multi-layered protection, and cytokine production to
recruit neutrophils to infected surfaces (Abram et al., 2000; Krisanaprakornkit
et al., 2000; Sandros et al., 2000). Innate inflammatory responses are highly
complex, involving combinations of mediator cells and signal cascades
(Medzhitov, 2007; Feller et al., 2013). Cytokines are glycoproteins that
regulate the immune responses by initiating and coordinating cell
communication (Degre, 1996; Gemmell & Seymour, 1998; R.-Q et al., 2014).
Interleukins (IL) facilitate communication between blood cells (including
neutrophils and macrophages), chemokines and interferons (Kleiner et al.,
2013). Targeted cytokine levels (IL-8, IL-1B and IL-6) in saliva were
significantly elevated during MV (Figure 4.18), with similar concentrations
detected in fluid collected from the inner lumen of ETTs, which subsequently
decreased post-ETT extubation to reflect levels exhibited in the saliva of
healthy volunteers (Table 4.10).

IL-8 is a pro-inflammatory chemokine involved in recruiting neutrophils and
mediating inflammatory responses within gingival tissues. This chemokine is
localised in increasing numbers in the gingival tissue of patients with
periodontitis (Yumoto et al., 1999; Sandros et al., 2000; Winkler et al., 2001).
IL-8 production in surrounding epithelial tissue may be a response to an
acute accumulation of dental plaque (Jenkinson & Lamont, 2005; Sandros et
al.,, 2000). The elevated levels of IL-8 during MV were coupled with higher
levels of IL-6 (Figures 4.21, 4.20). IL-6 has been shown to increase during
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episodes of oral disease and inflammation (Gemmell & Seymour, 1998;
Peyyala et al., 2012), which is not at all surprising during MV.

IL-18 is a pro-inflammatory cytokine generated by macrophages after
exposure to microbial components, particularly lipopolysaccharide (LPS). An
increase in IL-10 suggests the presence of inflammatory factors and perhaps
an increase in Gram-negative bacteria within dental plaque (Reimann et al.,
1994). Increases in pro-inflammatory proteins such as cytokines can promote
local tissue destruction (Ginsburg et al., 2012; Rogers H, 2013). A study by
Wilkinson et al., 2010 has shown increased IL-8 and IL-1B within alveolar
tissues of patients with VAP. Interestingly, the distribution of IL-13 was
significantly (p=0.035) increased in patients in whom respiratory pathogen
colonisation of dental plaque occurred (Figure 4.22). After extubation, a
significant reduction in all pro-inflammatory cytokines to levels of those

evident in the saliva of healthy individuals was apparent.

Due to high levels of potential respiratory pathogens colonising dental
plaque, oral health is an important unexplored marker for pneumonia, as
changes to the oral microbiome may precede the translocation of potential
pathogens into the lungs. Future work should include a clinical study
investigating the role of cytokines circulating within saliva during MV to act as
biomarkers for the prognosis and diagnosis of VAP. A series of adhesion
molecules (CD62L, CD54, CD83), neutrophil elastase (Wilkinson et al., 2012;
Hellyer et al., 2015) neutrophil receptors CD35/CR1 (Nuutila, et al., 2006)
and cytokines (IL-6, IL-8, IL-1B and IL-12) (Conway Morris et al. 2010) could
be quantified from saliva during MV and correlated to the respiratory
pathogen colonisation of dental plaque.

Conclusion
During MV, there was reduced salivary flow and pH, which was particularly
evident at the midpoint of MV, and for patients in whom respiratory

pathogens were shown to be colonising dental plaque.
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A series of gel-based proteomic analyses were performed to provide an
overall picture of salivary proteins. Compared to a relatively stable saliva
proteome expressed from a healthy individual over the course of 10 d, gel-
based proteomics revealed major compositional changes occurring during
MV.

LC-MS/MS analysis identified and quantified protein expression during MV in
a high throughput manner. Initial studies indicated there were multiple protein
changes occurring during MV, including proteins associated with
inflammatory responses, such as lysozyme. Neutrophil elastase and
lysozyme were among proteins identified from a mechanically ventilated
patient with dental plaque colonisation of respiratory pathogens. Significant
increases in salivary cytokine profiles during MV could have been instigators
of associated microbial changes or be reflective of the changes themselves.

Further studies targeting proteins such as neutrophil elastase, proteases and
proteins involved in initiating the immune response could determine their
involvement in the dynamics of the oral microbiome during MV. There is also
the potential to explore the potential of salivary proteins and respiratory
colonisation of dental plaque, as a non-invasive prognostic and diagnostic
tool for VAP.
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Chapter 5

Effect of oral microorganisms
and chlorhexidine on respiratory
pathogen presence in in vitro
biofilms
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5.1 Introduction

Oral hygiene is an essential facet of care for critically ill patients, with the aim
of reducing the risk of secondary infections such as Ventilator-Associated
Pneumonia (VAP), as well as aiding comfort and oral lubrication (O’Reilly,
2003; Munro et al.,, 2009; Johnson et al.,, 2012). Typically, oral wash
interventions such as chlorhexidine are administered to enhance the physical
removal of dental plaque (Wise et al., 2008; Ames, 2011; Gu et al., 2012).
Before studies can accurately investigate the effectiveness of oral
interventions, there is a need to define an optimal and universal strategy for
measuring oral hygiene in critically ill patients via dental plaque scoring for
example (Wise & Williams, 2013).

Chlorhexidine (CHX) is an antiseptic with broad antimicrobial activity (1.7.5.5)
and is administered widely in critical care units (Jones et al. 2004; Munro &
Grap 2004; Pineda et al., 2006; Rello et al., 2007; Munro et al., 2009;
Needleman et al., 2011). Depending on the outcome of oral assessments,
CHX may be administered up to four times a day (Scannapieco et al. 2009;
Needleman et al. 2011). Current literature shows conflicting evidence as to
whether oral antiseptics such as CHX are effective at controlling dental
plaque and consequently reducing VAP (Jones, 1997; Pineda et al., 2006
Bellissimo-Rodrigues et al., 2009). Studies indicate that CHX concentrations
as low as 0.12% (v/v) are effective against oral microbial species, especially
when administered in conjunction with tooth brushing (Zanatta et al., 2007).
A clinical trial by Scannapieco et al., 2009, involving 175 intubated patients,
studied the effectiveness of 0.12% CHX in reducing the overall colonisation
of dental plaque by oral and non-oral pathogens. Scannapieco et al., 2009
documented the ability of CHX to reduce S. aureus in dental plaque,
however, there was no equivalent reduction in the numbers of other

respiratory pathogens including Pseudomonas and Acinetobacter species.
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Changes in the microbial population during dental plaque formation and
further colonisation by pathogenic species may influence the pH of saliva and
dental plaque (Jakubovics & Kolenbrander, 2010). It is known that for the
majority of critically ill patients, the level of oral hygiene frequently
deteriorates during mechanical ventilation (MV; Fourrier et al., 1998;
Sachdev et al., 2013), ultimately leading to accumulation of dental plaque
and gingival inflammation (Wood et al., 2002). Decreases in local
environmental pH can be an external pressure leading to the survival and
growth of aciduric organisms such as S. mutans (Jakubovics &
Kolenbrander, 2010). Increases in the abundance of aciduric and acidogenic
streptococci will inevitably increase acidic by-products from fermentation of
carbohydrates such as sucrose, perhaps serving to reduce the biofilm pH
further and influence the surrounding salivary pH. Opportunistic pathogens
such as S. aureus, P. aeruginosa and Streptococcus pseudopneumoniae
can be predominant colonisers of dental plaque during MV. These respiratory
pathogens may therefore exploit local environmental changes such as pH or
oral microbial changes in dental plaque to subsequently colonise and
possibly outcompete normal oral bacteria. Staphylococcus aureus, for
example, will thrive under acidic conditions (as low as pH 5; Cotter & Hill,
2003; Baudoux et al., 2007).

The primary aim of the work presented in this chapter was to develop single
and mixed species biofilm models which could be used to examine firstly, the
interactions between selected species and secondly, the antimicrobial
chlorhexidine and effects of different saliva pHs.

More specifically the objectives were as follows-
(1). To assess whether S. mutans or C. albicans would promote S. aureus

and P. aeruginosa colonisation of biofilms on endotracheal tube (ETT)
surfaces. This aim was assessed by both culture and imaging.
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(2). To investigate the effect of specific oral microorganisms and oral hygiene
interventions (as a result from the clinical investigation, chapters 2, 3 and 4)
as drivers for respiratory pathogen colonisation of dental plaque. To assess

this aim:

i. MIC values were obtained for antimicrobial mouthwashes including
chlorhexidine (CHX) for planktonic and biofilm organisms.

ii. Dental plaque from healthy individuals was used to validate the
constant depth film fermenter (CDFF) model (1.4.7) to produce oral
biofilms for subsequent challenge experiments.

iii. Effect of CHX (using MICs determined in 1) challenge on oral
biofilms upon respiratory pathogen colonisation was assessed.

iv. Effect of saliva at various different pHs upon the degree of
respiratory pathogen viability/infiltration of dental plaque (previously
formed in the CDFF) was assessed.
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5.2 Materials and Methods

5.2.1. Identification of reference strains by 16S rRNA sequencing for in

vitro analysis

5.2.1.1. Microbial culture and DNA extraction

Microorganisms (Table 5.1) were cultured on 5% (v/v) blood agar (Oxoid)
from stock isolates and incubated at 37°C for 48 h. An overnight culture was
prepared in Brain Heart Infusion (BHI) broth (Oxoid) and incubated
aerobically at 37°C for 24-48 h for DNA extraction. DNA extractions were
performed according to section 2.2.3.3 (C. albicans DNA extraction was as
described for Gram-positive bacteria), incubated overnight at 15-25°C with
gently shaking, followed by a centrifugation of 3 min at 16,000 x g.

Table 5.1 — Microbial reference strains used for in vitro analysis

Species Source Strain reference
Candida albicans American Type of 90028
Culture Collection
(ATCC)
Streptococcus mutans German collection of 2053

Microorganisms (GSM)

Staphylococcus aureus  National Collection of 9518
Industrial Bacteria
(NCIB)
Pseudomonas American Type of 25668
aeruginosa Culture Collection
(ATCC)

5.2.1.2 Bacterial 16S rRNA PCR and gel electrophoresis

The primers used to identify P. aeruginosa, S. mutans and S. aureus were:
1492r (CACGGATCCTACGGGTACCTTGTTACGACTT) and 27f
(GTGCTGCAGAGAGTTTGATCCTGGCTCAG) (Eurofins MWG Operon)
Dalwai et al., 2007; Zuanazzi et al., 2010) (sections 3.2.2.4-3.2.2.5). The total
volume of PCR reagents was 50 pl (25 pl PCR master mix, 2 yl DNA
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template, 0.5 pl reverse primer, 0.5 pl forward primer, and 22 pl of nuclease
water). PCR thermal cycling parameters consisted of an initial denaturation
step of 95°C for 1 min, followed by 26 cycles of 94°C for 45 s, 50°C for 45 s
and 72°C for 90 s (Thermocycler G-Storm). A final single cycle extension
step of 72°C for 15 min was also included. Gel electrophoresis was
performed (1.0% (w/v) agarose gel) at 70/Vcm? for 50 min, in a 0.5x Tris
Borate EDTA (TBE) buffer with 10% SafeView™ (NBS Biologicals NBS-SV1)
for detection of nucleic acids alongside a 1 Kbp molecular weight ladder
(Promega). A gel doc system was used to determine DNA presence pre-
sequencing (Gel-DoclT_UVP; Biorad).

5.2.1.3 Candida albicans PCR

To amplify DNA, rDNA sequences of C. albicans, ITS1
(TCCGTAGGTGAACCTGCGG) and ITS2 (TCCTCCGCTTATTGATATGC)
(Eurofins MWG Operon) primers were used (Fujita et al., 2001). PCR thermal
cycling (G-Storm Thermocycler) consisted of an initial denaturation step of 4
min at 95°C, and then 35 cycles of denaturation for 30 s at 95°C, annealing
for 1 min at 62°C, and elongation for 90 s at 72°C. A final extension step was
set at 72°C for 5 min. Gel electrophoresis was performed as described in
section 5.2.1.2.

5.2.1.4 DNA Sequencing

Amplified DNA was purified for DNA sequencing using the QIAquick PCR
purification kit (Qiagen). DNA was added to a spin column with a 1:5 ratio of
PB buffer (binding buffer) and centrifuged at 17,900 xg for 1 min. The DNA
was bound to the membrane and eluted into a microcentrifuge tube using
nuclease free water. DNA was quantified using a Nanodrop (GE Healthcare
Bio-Sciences) and sequenced using the BigDye® Terminator v3.1 kit (Life
Technologies) coupled with the platform 3730xI DNA Analyzer (DNA
Sequencing Core, Molecular Biology Unit, Bio-sciences, Cardiff University).
The primers used in the original PCR were also supplied to the sequencing
unit at 2 pmol/pl in a 15-pl volume.
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5.2.2 Effect of oral microorganisms on in vitro colonisation of ETT

biofilms by respiratory pathogen

5.2.2.1 Biofilm development on sections of ETT

Microorganisms were cultured on selective agar and incubated as previously
described (2.2.3). Broth cultures were prepared by inoculation of a single
colony in 20 ml of BHI, with P. aeruginosa, S. aureus and C. albicans
incubated aerobically at 37°C for 24 h, and Streptococcus mutans was
incubated in 5°C carbon dioxide for 48 h. A 0.5 McFarland standard (1x 10°
CFU/ml) preparation of microorganisms was prepared from broth cultures to
inoculate ETT sections. For single species biofims, 1 ml of the 0.5
McFarland preparations was added to 9 ml of BHI. For polymicrobial biofilms,
1 ml of each organism was combined and a 1-ml volume added to 9ml of BHI
and vortex mixed. For positive controls, serial dilutions of a 0.5 McFarland
standard suspension were prepared for each species using a spiral-plater
(Whitley automatic) and incubated at 37°C for 24 h for bacterial enumeration.

Using a sterile scalpel, a 0.5 cm length of ETT (TaperGuard™ Evac Oral
Tracheal Tube 8.0 mm, ID 11.8 mm OD) was cut and added aseptically to
the universal tube. For each individual inoculum, ftriplicate replicates were
prepared. The universal tubes were incubated aerobically for a total of 10 d
at 37°C. Every 24 h, the media was decanted and replenished with 10 ml of
fresh BHI without agitation to the biofilm. The surface area of the 0.5 cm
section of ETT was calculated to allow results of colonisation to be

expressed as CFU per cm? (Figure 5.1).

221



ID - Inner diameter = 8.00mm

OD - Outer diameter = 11 8mm
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R=35%m
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=2mrh + 27Rh + 2(nR2- m?)
=2n 4x5+ 21 59 x5 +2(m 59 -n4?)
=125+185+1.68

=5.265cm”

V0

Figure 5.1 — The total surface area of the 0.5 cm length of ETT included the

area of the internal surface, the area of the external surface and the area of

the top and base edges. Surface area calculation of the ETT section to allow

expression of results as colony forming units (CFU) per cm?.
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5.2.2.2 ETT biofilm enumeration

After 10 d, the BHI medium was discarded and 1 ml of PBS added and the
mixture gently rocked on a platform for 2-5 min. The PBS was discarded,
replenished and this process was repeated three times. After the final 1 ml of
PBS was removed, a sterile cotton swab was used to remove the biofilm
from the ETT tube, covering all surfaces for 20 s. The cotton swab was then
resuspended in 5 ml of PBS and vortex mixed for 20 s. Serial dilutions were
then prepared using PBS and these were spirally plated (Don Whitley) on
selective agars and CFU/ml| determined following culture for 24 h. Colony

counts were then extrapolated to CFU/cm? of ETT section.

5.2.2.3 ETT section preparation for microscopic imaging: Scanning
Electron Microscopy (SEM)

ETT biofiims were washed in PBS and sections placed in 2 ml of 10%
formalin, and left for at least 24 h.

After processing in pathology for wax embedded sections, a series of 20 um
sections were transferred onto microscope slides (Superfrost, Fisher). To de-
wax the sections for imaging, 3 incubation periods of 10 min each in xylene
was undertaken, followed by a wash with 100% ethanol. The slides were air-
dried and sputter coated with gold for 8 min in readiness for scanning
electron microscopy (SEM). Biofilms were viewed in a JEOL 840A SEM at
5kV and digital images captured using SIS software (School of Medicine,
Cardiff University).

5.2.3 Minimum Inhibitory Concentration (MICs) determination of

antimicrobial mouthwashes

5.2.3.1 MIC of planktonic single and mixed species
Staphylococcus aureus, P. aeruginosa, S. mutans and C. albicans were
cultured on selective agar and incubated appropriately (section 2.2.3.4). In

addition, a series of clinical isolates (n=20) obtained from dental plaque
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during this study (2.3.2-2.3.3) were analysed. An overnight culture was
prepared in Mueller-Hinton Broth (MHB) and a 0.5 McFarland Standard
(1x108 CFU/ml) prepared in MHB using a spectrophotometer at 625,,. The
McFarland standards were diluted 1:100 (1x10° CFU/ml) using MHB. Serial
dilutions of antimicrobial mouthwashes (Listerine™ and CHX) were prepared
in MHB, with Listerine™ starting at 50% (v/v) and CHX starting at 2% (v/v).

A 100-pl volume of diluted antimicrobial was added to the wells of 96 well
plates, and 100 pl of the microbial suspension was subsequently added (200
gl total volume). Controls included sterile MHB (-VE control) and bacterial
suspensions without antimicrobials (+VE control). The 96 well microtitre
plates were incubated aerobically at 37°C for 24 h. After incubation the
relative growth was estimated by a turbidity measurement of each well using
spectrophotometric absorbance at 620,,. Readings were standardised using
wells with antimicrobial mouthwash dilutions without microbial species. The
MIC value was recorded as the lowest concentration of antimicrobial agent
that showed 80% reduction in absorbance reading, compared to the positive
control (Klepser et al., 1998). MIC ranges were determined from 3 sets of

triplicate experiments.

5.2.3.2 MICs for single and mixed species biofilms

Artificial saliva (A/S) was prepared in dH20: 2.5 g/L porcine stomach mucin
(Oxoid), 0.35 g/L sodium chloride (Fisher), 0.2 g/L potassium chloride
(Fisher), 0.2 g/L calcium chloride dehydrate (CaCl,.2H20) (Fisher), 2.0 g/L
yeast extract (Oxoid), 1.0 g/L Lab Lemco (Oxoid) and 5.0 g/L proteose
peptone (Oxoid). The A/S mixture was aliquoted in 100 ml bottles and
sterilised by autoclaving at 121°C for 15 min. A 125-pl volume of 40% (w/v)
urea filter sterilised using a 0.22 ym pore size filter (Fisher) was added to 100
ml of A/S prior to use.

A 200-pl volume of A/S was added to each well of a 96 well plate and
incubated for 24 h at 37°C to precondition the wells. The A/S was removed
and 200 pl of a 1:100 diluted 0.5 McFarland standard (1x10° CFU/ml) of

microbial species added. For multi-species inocula, the diluted preparations
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were mixed before addition to the well. After biofilm development for 24 h at
37°C, the medium was discarded and the biofilm washed by adding 100 pl of
phosphate buffered saline (PBS). Two hundred pl volumes of two-fold series
dilutions of antimicrobial mouthwashes were added to each well, and the
biofilms incubated for a further 24 h period. Media was removed and the
biofilm washed in 100 ul of PBS. A 200-pl volume of MHB was added to the
wells, and the biofilm re-suspended by repeat pipetting. Absorbance readings
were determined and the 96 well plates re-incubated for a further 6 h. The
MIC for in vitro biofilms was determined by measuring the difference in
absorbance over the 24 h incubation period. The MIC was the concentration
of antimicrobial that caused an 80% absorbance reduction compared to
positive controls (Klepser et al., 1998). For both planktonic and biofilm mixed
species combinations, 100 ul of the sub-MIC concentration was removed for

species-specific microbial counts, using a spiral-plater (Don Whitley).

5.2.4 Dental plaque formation within the CDFF

5.2.4.1 Ethical approval

The collection of dental plaque required ethical approval from the Human
Tissue Act (HTA) Governance Team at Cardiff University, and further
approval from the School of Dentistry Research Committee (Appendix V).
The inclusion criteria was as follows: >18 years old, > 8 original teeth, no
prescription medication and willing to avoid tooth brushing for 12-24 h before

sample collection.

5.2.4.2 Dental plaque collection

Supragingival dental plaque was collected from recruited volunteers using
dental instruments from 5 individuals. A dentist at the School of Dentistry
(Paola Marino) performed the dental plaque collection once participant
consent was obtained. Dental plaque was collected using paper points and
initially stored in transport medium (section 2.2.3.1). Dental plaque from each

volunteer was pooled to anonymise samples. Samples were gently inverted

225



and divided into 10x1 ml aliquots and stored in 15% (v/v) glycerol at -80°C

until needed.

5.2.4.3 CDFF medium preparation

Biofilm medium (proteose peptone, 10 g/L; trypticase peptone, 5 g/L; yeast
extract, 5 g/L, KCI, 2.5 g/L, haemin, 0.005 g/L, vitamin K4, 0.001 g/L, L-
cysteine HCI, 0.5 g/L and glucose, 10 g/L) was used to supplement the
development of oral biofilms (McKee et al., 1985; Hill et al., 2010).

5.2.4.4 CDFF mediated development of 5 d oral biofilms

Oral biofilms were generated in a CDFF maintained at 37°C, on 4.75 mm
diameter polytetrafluoroethylene (PTFE) plug inserts within a rotating
turntable at a constant depth of 400 um. To resemble the enamel pellicle
formation, culture medium was initially re-circulated through the CDFF for 30
min with a turntable speed of 20 ml/h. A 100-pl volume of dental plaque was
added to BM medium (1 L) and re-circulated through the CDFF for 24 h to
‘seed’ the system. After this time, the inoculum was disconnected and fresh
un-inoculated medium fed into the CDFF, and the waste medium collected in
a separate effluent bottle. The growth medium was delivered to the CDFF
using a peristaltic pump (Watson—Marlow, 101U MK2) at a rate of 20 ml/h.
The growth medium was continuously supplied to the CDFF for a period of 5
d. A PTFE scraper blade washed incoming media over the 15 pans, each
containing 5 PTFE plugs (Wilson 1996).

5.2.4.5 Recovery and quantification of bacteria within the oral biofilm

A series of viable cell counts (CFU/ml) was performed on biofilm plugs
removed from the CDFF (before and after subsequent incubation with
different respiratory pathogens). Plugs were aseptically removed from the
CDFF using sterile forceps and individually immersed in 5 ml of PBS and
vortex-mixed for 2 min to remove the biofilm. Serial dilutions were prepared
and re-suspensions were spirally plated (Don Whitley) on to BA, FAA and
SAB agar media. Agars were incubated aerobically for 24 h at 37°C, or in the
case of FAA, anaerobically for 48 h at 37°C. A total of 5 PTFE pans were
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prepared for serial dilutions for each experimental factor to allow for ANOVA
testing (IBM SPSS v20).

5.2.4.6 Biofilm imaging using live dead/PNA-FISH coupled with CLSM

PTFE plugs containing biofilms for imaging were fixed in 2 ml of 10%
formalin. Species-specific PNA probes for respiratory pathogens (S. aureus
and P. aeruginosa) and a bacterial universal PNA probe, were added to a
series of 20 pym sections of dental plaque biofilms after exposure to different
experimental conditions (2.2.7.1-2.2.7.3). Biofilms were imaged on a Zeiss
LSM 880 microscope and images were processed using Zen Lite software.
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5.2.5 Dental plaque challenge experiments: exposure to CHX and
altered ‘salivary’ pH

Dental plaque biofilms formed upon CDFF PTFE pegs were subjected to
challenge experiments including exposure to altered ‘salivary’ pH and CHX
as outlined (Figure 5.2).

Dental plaque
Challenge experiments

CDFF generated 5d
dental plaque

= .| biofilms

| }
I i
\ “‘ ;‘Z—C"W ._:3&¢++~7 Pans in rotating turntatle
I

\ H————— Constont Depth Film Fermenter

| .
@ 4—— oral biofilm
1.
Salivary / \‘ 2. CHX
pH exposure
Respiratory
Respirato Rathogor
atﬁo er:y inoculation
.p g. 24-48 h incubation
inoculation Sub-MIC

serial dilution for
ARSETEaT \‘ quantification via / concentration

atpH 4, 5 or microbial culture (?f QHX (m
6.5 artificial saliva,
. pH 6.5)

1

Figure 5.2 - Schematic of the challenge experiments performed on biofilms
generated within the CDFF and further inoculated with respiratory pathogens
and exposed to CHX/ variations in salivary pH.
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5.2.5.1 Effects of CHX on colonisation of dental plaque by respiratory
pathogens

CDFF plugs were removed after 5 d and aseptically transferred to universal
containers. CHX gluconate solution was added at sub MIC concentrations
(previously established for P. aeruginosa and S. aureus). The plugs were
immersed in CHX (containing respiratory pathogens 1x10?> CFU/ml) and
incubated at 37°C for 30 min, 1 h and 12 h. After incubation, biofilm bacteria

were enumerated by culture or image analysis directly performed.

5.2.5.2 Effect of ‘salivary’ pH on respiratory pathogen colonisation of
biofilms

The CDFF was established as outlined previously (section 5.2.3.4) to
generate a 5 d oral biofilm using pooled dental plaque collected from 5
healthy volunteers. Plugs were removed from the CDFF containing 5 d
biofilms and placed in 2 ml of AS for 1 h. The pans were removed aseptically
and transferred to a series of universals containing different AS at different
pHs and a different composition of respiratory pathogens. The following
conditions were used: artificial saliva at pH of 4, 5 or 6.5, inoculated with
either S. aureus or P. aeruginosa at an inoculum level of 1x10?> CFU/ ml.
Once the plugs were immersed in AS (containing respiratory pathogens) the
universals were incubated at 37°C for 24 h. Quantification of biofilm bacteria
was performed as previously described (section 5.2.5.1). The pH of A/S was
measured using a calibrated pH electrode (Fisher) following incubation with

dental plaque biofilms.

5.2.6 Statistical analysis

All statistical analyses were performed using IBM SPSS v20. T-tests were
used to analyse differences between MICs of CHX and Listerine™ for
planktonic and biofilm growth of S. mutans, C. albicans, S. aureus and P.
aeruginosa. In addition, t-tests were used to assess species viability post
exposure of planktonic cells and biofilms to CHX. One-way ANOVA was
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used to assess cell viability of mixed species biofilms generated within the
CDFF post exposure to both artificial saliva at pH 4, 5 and 6.5 and post
exposure to CHX at 30 min, 1 h and 12 h, with a Turkey HSD Post Hoc test
for parametric analysis. To analyse differences in pH, recorded pH values
were un-transformed to the original hydrogen ion concentration [H+], using
the following equation H+= -log" pH value (Boutilier & Shelton, 1979;
Murphy, 1982). Finally, t-tests were undertaken to analyse the differences in

enumeration between dual-species combinations of ETT biofilms.
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5.3 Results

5.3.1 Sequencing of microorganisms used for in vitro analyses

Reference strain microorganisms (Table 5.2) were sequenced to confirm
identification. DNA sequences were matched for organism identity using
Basic Local Alignment Search Tool (BLAST,; Table 5.2). BLAST uses an
algorithmic approach to calculate a score of similar alignments. All sequence
matches exceeded 85% coverage, confirming confident identification of

reference organisms.

Table 5.2 - DNA sequencing results analysed via BLAST for species-specific
identification. The sequencing results, in addition to C. albicans were
analysed via BLAST to give species specific identification.

Reference Strain BLAST Identification Percentage

Organism Details best match (%) match
P. aeruginosa  ATCC 25668 P. aeruginosa 96

S. aureus NCIB 9518 S. aureus 91

S. mutans GSM 2053 S. mutans 97

C. albicans ATCC 90028 C. albicans 99
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5.3.2 Effect of oral microorganisms on promotion of pathogenic ETT

biofilms

5.3.2.1 Single species ETT biofilm development

Biofilms were developed on sections of ETT surfaces for 10 d. Figure 5.3
illustrates a series of these biofilms, including monolayer of microbial cells
(Images A, and B) and 3-dimensional structures (Images C, and D). The
surface in image A (as identified by an arrow) is the inner lumen of the ETT.
In this case, the biofilm has detached from the surface. The formation of
complex biofilm structures is clearly evident (Figure 5.3, image B) with
microbial cells aggregated together and encased in EPS. In these studies the
lowest number of bacterial cells recovered in biofilms was for S. aureus
(6.80x10° + 6.89x10° CFU/cm?), and P. aeruginosa had the highest cell
number in ETT biofilms (1.81x10” + 1.52x10’ CFU/cm?; Figure 5.4)12. To
evaluate colonisation and relationships between microorganisms, dual

species biofilms were also formed on sections of ETTs.

5.3.2.2 Effect of oral microorganisms in in vitro ETT biofilm
development by S. aureus and P. aeruginosa

Dual species biofilms of S. mutans and S. aureus were developed and
compared with single species controls. In single species biofilms, higher
numbers of S. mutans (1.15x10" + 1.02x10° CFU/cm?) were detected
compared with S. aureus (6.80x10° + 6.89x10° CFU/cm?). When the species
were combined, a significantly (p=0.037) higher number of S. aureus
(3.17x10" + 3.29x10” CFU/cm?) were present compared with S. mutans
(9.09x10° + 7.94x10° CFU/cm?), with the latter showing decreased
colonisation compared with its single species control (Figure 5.5 A). Biofilms
were developed using Streptococcus mutans and P. aeruginosa in a similar
way (Figure 5.5, B). In the case of single species control biofilms, P.
aeruginosa (1.81x10” + 1.52x10’ CFU/cmZ) was present in higher numbers
than S. mutans (1.15x10” + 1.02x10” CFU/cm?). When the two species were

combined, a reduction in S. mutans occurred (9.43x10° + 7.67x10° CFU/cm?)

12 Tabulated raw data in Appendix IV
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and there was an increase in P. aeruginosa (2.02x10” + 1.44x10” CFU/cm?),
although these changes were not deemed significant (p=0.050).

Biofilms involving C. albicans and S. aureus were developed (Figure 5.5, C).
Single species biofilms had higher numbers of C. albicans (1.04x10" *
1.21x10” CFU/cm?) compared to S. aureus (6.80x10° + 6.89x10° CFU/cm?).
When C. albicans was combined in biofilm with S. aureus, a significant
(p=0.031) reduction in C. albicans numbers occurred (3.12x10° + 1.55x10°
CFU/cm?). The numbers of S. aureus were also lowered (3.74x10° #
2.88x10° CFU/cm?), but not significantly.

Candida albicans was cultured in biofilms with P. aeruginosa (Figure 5.5, D),
and these experiments showed that colonisation of P. aeruginosa was higher
(2.37x10" + 2.28x10’ CFU/cmz), but not statistically significant (p=0.984) than
C. albicans. When combined with P. aeruginosa there was a reduction in the
numbers of C. albicans (5.23x10° + 1.94x10° CFU/cm?), although this was
not deemed significant (p=0.499)13.

13 Tabulated raw data in Appendix IV
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Figure 5.3 - SEM micrographs of; A and B illustrate initial stages of biofilm

development and a monolayer of attached cells; C and D illustrate mixed
bacterial species and C. albicans biofilms on ETT surfaces. Arrows indicate
bacterial cells.
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Figure 5.4 - Colony counts for single species biofilm developed on ETT over
10 d.
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5.3.3 Minimum inhibitory concentrations (MICs) of antimicrobial

mouthwashes against test microorganisms

5.3.3.1 MICs against single species planktonic cells and biofilms

MICs for CHX against planktonic oral organisms (S. mutans and C. albicans)
and respiratory pathogen S. aureus were <0.0000586% (<the lowest
concentration tested; Table 5.3). For planktonic P. aeruginosa the MIC was
noticeably higher at 0.0008%. Against biofilms, the minimum biofilm inhibitory
concentration (MBIC) values increased significantly for S. mutans (0.0049%,
p=0.01), C. albicans (0.0039%, p=0.025) and S. aureus (0.0025%, p=0.039).
The MIC was 0.0049% for S. mutans, 0.0039% for C. albicans and 0.0025%
for S. aureus. The MBIC value for P. aeruginosa was elevated to 0.0076%,
from a planktonic value of 0.0008%, although not statistically significant
(p=0.248).

A similar pattern was observed for the MICs of Listerine™ Gum Defence for
planktonic and biofilm growth. The MIC values ranged between 2-4% for
planktonic growth to 10-37.5% for biofilm cells. The MBICs of all 4 species
were significantly higher than equivalent planktonic growth (S. mutans
p=0.004, C. albicans p=<0.001, S. aureus p=0.036 and P. aeruginosa
p=0.006) (Table 5.3). The MICs against P. aeruginosa biofilms (37.5% =
2.78) were also noticeably higher compared with S. aureus (16.17% + 0.29)
and the oral microbial species (S. mutans (10% + 0) and C. albicans (15.67%
+ 4.93)) (Table 5.3).
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Table 5.3 - Planktonic and biofiim MICs of CHX and Listerine™ Gum

Defence'* for test microorganisms.

CHX (% viv) Listerine™ Gum Defence (% v/v)

Data set Planktonic Biofilm Planktonic Biofilm

1 <0.0000586 0.0015 1.65 16.00

S. aureus 2 <0.0000586 0.0030 1.50 16.00
NCIB 9518 3 <0.0000586 0.0030 5.10 16.50
Average  <0.0000586 0.0025 2.75 16.17

SD 0 0.0009 2.04 0.29

SEM 0 0.0005 1.18 0.17

1 0.0007 0.0030 3.00 34.50

P. aeruginosa 2 0.0009 0.0038 3.13 38.00
ATCC 15682 3 0.0007 0.0160 6.25 40.00
Average 0.0008 0.0076 413 37.50

SD 0.0001 0.0073 1.84 2.78

SEM 0.0001 0.0042 1.06 1.61

1 <0.0000586 0.0018 2.40 10.00

S. mutans 2 <0.0000586 0.0060 2.80 10.00
GSM 2053 3 <0.0000586 0.0070 2.40 10.00
Average <0.0000586 0.0049 2.53 10.00

SD 0 0.0028 0.23 0.00

SEM 0 0.0016 0.13 0.00

1 <0.0000586 0.0040 2.40 10.00

C. albicans 2 <0.0000586 0.0016 2.25 18.00
ATCC 90028 3 <0.0000586 0.0060 2.40 19.00
Average <0.0000586 0.0039 2.35 15.67

SD 0 0.0022 0.09 4.93

SEM 0 0.0013 0.05 2.85

14 Each MIC value was obtained from a triplicate data set
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5.3.3.2 MIC of CHX against mixed species planktonic and biofilms

Dual-species combinations of S. aureus with S. mutans/C. albicans and P.
aeruginosa with S. mutans/C. albicans were co-cultured to compare the
planktonic MICs and mixed species biofilm MBICs. For all dual-species
biofilms, the MBICs were significantly increased (P. aeruginosa/ S. mutans
p=0.017, MBIC 0.008% =+ 0.002; S. aureus/ C. albicans p-0.001, MBIC
0.012% + 0.0005; P. aeruginosa/ C. albicans p=0.007, MBIC 0.01% £ 0.002)
when compared to planktonic MICs, with the exception of S. aureus and S.
mutans (MBIC 0.02% + 0.003, p=0.168) (Figure 5.6). In addition, for biofilm
growth there was a greater variability between technical replicates as
indicated by the larger error bars in figure 5.6. Mixed species MBICs were of

similar values to the MBICs obtained from single species. Tabulated data in

appendix IV.
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Figure 5.6 — A bar graph comparing the MIC values for dual-species
species. A total of four combinations of oral organisms and respiratory
pathogens isolated from dental plaque are used.
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5.3.3.3 Species-specific recovery post-antimicrobial mouthwash
exposure

When compared to planktonic cultures, co-culture of S. aureus and S.
mutans in biofims resulted in increased CFU/ml of S. aureus (1.36x10* +
1.21x10* CFU/ml to 4x10* + 1.73x10° CFU/ml) and a significant decrease in
S. mutans CFU/ml (p=0.028, CFU/mI decrease from 2.47x10° + 6.66x10? to
1.46x10% + 4.71x10" CFU/ ml) (log data table 5.4). Numbers of P. aeruginosa
significantly increased (p=0.044) 8.8x10* + 0 CFU/ml to 4.27x10° + 1.27x10°
CFU/ml) when cultured with S. mutans in a biofilm compared to planktonic
cultures. Neither S. mutans nor C. albicans were detected by microbial
culture when co-cultured with P. aeruginosa. Finally, there were no
significant differences in CFU/ml of S. aureus and C. albicans between
planktonic and biofilm growth. Raw tabulated data in appendix IV.

Table 5.4 - Total counts of cultured microorganisms after CHX exposure for
24 h. T-tests were performed to compare enumeration difference between
planktonic and biofilm growth post-CHX exposure.

Dual — microbial sub-MIC15 sub-MBIC Significance

combination species CIEOU%;;I CI;C;Jg/:;I

1 S. aureus 413 4.60 ns*
S. mutans 3.39 2.15 p=0.03

2 P. aeruginosa 4.94 5.63 p=0.04
S. mutans 0.00 0.00 ns

3 S. aureus 4.71 4.52 ns
C. albicans 4.37 3.93 ns

4 P. aeruginosa 4.58 5.71 ns
C. albicans 0.00 0.00 ns

counts in triplicate, *ns — not

significant

15 Sub-MIC/MBIC concentration of CHX as determined for individual species in 5.2.3.1
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5.3.3.4 MICs of antimicrobials against clinical isolates

The MICs of CHX and Listerine™ Gum Defence against 20 clinical isolates
of 5x S. aureus and 5x P. aeruginosa and the oral microorganisms 5x S.
mutans and 5x C. albicans (recovered from dental plaque of mechanically
ventilated patients; section 2.2.3) are presented in table 5.5 and figure 5.7.
The MBIC for CHX against clinical S. aureus isolates (MBIC 0.006% + 0.004)
were significantly higher compared to planktonic (MIC 0.001% £ 0.001,
p=0.021). In addition, the mean MIC for clinical S. aureus biofilms was higher
than for the reference strain S. aureus biofilm and this was statistically
significant (p=0.018; Figure 5.7).

The highest CHX concentration required to inhibit growth of species identified
from dental plaque was 0.05% (v/v) for P. aeruginosa. However, there was a
large degree of variability in MBICs of clinical isolates, 0.048% +0.024 (also
shown by the error bars in figure 5.7). For P. aeruginosa, the MBIC of clinical
isolates was (0.048%) significantly higher compared to the P. aeruginosa
reference biofilm (MBIC 0.0076%), and all planktonic P. aeruginosa isolates
(reference, and clinical) (p=<0.0001). In addition, the MICs for CHX against
biofilm and planktonic oral microorganisms S. mutans and C. albicans were
determined. The MBICs for S. mutans and C. albicans were significantly
higher, p=<0.005 (0.009% and 0.004% respectively) than against planktonic
equivalents (0.001% and 001% respectively).

The Listerine™ Gum Defence MICs against clinical isolates are shown in
figure 5.8. For S. aureus, there was a significant difference (p<0.001)
between planktonic MICs (3.017% + 1.581) and biofilm MBICs (22.033%
1+6.050). This was evident using both clinical and reference isolates. Similarly
the MBICs of clinical P. aeruginosa isolates (15.235% +40.100) were
significantly higher (p=<0.001) compared to planktonic isolates 2.383%z
1.014), even considering the large variation in MBICs obtained for P.

aeruginosa isolates. Biofilms of S mutans clinical isolates had significantly
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higher MICs than planktonic counterparts (p=<0.001) and those of reference

strains grown planktonically (p=<0.001) or as biofilms (p=0.004).
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Figure 5.7 - MICs of CHX gluconate against reference and clinical microbial strains (obtained during the clinical
study), Analysed via ANOVA with a Turkey HSD post-hoc test, whereby ***p <0. 001, **p <0.01 and *p< 0.05.
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Figure 5.8 - MICs of Listerine™ Gum Defence against reference strains and clinical isolates Analysed via
ANOVA with a Turkey HSD post-hoc test, whereby ***p <0. 001, **p <0.01 and *p< 0.05.
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Table 5.5 - MICs of CHX against planktonic and biofilms formed by clinical isolates of C albicans,

P. aeruginosa, S. aureus and S. mutans.

245

Chlorhexidine
Planktonic MIC Biofilm MIC
Isolate Clinical Isolate
Clinical Isolate ref dataset1 dataset2 dataset3 Mean Isolates no dataset1 dataset2 dataset3 Mean
C. albicans CA01 0.0008 0.0008 0.0008 0.00078 C. albicans CA01 0.0020 0.0035 0.0050 0.00350
C. albicans CA02 0.0008 0.0008 0.0007 0.00078  Mean 0.0008 C. albicans CA02 0.0040 0.0045 0.0050 0.00450  Mean 0.0044
C. albicans CA03 0.0012 0.0012 0.0010 0.00113 SD 0.0002 C. albicans CA03 0.0005 0.0080 0.0025 0.00367 SD 0.0014
C. albicans CA04 0.0007 0.0007 0.0007 0.00072 SEM 0.0001 C. albicans CA04 0.0064 0.0070 0.0070 0.00667 SEM 0.0010
C. albicans CA05 0.0008 0.0007 0.0009 0.00083 C. albicans CA05 0.0004 0.0058 0.0038 0.00333
P. aeruginosa PA42 0.0032 0.0034 0.0034 0.0033 P. aeruginosa  PA42 0.0512 0.0501 0.0502 0.0503
P. aeruginosa PA48 0.0034 0.0038 0.0035 0.0036  Mean 0.0027  P. aeruginosa  PA48 0.0620 0.0484 0.0501 0.0533 Mean 0.0480
P. aeruginosa PA09 0.0019 0.0018 0.0018 0.0018 SD 0.0085 P. aeruginosa  PA09 0.0042 0.0133 0.0040 0.0071 SD 0.0240
P. aeruginosa PA192 0.0019 0.0100 0.0018 0.0018 SEM 0.0004 P. aeruginosa PA192 0.0810 0.0550 0.0750 0.0700 SEM 0.0110
P. aeruginosa PA150 0.0030 0.0030 0.0030 0.0030 P. aeruginosa  PA150 0.0555 0.0580 0.0580 0.0570
S. aureus SA12 0.0030 0.0031 0.0030 0.0030 S. aureus SA12 0.0015 0.0061 0.0055 0.0043
S. aureus SA49 0.0004 0.0004 0.0004 0.0004 Mean 0.0007 S. aureus SA49 0.0032 0.0063 0.0058 0.0051 Mean 0.0061
S. aureus SA56 0.0001 0.0001 0.0001 0.0001 sD 0.0012 S. aureus SA56 0.0032 0.0060 0.0060 0.0051 SD 0.0040
S. aureus SA173 0.0001 0.0001 0.0001 0.0001 SEM 0.0005 S. aureus SA173 0.0025 0.0030 0.0055 0.0036 SEM 0.0020
S. aureus SA175 0.00018 0.0006 0.0002 0.0002 S. aureus SA175 0.0150 0.0090 0.0125 0.0122
S. mutans SMO1 0.0001 0.0002 0.0006 0.0003 S. mutans SMO1 0.0035 0.0210 0.0230 0.0158
S. mutans SM02 0.0016 0.0017 0.0016 0.0017 Mean 0.0007 S. mutans SM02 0.0100 0.0090 0.0095 0.0095 Mean 0.0090
S. mutans SM03 0.0003 0.0004 0.0004 0.0003 SD 0.0005 S. mutans SMO03 0.0100 0.0060 0.0095 0.0085 SD 0.0050
S. mutans SM04 0.0004 0.0005 0.0005 0.0005 SEM 0.0003 S. mutans SM04 0.0150 0.0020 0.0095 0.0088 SEM 0.0035
S. mutans SM05 0.0002 0.0010 0.0015 0.0009 S. mutans SM05 0.0020 0.0015 0.0025 0.0020




Table 5.6 - MICs of Listerine™ Gum Defence against planktonic and biofilms formed by clinical isolates ¢

albicans, P. aeruginosa, S. aureus and S. mutans.

Listerine™ Gum Defence

Planktonic MIC Biofilm MIC
Isolate Isolate
Clinical Isolate no dataset1! dataset2 dataset3 Mean Clinical Isolates no dataset! dataset2 dataset3 Mean
C. albicans CA01 <078 <078 <0.78 <078 C. albicans CAO1 1000  10.00 1100  10.33
C. albicans CA02 <078 <078 <078 <078 Average 078  C.abicans  CA02 1200 1250 1000 1150 Average 16900
C. albicans CA03 <078 <078 <078 <078 SD 000  C.abicans  CAO3 1000 1000 1050 1047 SD 11441
C. albicans CAO4 <078 <078 <078 <078  SEM  0.00 C. albicans CA04 3800  38.00 3500 3700 SEM 517
C. albicans CAO5 <078 <078 <0.78 <078 C. albicans CAO5 1300  18.00 1550  15.50
P. aeruginosa PA42 2.50 2.50 2.60 2.53 P. aeruginosa PA42 41.00 41.00 41.00 41.00
P.aeruginosa ~ PA48 450 4.20 470 447 Average 238  P.aeruginosa  PA48 4400 5000 4350 4583 Average 40.100
P.aeruginosa  PA09 1.80 1.70 1.10 1.53 ) 101 P.aeruginosa ~ PAO9 1200  12.00 1700 1367 Sp 1523
P.aeruginosa ~ PA192 265 2.35 275 258  SEM 045  P.aeruginosa  PA192 5000  50.00 5000 5000 SEM 6813
P.aeruginosa  PA150  2.50 2.50 220 240 P.aeruginosa  PA150  50.00  50.00 5000  50.00
S. aureus SA12 2.80 2.85 340 302 S. aureus SA12 1750  17.00 1700 1717
S. aureus SA9 <078  <0.78 <078 <078 Average 3.02 S. aureus SA9 2050  20.00 2000 2017 Average 22033
S. aureus SA56 <078  <0.78 <078 <078  SD 1.58 S. aureus SA56 1950  18.00 1950  19.00 SD 6.050
S. aureus SA173 <078  <0.78 <078 <078 SEM 0.1 S. aureus SA173 4000  19.50 3800 3250 SEM 1210
S. aureus SA175 <078 <078 <078  <0.78 S. aureus SA175 1000  36.00 1800  21.33
S. mutans SMO1 <078  <0.78 <078  <0.78 S. mutans SMO1 1550 2050 1850  18.17
S. mutans SM02 <078  <0.78 <078  <0.78 Average 0.78 S. mutans SM02 3000 4100 4000  37.00 Average 25100
S. mutans SMO3 <078  <0.78 <0.78 <078  SD 0.00 S. mutans SM03 4300  27.00 3850 3617 sp  10.516
S. mutans SM04 <078  <0.78 <078 <078  SEM 0.0 S. mutans SM04 1700  21.00 1600 1800 SEM 4703
S. mutans SM0O5 <078 <078 <0.78  <0.78 S. mutans SM05  19.00  15.00 1450  16.17
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5.3.4 Dental plaque biofilms generated in the CDFF

5.3.4.1 CDFF biofilm development

The CDFF was used to develop complex and reproducible biofilms derived
from supragingival and subgingival dental plaque from healthy volunteers. A
5 d biofilm was developed on PTFE plugs as described in section 5.2.4 using
constantly supplied BM at a pH between pH 6.77-6.89. Microbial
enumeration of the dental plaque inocula and from the 5 d CDFF biofilms
was undertaken (Table 5.7).

Facultative anaerobes, aerobic bacterial species and C. albicans (budding
cells and hyphae production identified by CLSM) were recovered from the
CDFF generated biofilm (Figures 5.9 and 5.10). There were no significant
differences in the recovery of aerobic and anaerobic species. There was a
significant increase (p=<0.001) in the recovery of C. albicans following re-
culture of dental plaque biofilm formation in the CDFF (Table 5.7).
Furthermore, potential respiratory pathogens (S. aureus and P. aeruginosa)
were not isolated on selective media from either the dental plaque or the 5 d
CDFF biofilms (Table 5.7) (2.2.3).

5.3.4.2 Composition of dental plaque CDFF biofilms inoculated with
respiratory pathogens

Dental plaque derived CDFF biofilms (cultured for 5 d) were exposed to A/S
(pH 6.5) and inoculated with S. aureus or P. aeruginosa for 24 h. Subsequent
viable counts (CFU/ml) of aerobic and anaerobic bacteria and C. albicans
were reduced by ~1,000 fold after culture with S. aureus and P. aeruginosa
(Figure 5.11).

The following sections report the effects of CHX treatment and exposure to
artificial saliva at different pH upon dental plaque inoculated with respiratory
pathogens (to mirror colonisation of dental plaque during MV). These
investigations were undertaken to ascertain whether such environmental

changes could promote respiratory pathogen colonisation.
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Table 5.7 - Comparison of log,, CFU/ ml microbial enumeration of species recovered from pooled

dental plaque, and species recovered from a CDFF generated biofilm of pooled dental plaque.

S. aureus P. aeruginosa Candida albicans Aerobic spp. Anaerobic spp.
Dental CDFF Dental CDFF Dental CDFF Dental CDFF Dental CDFF
Biofilm set plaque regrowth plaque regrowth plaque regrowth plaque regrowth plaque regrowth
1 0.00 0.00 0.00 0.00 0.00 7.51 8.28 7.90 8.36 7.48
2 0.00 0.00 0.00 0.00 0.00 749 8.15 7.92 8.49 7.49
3 0.00 0.00 0.00 0.00 0.00 745 8.20 7.93 8.45 7.54
4 0.00 0.00 0.00 0.00 0.00 742 8.28 8.08 8.00 8.30
5 0.00 0.00 0.00 0.00 0.00 743 8.32 8.04 797 8.32
6 0.00 0.00 0.00 0.00 0.00 749 8.16 8.00 8.04 8.37
7 0.00 0.00 0.00 0.00 0.00 8.04 8.1 8.04 7.98 797
8 0.00 0.00 0.00 0.00 0.00 8.04 8.15 8.1 8.00 8.04
9 0.00 0.00 0.00 0.00 0.00 7.99 7.89 8.04 8.04 7.95
Average 0.00 0.00 0.00 0.00 0.00 7.74 8.17 8.01 8.15 8.06
SD 0.00 0.00 0.00 0.00 0.00 0.27 0.13 0.07 0.22 0.34
SEM 0.00 0.00 0.00 0.00 0.00 0.09 0.04 0.02 0.07 0.11
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Figure 5.9 - Confocal laser scanning micrograph of microorganisms from a 5
d dental plaque CDFF biofilm treated with A/S at pH 6.5 with a live (green)
dead (red) stain. Cellular morphologies include yeast hyphae (as shown by
the arrows), yeast budding cells, and smaller clusters of bacterial cells.
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Figure 5.10 - Confocal laser scanning micrograph of microorganisms from a
5 d dental plaque CDFF biofilm treated with A/S at pH 6.5 with a live (green)
dead (red) stain. Live cells (predominantly Candida) are on the outer of the
biofilm (as shown by the arrows), with bacterial aggregates within the biofilm
(stained red).
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Figure 5.11 - Colony counts from 5 d CDFF biofilm inoculated with A, S.
aureus and B, P. aeruginosa for 24 h.
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5.3.5 Effect of CHX upon dental plaque biofilms inoculated with

respiratory pathogens

5.3.5.1 Effect of CHX treatment on composition of CDFF dental plaque
biofilms

CDFF dental plaque biofilms were treated with 0.0125% (v/v) CHX in A/S (for
P. aeruginosa) or 0.00125% (v/v) CHX (for S. aureus) for 30 min, 1 h and 12
h. Total aerobic species, facultative and strict anaerobic species and C.
albicans were all quantified before and after treatment (Figure 5.12). Whilst
the numbers of aerobic species after 30 min and 1 h CHX treatments were
similar, there was a significant (p=<0.001) reduction in numbers after 12 h
CHX exposure. Significant reduction in anaerobic bacteria levels occurred
following 1 h CHX treatment (p=0.017) and further reductions were seen after
12 h (p=0.002). No differences in numbers of C. albicans were detected for
all durations of CHX treatment at both concentrations. Tabulated data in
appendix IV.
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Figure 5.12 — Colony counts from dental plaque 5 d CDFF biofilm exposed to CHX for 30 min, 1 h
and 12 h whereby ***p <0. 001, **p <0.01 and *p< 0.05.
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5.3.5.2 Effect of 0.00125% (v/v) CHX on S. aureus colonisation of CDFF

dental plaque biofilms

Dental plaque derived CDFF biofilms that had subsequently been seeded
with S. aureus were analysed after 0.00125% CHX treatment. Compared
with 30 min CHX treatment, noticeable increases in S. aureus and C.
albicans numbers were detected following 1 h treatment. However, no
significant differences in levels of mixed aerobic or anaerobic species were
evident for 30 min and 1 h CHX exposures (Figure 5.13). After 12 h CHX
treatment, S. aureus was not detected by culture, although C. albicans levels
were similar to those after 1 h exposure (p=0.190). In addition, significant
increases in total aerobic (p=<0.001) and anaerobic counts (p=<0.001)

occurred following 12 h CHX treatment.
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Figure 5.13 - Colony counts from dental plaque 5 d CDFF biofilms inoculated with artificial saliva (A/S)

containing S. aureus and exposed to CHX for 30 min, 1 h and 12 h, whereby ***p <0. 001, **p <0.01

and *p< 0.05.
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5.3.5.3 Effect of 0.0125% (v/v) CHX treatment on P. aeruginosa
colonisation of CDFF dental plaque biofilms

Figure 5.14 presents the results of CHX treatment of P. aeruginosa
inoculated CDFF dental plaque biofilms. After 30 min CHX treatment, P.
aeruginosa was not detected by culture, whilst logi 7.5-8.5 CFU/ml of C.
albicans, non-P. aeruginosa aerobic bacteria and anaerobic bacteria were
present. After 1 h CHX exposure, a significant increase in numbers of C.
albicans and aerobic bacteria was evident (p=<0.001 and p=<0.001
respectively), although no differences were observed for anaerobic bacteria.
Similar to 30 min CHX exposure, no P. aeruginosa were detected after 1 h
CHX exposure. Following CHX treatment or 12 h, numbers of P. aeruginosa
significantly increased (p=<0.001) to logig 8.5 CFU/ml. In addition, C.
albicans or other (non-P. aeruginosa species) aerobic bacteria were not
detected by culture after 12 h CHX exposure. There was however, a
significant increase in the levels of anaerobic bacteria after 12 h CHX
exposure compared with 30 min (p=0.011) and 1 h treatments (p=0.001).
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Figure 5.14 - Colony counts from dental plaque 5 d CDFF biofilm with inoculated with P. aeruginosa and
exposed to CHX for 30 min, 1 h and 12 h, whereby ***p <0. 001, **p <0.01 and *p< 0.05.
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5.3.6 Effect of artificial saliva pH on respiratory pathogen colonisation

of dental plaque CDFF biofilms

5.3.6.1 Composition of CDFF dental plaque biofilms after exposure to
artificial saliva (A/S) at different pH

Dental plaque derived CDFF biofilms were exposed to artifical saliva at pH 4,
pH 5 and pH 6.5 in the absence of respiratory pathogens and incubated for
24 h at 37°C. For aerobic and anerobic bacteria there was no significant
differences in numbers cultured from biofilms exposed to A/S at pH 4.5 or 6.5
(Figure 5.15). At all A/S pHs, the numbers of C. albicans was lower
compared with aerobic and anaerobic bacteria as shown in figure 5.14, and
C. albicans levels were significantly lower (p=0.006) at pH 6.5 (4.07x10% +
1.15x10" CFU/ ml), compared with pH 5 (9.37x10? + 2.29x10% CFU/ ml). Al
tabulated data in appendix IV.

The pH of A/S was measured prior to addition to a 5 d CDFF dental plaque
biofilm and 24 h after exposure (Table 5.8) to determine whether dental
plaque changes the A/S pH following exposure. A significant increase
(p=<0.001) in A/S pH occurred for the pH 4 A/S following dental plaque
biofilm exposure (pH 4.58 + 0.02). Similarly A/S at pH 5 showed a significant
increase (p=0.001) to pH 5.68 + 0.07 when added to a dental plaque biofilm.
In addition, the pH of A/S (initially at pH 6.5) decreased significantly
(p=0.007) pH 6.21 £ 0.03 following exposure to dental plaque biofilm for 24 h.
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Figure 5.15 — Colony counts of aerobic and anaerobic bacteria and C.
albicans from dental plaque 5 d CDFF biofilm after 24 h exposure with
artificial saliva (A/S) at differing pHs, whereby ***p <0. 001, **p <0.01 and *p<
0.05.

Table 5.8 — pH measurements of artificial saliva (A/S) before and after
exposure to a 5d mixed species dental plaque biofilm.

A/S pH
Pre-5d Post-5d Pre-5d Post-5d Pre-5d Post-5d
Biofilm CDFF CDFF CDFF CDFF CDFF CDFF

1 4.00 4.59 5.00 5.63 6.50 6.19

2 4.00 4.56 5.00 5.64 6.50 6.25
3 4.00 4.59 5.00 5.76 6.50 6.20
Mean 4.00 4.58 5.00 5.68 6.50 6.21
SD 0.00 0.02 0.00 0.07 0.00 0.03
SEM 0.00 0.01 0.00 0.04 0.00 0.02
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5.3.6.2 Effect of artificial pH on dental plaque biofilms inoculated with S.
aureus

Dental plaque biofilms seeded with S. aureus were exposed to A/S at pH 4,
pH 5 and pH 6.5. CLSM imaging and culture enumeration were undertaken
to assess S. aureus colonisation of dental plaque CDFF biofilms after 24 h.
Staphylococcus aureus were detected by FISH staining on the outer most
layer and within the biofilm (Figure 5.16).

As shown in figure 5.17, no growth of S. aureus occurred after incubation
with aritfiical saliva at pH 4, whilst significant increases were observed at pH
5 to 3.35x10" + 5.82x10° CFU/ ml (p=<0.001) and at pH 6.5 to 3.22x10° +
2.64x10® CFU/ ml (p=<0.001). No significant differences in C. albicans levels
were seen following treatment with A/S pH 4, pH 5 or pH 6.5 (p=0.140). A
similar pattern was observed for both aerobic and anaerobic bacteria at the
different A/S pHs whereby similar enueration occurred between pH 4 and
pHS5, with a significant increase in aerobic species (p=<0.001) and anaerobic
species (p=<0.001) respectively (Figure 5.17) following exposure to pH 6.5.
All tabulated data is in appendix IV.

In addition, the pH was measured post-exposure to a 5 d dental plaque
biofilm inouclated with S. aureus (Table 5.9). For A/'S commencing at pH 4, a
significant increase occurred after 24 h inoculation with S. aureus to pH 5.34
+ 0.20 (p=<0.001). For A/S at pH 5, a significantly higher pH of 5.86 + 0.16
(p=0.001) was detected 24 h after inoculation with S. aureus. Similar pH
values (pH 6.45 + 0.32) were obtained for for A/S initially at pH 6.5 after

exposure to dental plaque biofilms inoculated with S. aureus (p=0.728).
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Figure 5.16 — Confocal laser scanning micrograph of microorganisms from a
5 d dental plague CDFF stained with a bacterial universal probe (Cy3, red
staining) and coupled with a species-specific probe for S. aureus (Cy5) as
depicted by the arrows.

261



Log,, CFU/ ml

* %k %

10.5 - xx

10.0 -

9.0 -

H

8.0 - —

75 - _|T
70 - -

S. aureus Candida sp. Aerobic sp. Anaerobic sp.

OpH4 OpH5 OpH6.5

Figure 5.17 — Colony counts from dental plaque 5 d CDFF biofilm inoculated with S. aureus in

artificial saliva (A/S) of different pHs, whereby ***p <0. 001, **p <0.01 and *p< 0.05.
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Table 5.9 - pH of artificial saliva (A/S) pre- and post-exposure with a 5d

dental plaque biofilm inoculated with S. aureus.

A/S pH
S. aureus Pre- Post- Pre- Post- Pre- Post-
exposure exposure | exposure exposure exposure exposure

1 4.00 5.54 5.00 5.76 6.50 6.14

2 4.00 5.32 5.00 6.05 6.50 6.78

3 4.00 5.15 5.00 5.78 6.50 6.43
Mean 4.00 5.34 5.00 5.86 6.50 6.45
SD 0.00 0.20 0.00 0.16 0.00 0.32
SEM 0.00 0.11 0.00 0.09 0.00 0.19
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5.3.6.3 Effect of A/S pH on CDFF dental plaque biofilms inoculated with
P. aeruginosa

No P. aeruginosa were detected by culture from dental plaque CDFF biofilms
after A/S at pH 4 exposure for 24 h. Similar counts of between 7.5-8.0 log1o
CFU/ml for C. albicans, aerobic and anaerobic bacteria were evident
following exposure to A/S at pH 4 and pH 5 (Figure 5.18). There was a
significant (p=<0.001) increase in P. aeruginosa numbers following
incubation in A/S pH 6.5, compared to both pH 4 and pH 5. There was a
reduction in numbers of C. albicans after exposure to A/S pH 6.5, however
this was not significant (p=0.065). The presence of P. aeruginosa and C.
albicans was evident in biofilms using CLSM imaging (Figure 5.19). Candida
albicans hyphae were clearly detected at outermost biofilm layers. The
highest numbers of aerobic (1.45x10° + 3.61x10® CFU/ ml and anaerobic
bacteria (1.04x10' + 1.97x10° CFU/ ml) were evident after exposure to A/S
at pH 6.5. There was a significant (p=<0.001) increase in the numbers of
aerobic and anaerobic bacteria at pH 6.5. All tabulated data is in appendix
V.

The pH of A/S was measured after incubation with dental plaque biofilms
inoculated with P. aeruginosa (Table 5.10). A significant increase in the pH of
A/S 4, to pH 5.26 + 0.18 was evident (p=0.007). In addition, there was a
significant increase in the pH of A/S after a starting pH of 5 to pH 6.35 £ 0.30
when exposed to dental plaque biofiims inoculated with P. aeruginosa
(p=0.016). Finally, the pH of A/S initially at 6.5 remained similar following
incubation with dental plaque biofilms inoculated with P. aeruignosa for 24 h
with a resulting pH of 6.58 + 0.16 (p=0.486).
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Figure 5.18 — Colony counts from dental plaque 5 d CDFF biofilm inoculated with P. aeruginosa in artificial

saliva of different pHs, whereby ***p <0. 001, **p <0.01 and *p< 0.05.
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Figure 5.19 — Confocal laser scanning micrograph of microorganisms from a
5 d dental plaque CDFF inoculated with P. aeruginosa stained with a FITC-
labelled probe. In addition, Candida albicans was stained with a FITC-
labelled probe. The upper layers of the biofilm (bracketed in the image)
contain extensive numbers of C. albicans hyphae (as shown by the arrows).

266



Table 5.10 — pH of artificial saliva (A/S) pre- and post-exposure with a 5d

dental plaque biofilm inoculated with P. aeruginosa.

A/S pH
P. aeruginosa Pre- Post- Pre- Post- Pre- Post-
exposure exposure | exposure exposure | exposure exposure

1 4.00 5.06 5.00 6.65 6.50 6.76

2 4.00 5.32 5.00 6.34 6.50 6.54

3 4.00 5.40 5.00 6.05 6.50 6.44
Mean 4.00 5.26 5.00 6.35 6.50 6.58
SD 0.00 0.18 0.00 0.30 0.00 0.16
SEM 0.00 0.10 0.00 0.17 0.00 0.09
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5.4 Discussion

The overarching aim of the work presented in this chapter was to determine
the role of selected variables in the oral environment (based on results from
chapters 2, 3 and 4) that could promote or prevent colonisation of pathogenic
microorganisms within dental plaque and ETT biofilms. Although frequently
overlooked in clinical practice, over 60% of bacterial infections have a biofilm
origin (Coenye & Nelis, 2010; Romling & Balsalobre, 2012) and these biofilm
communities are often complex and polymicrobial. The transition of
microorganisms from free-floating (planktonic) cells to biofilm growth and
subsequent biofilm maturation is, in part, influenced by environmental factors
(de la Fuente-Nunez et al., 2013). Biofilm growth will be affected by a variety
of factors including nutrient availability, dynamics of fluid flow rates, pH of
surrounding fluids, temperature, antimicrobial presence and oxygen levels
(Peyyala & Ebersole, 2013).

Biofilms were developed on ETT surfaces over 10 d, after which the biofilm
structure including EPS could be observed by SEM imaging (Figure 5.3). The
majority of ETTs are composed of polyvinylchloride (PVC) material (Watson,
1980; Gorman et al., 2001). Triandafillu et al., 2003 investigated the extent of
P. aeruginosa adhesion to PVC using both reference strains (including PAO1
AK44) and clinical isolates. There was a wide variation in the level of
adhesion rates, however all strains of P. aeruginosa adhered upon contact
with the PVC, with the greatest efficacy in adhesion observed for two clinical
strains. Furthermore, Gorman et al., 2001 investigated biofilm formation upon
PVC discs of re-cultured clinical P. aeruginosa isolates (originally obtained
from ETT biofiims of mechanically ventilated patients). Atomic force
microscopy revealed adhesion of P. aeruginosa to the PVC discs within 4h,
and in a 5d period there was an increased formation of EPS and glycocalyx.
During the current study, P. aeruginosa was the best biofilm former (greatest
recovered cell number) on the PVC ETT surface (Figure 5.4), and it was not
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significantly affected by the presence of either S. mutans of C. albicans

presence in mixed species biofilms (Figure 5.5, B and D).

In addition to single species biofilms, a series of mixed species biofilms were
developed to assess the role of oral organisms (S. mutans and C. albicans)
in promoting respiratory pathogen colonisation and biofilm formation within
the ETT, as previously evident in ETTs from extubated patients (chapter 2,
figures 2.11-2.15). Pseudomonas aeruginosa was cultured in combination
with C. albicans (Figure 5.5). Previous literature indicates an synergistic
relationship between P. aeruginosa and C. albicans in in vitro biofilms,
whereby the presence of C. albicans hyphae results in the release of
phenazine by P. aeruginosa, allowing the bacteria to exploit C. albicans
hyphae as a growth substrate (Harriott & Noverr, 2011). Phenazines are
important in interactions between microorganisms and are extremely toxic at
an acidic pH, which could include the microenvironment of dental plaque
(microbial metabolism and acidic end products) (Gibson et al., 2009).
Phenazines will inhibit C. albicans respiration pathways via carbon growth
impairment and lead to increased levels of fermentation products (Morales et
al. 2013). In such situations, P. aeruginosa induces extensive hyphae
degradation reducing overall C. albicans colony formation (Douglas, 2003).
Whilst limiting candidal growth by accumulating within the hyphae, this can
promote the colonisation of P. aeruginosa, and this was observed during in
vitro investigations within this study (Figure 5.5, D). In addition, When P.
aeruginosa was combined with C. albicans for biofilm formation upon the
ETT surface, although a slight reduction in the numbers of C. albicans
occurred, there was no significant decrease, and this is perhaps due to a lack
of hyphae. Although disruption of the biofilm composition may occur, P.
aeruginosa does not degrade yeast forms of C. albicans (McAlester et al.
2008), which contributes to Candida’s pathogenesis (Naglik et al. 2011; Méar
et al. 2013)
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In vivo interactions are likely to be more complex, largely due to the presence
of the host immune response. Dectin-1, a C-type lectin receptor expressed
on epithelial cells and macrophages, is an important pathogen recognition
molecule in host defence against fungal pathogens, including C. albicans
(Gantner et al., 2005). The ligand for Dectin-1 is B-glucan, which is highly
abundant within yeast cells. The magnitude of the immune response is
dependent on the balance of yeast to hyphal transition, as filamentous C.
albicans can avoid immune activation via recognition of the Dectin-1 receptor
on macrophages (Naglik et al., 2011). Nevertheless, this relationship
between P. aeruginosa and C. albicans may be important when considering
the possiblity of this pathogen exploiting the presence of oral commensal
microorganisms in colonisation processes (Avila et al., 2009; Wade, 2013b).

A further key finding of mixed-species biofilm formation upon the ETT surface
was the ability of S. mutans to enhance attachment and biofilm development
of S. aureus compared to when cultured alone. Streptococcus mutans forms
complex glucan-binding proteins, ultimately enabling S. mutans to adhere to
surfaces, initiating biofilm formation (Lynch et al., 2013). Invertase catalyzes
the hydrolysis of sucrose into fructose and glucose. At this stage, the
glycolytic pathway can convert glucose into lactic acid. Additionally, glucose
can be converted into a polymer known as a glucan, by glucosyltransferase
(Gtf) enzymes (Loesche, 1996). In vivo, after medical devices (catheters and
ETTs for example) are inserted, they quickly become coated with protein rich
fluids, enhancing the attachment and rapid biofilm formation of opportunistic
pathogens including S. aureus (Otto, 2008). During in vitro investigations
within this project, S. aureus was cultured in nutrient and protein-rich culture
media encouraging biofilm formation upon the ETT. The presence of S.
mutans end products from metabolism may further promote and enhance the
competitive growth of S. aureus. Lactic acid for example, ultimately produced
by S. mutans, may stimulate the growth of S. aureus (Kao & Frazier, 1966).
Recent work by Nair et al, 2014 explains that when exposed to lactic acid, S.
aureus can deploy defense strategies towards the competing bacteria to
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thrive in the same ecological niche (in this case, the surface of the ETT). Oral
organisms including S. mutans promote biofilm formation, and enhance
pathogenic attachments, and may as a consequence, contribute in the
translocation of microorganisms towards the lower airways and the
development of VAP (Perkins et al., 2010; Vandecandelaere & Coenye,
2015).

Antimicrobial mouthwashes are an important tool in promoting oral hygiene,
and the effectiveness that these have against microbial species and oral
biofilms has been extensively studied (Zanatta et al., 2007; Wise et al., 2008;
Marsh, 2010; Hooper et al., 2011; Malic et al., 2013; Sands et al., 2014).
Chlorhexidine and Listerine™ are frequently used mouthwashes and are
effective against most oral microbiota. Chlorhexidine is key in many current
oral intervention programs in an attempt to control the oral biofilm during MV
(Jones 1997; Bellissimo-Rodrigues et al. 2009; Scannapieco et al. 2009;
Klompas et al. 2014; Niazi et al. 2015). Listerine™ however is ineffective at
both reducing dental plaque (potentially colonised by respiratory pathogens)
and the incidence of VAP in mechanically ventilated patients (Berry 2013;
Kollef 2015). Berry et al., 2013 revealed that Listerine™ was no more
effective than the control group of sterile water in reducing the colonisation of
dental plaque (n=398).

If bacteria that are not normally able to colonise dental plaque have reduced
susceptibility to such antimicrobials compared with the existing oral bacteria
then this selective pressure could facilitate subsequent colonisation of the
oral biofilm following displacement of susceptible species. To test the
hypothesis that those species with reduced susceptibility to administered
antimicrobials would subsequently have an enhanced ability to colonise
dental plaque biofilms, it was first necessary to establish the MICs of the
antimicrobials against test organisms and then assess whether exposure of

biofilms to sub-MIC environments promoted colonisation.
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Importantly, the MIC of CHX against P. aeruginosa (both planktonic and in
biofilm formation) was notably higher compared with that for S. aureus, S.
mutans and C. albicans (Table 5.3). Additionally MICs of CHX against single
species biofilms were all significantly higher compared to planktonic values
(Table 5.3). Although an interesting observation, it is worth noting that direct
comparison of the MIC/MBIC values between planktonic and biofilm culture
is not strictly fair. While the numbers of organisms for each test was
measured initially, it is likely that biofilm growth resulted in fewer cell
replications. The antimicrobial activity of CHX was also determined against
dual-species cultures. Microbial counts (CFU/ml) at sub-MIC CHX (0.0025-
0.0076% CHX) revealed significant (p=0.03) reduction in oral
microorganisms (S. mutans and C. albicans) when combined with S. aureus,
and this was most evident in biofilms (Table 5.4). Once cultured into a biofilm
and exposed to CHX at the sub-MIC concentration, P. aeruginosa was
significantly increased when combined with S. mutans compared to levels
exhibited during mixed species planktonic analysis.

It was also apparent that when cultured with S. mutans, P. aeruginosa
numbers were enhanced (Table 5.4). In addition, after exposure of S. mutans
and P. aeruginosa to sub-MIC CHX, S. mutans was not subsequently
detected by culture. In vitro P. aeruginosa growth is rapid and this could have
been a key factor in reduced levels of S. mutans (LaBauve & Wargo, 2012).
Baldan et al. 2014 revealed that within mixed species biofilms, P. aeruginosa
was able to outcompete other opportunistic pathogens including S. aureus,
(pathogens associated in cystic fibrosis and respiratory infection). Both
laboratory reference strains of P. aeruginosa (PA14 and PAO1) and isolates
from early stage respiratory infection during the study by Baldan et al., 2014,
successfully outcompeted S. aureus growth. Mucoidal P. aeruginosa from
late stage infection did not however express the same ability to out compete
growth of S. aureus. Within this current study, the MIC of CHX against S.

mutans was lower than that of P. aeruginosa and as a consequence the
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selective pressure of CHX would have been of greater detriment to S.

mutans.

Clinical isolates generally exhibited similar MIC ranges compared to the
reference strains used. Notably, the MICs of CHX were greater at 0.0480% =
0.024 for clinical P. aeruginosa biofiims (Table 5.5) (compared to P.
aeruginosa reference biofilms with an MIC 0.0076%). This relatively higher
tolerance of P. aeruginosa biofilms to CHX could represent a limitation of
such oral hygiene interventions in mechanically ventilated patients. Although
studies have reported outcomes in the reduction in VAP (Munro et al., 2009)
mortality and bacterial counts using 0.12% CHX (a concentration >2x MIC
obtained against biofilms of clinical isolates of P. aeruginosa within this
study), respiratory pathogens are colonising the dental plaque during MV
(Balamurugan et al., 2012; Kusahara et a., 2012). Scannapieco et al., 2009
specifically reported a decrease in the numbers of S. aureus following
decontamination with CHX, but not an overall reduction in the number of
respiratory pathogens including Gram-negative species such as P.

aeruginosa and Klebsiella species.

Antibacterial agents at sub-MIC levels may influence and promote biofilm
formation. An in vitro investigation using S. mutans strain UA159 by Dong et
al., 2012 found that exposure to sub-MIC levels of chlorhexidine (MIC was
detected at 2.5mg/L) (amongst other antibacterial agents) resulted in the up
regulation of biofilm formation genes including gtfB, comD, and comE. Future
work investigating the expression of biofilm related genes of respiratory
pathogens isolated from dental plaque of mechanically ventilated patients,
(and following exposure to sub-MIC concentrations of CHX in vitro), could
elucidate the extent at which CHX promotes biofilm formation of respiratory
pathogens.

To further assess the influence of healthy dental plaque microbiota on
respiratory pathogen integration into biofilms, the CDFF was used to
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construct dental plaque biofilms >300um employing pooled dental plaque
from healthy volunteers (maturity of dental plaque between 12-24 h) (Figures
5.9 and 5.10). Using the CDFF, mixed species dental plaque biofilms were
formed over 5 d. Live dead staining revealed a large quantity of cells stained
with propidium iodide. Although this can be an indication of staining dead
cellular material via intercalating with DNA, in a biofilm setting this may
reflect the presence of eDNA within the EPS. Figure 5.10 reveals the extent
of propidium iodide staining within the dental plaque biofilm. The presence of
non-specific staining (staining outside the intact cells) may further indicate
staining of the eDNA within the biofilm formed EPS. Confocal imaging of 5 d
biofilms revealed a large proportion of C. albicans were in hyphal formation.
Interestingly, C. albicans was not viable from dental plaque culture before
supplementation into BM medium containing 1% glucose (Hill et al., 2010).
Glucose is a source of energy for C. albicans proliferation and may further
promote exaggerated colonisation triggering such morphological changes to
hyphal form, usually observed as a virulence factor in invasive candidiasis
(Brown et al. 2006; Vylkova et al., 2011). Candida albicans may be
influenced to undergo morphogenesis by variation in extracellular pH
although morphogenesis tends to occur at a greater rate with higher alkaline
pH as opposed to acidic, C. albicans is tolerant to pH variation (Nadeem et
al., 2013).

Established CDFF biofilms were inoculated with S. aureus and/or P.
aeruginosa and treated with CHX (routinely administered as part of oral
hygiene protocols during MV, to mirror clinical administration). The main aim
of this work was to assess whether chlorhexidine, currently applied during
MV as part of an oral intervention strategy, can promote further respiratory
colonisation within the mixed species oral biofilm. Using the CDFF to
generate biofilms was performed to confirm the results generated through the
96 well plate biofilm model and the MIC investigations (Tables 5.3 and 5.4).
Chlorhexidine absorbs to the mucosal surface and the enamel pellicle via
salivary proteins, with limited absorption upon formed dental plaque (Jones

274



1997). The concentration of active CHX may vary according to the amount of
CHX being adsorbed upon the various surfaces within the oral cavity and this
may have differential lasting antimicrobial activity, especially upon microbial
biofilms. After a 12 h exposure period to CHX in suspension (as opposed to
coated onto a surface) to mirror the clinical application in the oral cavity, S.
aureus was not detected within the oral biofilm via microbial culture (Figure
5.13), however P. aeruginosa was detected amongst oral microorganisms
after the same exposure periods to CHX (Figure 5.14). Gram-positive
bacteria, such as S. aureus are perhaps exhibiting increased sensitivity to

chlorhexidine due to the structure of the cell wall (Toté et al., 2010).

Dental plaque inoculated with respiratory pathogens was also subjected to
variations of artificial saliva pH, to mirror the altered salivary pH evident in
mechanically ventilated patients (whereby >25% of mechanically ventilated
patients exhibited a decrease in salivary pH, and were also colonised with
respiratory pathogens within their dental plaque during MV, Chapter 4, 4.3.3).
The pH of saliva will directly modulate dental plaque pH (Marsh, 2006). An
increase in the number and activity of acidophilic/acidogenic bacteria such as
S. mutans in dental plaque may conversely lead to a reduction in the pH of
saliva (Cvitkovitch, 2010). Changes in salivary flow and/or salivary pH will
inevitably add ecological pressure to the dental plaque community resulting
in changes in the overall composition. This phenomenon is referred to as the
ecological plaque hypothesis, a term coined by Philip Marsh (Marsh, 1994).
A relevant example is dental caries whereby an increased exposure to
dietary sugars resulted in a caries-low pH, modulating the plaque over time
eventually leading to aciduric organisms such as S mutans and lactobacilli
species dominating the plaque community (Takahashi, 2005; Marsh, 2006).

In CDFF dental plaque biofilms, the pH of the A/S medium changed
significantly after exposure to respiratory pathogens. From a starting salivary
pH of 4 or 5, noticeable increases were observed post exposure to the CDFF
dental plaque biofilm (Table 5.9). Biofilms, of mixed species, may both adapt
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to the pH of saliva by entering a stationary growth phase if necessary, as
fluctuations in the pH can have biocidal effects (Garrett et al., 2008).
Pseudomonas aeruginosa was detected from an artificial saliva (A/S) pH of
6.5, however absent from an A/S of pH 4 and 5 respectively. If P. aeruginosa
can exploit the dental plaque in the early stages of MV, and integrate in the
biofilm, P. aeruginosa cells may be protected within the EPS against
changes in internal and external pH levels.

At an A/S pH of 5, S. aureus was detected at a relatively lower abundance
compared to normal oral microbiota, and P. aeruginosa was absent by
culture. This is not surprising as S. aureus is known to be more tolerant than
P. aeruginosa at pH 5 environments (Korting et al., 1992). Under these acidic
conditions S. aureus would theoretically be better suited to colonising dental
plaque biofilms, whilst P. aeruginosa would prefer a higher pH of 6-7.5
(Charyulu & Gnanamani, 2010).

In situations where saliva is not able to perform its buffering functions
optimally, for example when saliva flow and pH decreases (as seen during
MV, chapter 4; mirrored in challenge experiments 5.2.5) the pH of the dental
plaque will decrease concurrently due to selective pressure from variations in
the pH shifting the microbial community of dental plaque. Acid tolerant
organisms including S. mutans, Lactobacillus species and late anaerobic
colonisers will predominate within dental plaque. Acid-sensitive organisms
may be competitively outcompeted, enhancing the ability of opportunistic
respiratory pathogens (for example S. aureus) to survive and thrive within

dental plaque.

Conclusion
Single and mixed species biofilm models were developed to examine the
interactions between selected organisms, chlorhexidine and salivary pH. The

ETT biofiilm model of mixed-species colonisation revealed that oral
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organisms including S. mutans enhance the colonisation of S. aureus, an

important pathogen in the aetiology of VAP.

The application of CHX may be effective against oral biofilms in critically ill
patients, reducing the overall bio-load in the oral cavity however this may not
reduce all respiratory pathogens to the same extent. Pseudomonas
aeruginosa exhibited the largest MIC towards chlorhexidine, especially once
in biofilm formation and a total of 25 mechanically ventilated patients became
colonised with P. aeruginosa during MV (2.3.3). Chlorhexidine applications
may therefore alter both the abundance and composition of dental plaque,
potentially allowing more respiratory pathogens to thrive and out-compete
residual oral biofilm members and free-floating microorganisms within the

oral cavity.

In addition, decreases in salivary pH significantly influenced the ability of
respiratory pathogen colonisation and integration within dental plaque.
Staphylococcus aureus was detected at a pH of 5 and 6.5, whereas P.
aeruginosa was only detected via microbial culture within a salivary pH of 6.
5.

Using in vitro investigations, this experimental chapter highlights the potential
limitations faced by current oral care practices within this patient population,
whilst also emphasising the possible role of commensal oral microorganisms
in promoting and enhancing respiratory pathogen colonisation and
pathogenic biofilm formation within the dental plaque and the ETT biofilms.
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6. General Discussion

VAP, a pneumonia occurring more than 48h after the initiation of mechanical
ventilation, is the most frequently occurring hospital-acquired infection of
patients who are in receipt of critical care (Joseph et al., 2010). It has a
global prevalence estimated at 15% (Kollef, 2015) and a mortality rate
between 20 and 70% (Joseph et al., 2010), although Kollef has suggested
attributable mortality is likely to be towards the lower estimate (Kollef, 2015).
A meta-analysis analysing individual patient data from 6284 patients from 24
different trials further revealed the attributable mortality rate of VAP at ~13%
(Melsen et al., 2013). The prognosis of VAP is adversely influenced when the
there is involvement of multidrug resistant biofilms (Raad et al., 2011; Grap
et al., 2012; Seguin et al., 2014; Branch-Elliman et al., 2015).

Since the oral cavity is anatomically linked directly to the lower airways,
associations between the oral microbial community and respiratory infection
seem plausible. In the case of VAP, it has been suggested that commensal
oral microorganisms can facilitate the colonisation of dental plaque and the
lumens of endotracheal biofilms by respiratory pathogens (Doré et al., 1996;
Bahrani-Mougeot et al., 2007). A study by Zuanzazzi et al., 2010, examined
the colonisation of dental plaque and saliva by respiratory pathogens, pre
and post surgery of 30 hospitalised patients (not all patients were ventilated).
Zuanzazzi et al., 2010 documented colonisation by P. aeruginosa and
Acinetobacter species in 25% and 60 % of dental plaque samples,
respectively.

One of the aims of this research was to establish the factors involved in
dental plaque colonisation by respiratory pathogens in mechanically
ventilated critically ill patients. Initial experiments sought to analyse the
extent of colonisation in mechanically ventilated patients using culture
independent methods. Additionally, the persistence of respiratory pathogens
in dental plaque for up to 3-months after cessation of mechanical ventilation
was examined and this had never been investigated before. Persistence of

279



respiratory pathogens into the period of patient recovery may also be
indicative of higher risk of future respiratory infection by acting as a future
reservoir of infection.

Most previous studies have studied mechanically ventilated patients for only
a short period following liberation from the ventilator. Scannapieco et al.,
2009 measured the effect of chlorhexidine (CHX) on oral bacterial pathogens
in mechanically ventilated patients. Using selective microbial culture, this
comprehensive study simultaneously assessed the colonisation of the dental
plaque by certain respiratory pathogens. Dental plaque was sampled every
48 h up to a period of two weeks, however there was no additional analysis
following extubation. Although Scannapieco et al., 2009 did not publish
dental plaque colonisation of respiratory pathogens at multiple time points
during MV, they found dental plaque colonisation by S. aureus, P.

aeruginosa, Acinetobcater species and Enterobacteriaceae.

Should dental plaque provide a reservoir of potential VAP pathogens, then it
is desirable to understand the dynamics of the oral microbiome during MV
and how this relates to contamination of both the endotracheal tube and lung
parenchyma. Based on the results of microbial culture, the composition of
dental plaque altered in one third of mechanically ventilated patients with
inclusion of at least one respiratory pathogen (S. aureus and/or P.
aeruginosa). Importantly, these bacterial species are considered to be the
causative bacteria in up to 50% of VAP cases and frequently exhibit
multidrug resistant genes, potentially limiting the efficacy of antibiotic
treatment (Hunter, 2006; Parker et al., 2008; Bouza et al., 2012).

For the first time, this research has comprehensively analysed dental plaque
microbiota of mechanically ventilated patients using high throughput
sequencing. High-throughput sequencing generates a large amount of high
quality and accessible data. Using this approach, over 100 microbial species,
representing 40 bacterial genera were identified in dental plaque microbial
communities during MV, highlighting high species richness and diversity.
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Wang et al., 2013 performed metagenomic sequencing on dental plaque of
16 individuals (7 healthy and 9 patients with chronic periodontitis), identifying
over 30 different genera. Wang et al., 2013 revealed large differences
occurring in the composition of dental plague between healthy control
subjects and patients with chronic periodontitis. Bacteriodes was the most
abundant phylum in all samples of periodontitis, whereas Actinobacteria and
Proteobacteria were significantly increased in the healthy control plaque. At
the genera level, Prevotella was most dominant in periodontitis plaque, (up to
45% of total bacterial communities), whereas, interestingly, not one genera
was deemed most dominant in healthy dental plaque. Several different
genera, including streptococci were present at similar levels. Comparably,
during the current study, a substantial microbial change in the composition of
dental plaque was evident during the course of MV and was noted by the
detection of several potential respiratory pathogens, including
Staphylococcus aureus, Streptococcus pseudopneumoniae and Escherichia
coli.

Opportunistic pathogens in dental plaque contribute to the pathogenesis of
both oral and systemic infections. Although not generally considered a
permanent member of healthy dental plaque, S. aureus has been isolated
from many areas of the oral cavity and nasal regions. Ohara-Nemoto et al.,
2008 analysed the saliva, dental plaque and nasal cavity of 56 healthy
adults; Staphylococcus aureus was the species most frequently isolated from
saliva (50%, n=26). Interestingly during their study, S. aureus was isolated in
over one-third of individuals’ dental plaque (=n19). Whilst studies have
shown the prevalence of S. aureus colonisation in the oral cavity of healthy
individuals, there is little evidence in the literature to suggest Streptococcus
pseudopneumoniae colonisation. Streptococcus pseudopneumoniae, a
relatively new species genetically and morphologically different from
Streptococcus pneumoniae was originally isolated from a lower respiratory
tract infection. Although implicated in respiratory infections, the clinical
importance of S. pseudopneumoniae is still to be fully determined (Keith et
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al., 2006). Escherichia coli, another pathogen isolated within dental plaque
during MV, is a commensal coloniser of the human large intestine and a
frequent pathogen of urinary tract infections (Katouli, 2010). Previous studies
have however reported the isolation of E. coli from saliva and oral tissues in
hospitalised (non-ventilated) patients (Ewan et al., 2015), but currently there
is little evidence for colonisation within dental plaque.

Interestingly, after ETT-extubation, both the prevalence and abundance of
respiratory pathogens decreased. For the majority of patients, a loss of the
colonising respiratory pathogen occurred and this was most apparent with S.
aureus. However, for some patients, persistence of the targeted respiratory
pathogens in dental plaque occurred highlighting that plaque remained a
reservoir for potential recurrent infection. Pseudomonas aeruginosa was
more persistent than S. aureus in dental plaque post ETT extubation.
Nevertheless, whilst dental plaque provides a source of infectious bacteria
during intubation, it would generally appear that its microbial composition
quickly reverts back to one usually associated with health. These findings are
important as they strongly indicate that dynamic changes to dental plaque
composition occur in response to critical illness and treatment As such,
identifying the factors involved in driving these microbial changes could
facilitate the development of preventative and management strategies or
serve as prognostic and diagnostic markers.

The ETT provides an essential interface between the lower airways of the
patient and the ventilator. However, it also provides a conduit for microbial
movement from the oral cavity to the lower airways (Cairns et al., 2011). This
process typically would involve microbial aspiration from the oral cavity to the
inflated retention cuff of the ETT. In the majority of ETTs, the thin
polyurethane cuff material will contain folds, which form during inflation as
the fully inflated cuff is larger than the tracheal diameter. This is because
tracheal diameters vary between individuals and ETT cuffs have to be of a
size to accommodate the tracheal size ranges. The microchannels that
develop in a cuff provide pathways for microbial leakage. The effect also
arises when a loss of cuff pressure occurs. Once below the cuff, subglottic
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secretions can either enter the lungs or be drawn into the ETT lumen, which

leads to biofilm formation.

Microbial culture, characterisation of the ETT biofilm microbiome and use of
species-specific PNA probes (in situ hybridisation) coupled with confocal
microscopy revealed that ETT biofilms of 47 mechanically ventilated patients,
were colonised with members of the oral microbiota including S. mutans and
strictly anaerobic species including P. gingivalis. Members of the oral
microbiota colonising within the ETT may therefore contribute to the
pathogenesis of VAP by acting as a reservoir for respiratory pathogens or
indirectly by increasing pathogenic biofilm development in the ETT (Gil-
Perotin et al., 2012).

In this study, the ETT biofilm from 21 patients was culture positive for
respiratory pathogens. Within these 21 patients, dental plaque was colonised
by respiratory pathogens (either S. aureus and/or P. aeruginosa) during MV
in 18. It has been suggested that as ETT biofilms accumulate, there may be
an increase in resistance to gas flow through the ETT and the biofilm can
become displaced to the lower airways, increasing the risk of respiratory
infection (Coppadoro et al., 2013). Aggregates of respiratory pathogens
including S. aureus and P. aeruginosa identified (2.3.12) were indeed evident
in ETT biofilms from patients using fluorescence in situ hybridisation and
species-specific PNA probes. The fact that biofilm aggregates would be
transferred to the lower airway might mean that the bacteria present would
immediately be in an already resistant state to host defences and
administered antimicrobials. Use of in vitro ETT biofilm model (5.3.2) further
revealed that S. mutans significantly increased colonisation and biofilm
formation by S. aureus. By-products of S. mutans metabolism, including
lactic acid, may be influencing S. aureus growth, to outcompete the biofilm

formation of S. mutans on the surface of the ETT (5.4).

Having established that microbiological composition changes occurred in the
dental plaque of patients receiving MV and also after extubation, establishing
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the underlying reasons for this is important. If the mechanistic basis for the
acquisition of respiratory pathogens in dental plaque could be determined,
then preventative approaches could be developed. Many factors could
potentially serve as drivers for changes in the oral microbiome in
mechanically ventilated patients, including underlying illness and effects of
treatment. However, the research undertaken was primarily based on the
hypothesis that changes in saliva would instigate alterations in the dental
plaque community. To this end, the salivary factors assessed were flow, pH
and proteomic composition on a longitudinal basis during MV. This is the first

time that such an investigation has been undertaken.

It has been shown that mechanically ventilated patients develop dryness in
the mouth (xerostomia) (Munro & Grap, 2004; Berry & Davidson, 2006;
Prendergast et al., 2013). Xerostomia may arise in mechanically ventilated
patients simply by the mouth being partially held open by the presence of the
ETT. Administered medications, including diuretics (often prescribed to
critically ill patients), and an absence of mechanical and chemical oral
stimulation may also reduce the quantity of saliva produced. A reduced
salivary flow rate during intubation was evident, with 52 out of 107
mechanically ventilated patients showing a reduction in saliva volume during
MV (4.3.2).

A reduced salivary volume will promote plaque accumulation since there
would be an associated reduction in the physical removal of plaque
organisms by the flushing action of saliva, and a concurrent lowering of host
antimicrobial components (Devine, 2003; Gorr & Abdolhosseini, 2011).
Neither salivary flow nor salivary composition is typically measured during
hospital stay. Although salivary flow rates vary significantly with age, gender
and diet and flow rates range between 0.1-2 ml/min (Fenoll-Palomares et al.,
2004), salivary reduction will inevitably influence dental plaque composition.
Patients suffering with xerostomia, common in elderly individuals, may
therefore develop dental oral dysbiosis leading to oral diseases including

caries. A reduction in saliva (including a reduction in salivary antimicrobial
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proteins and pH buffering systems) will inevitably lead to gradual dental
plaque changes, specifically to caries associated microorganisms, able to
tolerate an acidic environment (Turner et al., 2007; Su et al, 2011).
Additionally, individuals with xerostomia often see increases in Candida
colonisation within the oral cavity (Shinozaki et al., 2012).

A reduced salivary pH was also apparent during mechanical ventilation and
this was most evident when microbial changes in plaque were detected
(Figure 4.3). The reasons for this change are unclear, however, it is possible
that a more acidic oral environment promotes respiratory pathogen
colonisation. Marsh (Marsh, 1994) has described a mechanistic basis with
relevant examples of dental caries and periodontal disease as to how
changes in dental plaque and saliva pH may affect the composition of dental
plaque (4.4). By in vitro modeling studies, this current research has
demonstrated that S. aureus is more acid-tolerant (pH 5) than P. aeruginosa.
This was evident from dental plaque challenge experiments using the CDFF,
in which the growth of S. aureus was not inhibited at a pH of 5 (5.3.6.2).
Respiratory pathogens may be better suited to an acidic environment and
able to exploit this environment out competing other members of the
community. Alternatively, it is possible that a reduction in saliva secretion will
lead to a reduction in bicarbonate (primary pH buffer of saliva) (Hicks et al.,
2003) resulting in a decreased ability to maintain salivary pH. Prasanthi et al.,
2014 reported a correlation between reductions in stimulated saliva
secretion, and reductions in buffering capacity and pH as a result of diuretic
medications. In turn, a reduction in both salivary volume and pH could also

promote increased colonisation by respiratory pathogens.

Proteomic analysis of saliva revealed changes in salivary proteins both
during MV and into the post-ETT extubation period (Table 4.8). Particularly
evident was the increased concentration of a spectrum of antimicrobial
peptides including lysozyme, lactoperoxidase and cystatin in the post-ETT
extubation period, compared with levels found during MV (Table 4.8).
Several bacterial groups, predominantly Gram negative bacilli, that enter the
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oral cavity after the early plaque colonisers can exploit these bacteria to
adhere to the tooth surface indirectly (Perkins et al., 2010). Dental plaque
colonisation of respiratory pathogens during MV may provoke a localised
immune response. Proteomic and cytokine analysis during MV appeared to
support this, significant increases in salivary levels of pro-inflammatory
cytokines, including IL-8 and IL-18 occurred compared to healthy volunteers.
Interestingly, levels of these cytokines reduced post extubation to levels
similar to those of the healthy volunteers.

In vitro models of dental plaque and ETT biofilms were developed and used
to assess the effect of an antimicrobial on respiratory pathogen colonisation
of biofilms. Oral antiseptics, such as chlorhexidine have been used in general
dentistry and critical care since the 1970s (Jones, 1997). Over the years
there have been several studies assessing the effects of chlorhexidine in
reducing VAP incidence and mortality (O’'Reilly, 2003; Grap et al., 2011;
Balamurugan et al., 2012). The CDFF modeling system was used to create
robust dental plaque biofilms. Biofilm analysis revealed that the minimum
biofilm inhibitory concentration was considerably higher, up to 1000-fold, than
planktonic cell susceptibility (Malic et al., 2013; Smith et al., 2013). Following
in vitro dental plaque biofilm inoculation with S. aureus and exposure to
chlorhexidine for 12 h, growth of S. aureus was successfully inhibited. In
contrast, a significant increase in numbers of P. aeruginosa was evident
following a similar challenge with chlorhexidine, and only the highest
chlorhexidine concentration tested was shown to inhibit the growth of this

species.

Further studies

Based on this research, a number of areas have been identified for future
work. Given that a number of salivary changes were found to occur during
MV and in patients with microbial alteration in their dental plaque, it would be
beneficial to assess specific salivary proteins for use as biomarkers to
identify patients at higher risk of VAP, VAP prognosis and to assess

effectiveness of interventions. Diagnostic biomarkers within saliva are an
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emerging area of proteomic research (Thomadaki et al., 2011). Studies have
investigated fluid collected from the lower airways of mechanically ventilated
patients for proteomic content and potential biomarkers to aid the diagnosis
of VAP (Wu et al, 2003). Antibacterial proteins including neutrophil
proteases were expressed at significantly higher concentrations in those
patients diagnosed with VAP (Lu et al. 2008; Wilkinson et al. 2012).
Investigating the proteomic composition of saliva during MV has highlighted
certain protein profiles, with elevated levels of antibody peptides and highly
expressed antimicrobial peptides into the recovery period, warranting further

clinical investigations.

Reductions in both salivary flow and salivary pH were evident during MV.
Investigating therapeutic interventions involving salivary supplementation
with antimicrobial peptides or the use of artificial saliva could be beneficial in
reducing respiratory pathogen colonisation of dental plaque.

Further areas for investigation are as follows:

- Biomarkers that can predict VAP. Table 4.5 has provided a short list of
proteins to focus on in future clinical investigations.

- Clinical water testing to ascertain the aetiology and origins of P.
aeruginosa colonisation.

- Routine nasal swabbing for the detection of S. aureus in mechanically
ventilated patients. In addition, in those patients with nasal S. aureus
colonisation bacterial strain typing could be performed to match
isolates recovered from dental plaque.

- Further biofilm modeling with the CDFF could use human saliva,
adding the benefit of the complex proteomic composition. Larger
quantities would be collected to allow for repeat experiments and
generation of data capable of statistical analysis.

- Future work to enhance the biofilm CDFF model to allow viability of
anaerobes and therefore creating PNA probes allowing multiplex
images could further track certain species within the biofilm.
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- Bacterial strain typing and further genomic analysis of biofilm-related
genes would elaborate on whether patients’ who remain colonised in
the post-ETT extubation period harbor the same strain.

- Developing a co-culture model to look at antibacterial and anti-
inflammatory/proinflammatory response at same time. Can you mimic
the recorded microbial shift that occurs during mechanical ventilation
to detect biomarkers to predict the onset of VAP?

Research Summary

Dental plaque of mechanically ventilated patients was shown to become
colonised by a range of potential respiratory pathogens. Also during
ventilation changes were observed in saliva volume, pH and concentration.
These changes were accompanied by an increase in salivary pro-
inflammatory cytokines. Following extubation, dental plaque colonisation by
respiratory pathogens was not detected (for most patients) and levels of
salivary cytokines were seen to be reduced to levels similar to those of
healthy volunteers. Whilst the patient is mechanically ventilated, dental
plaque does serve as a reservoir for respiratory pathogens. There were
several salivary parameters, including reduced salivary flow, pH and the
salivary proteome, that changed, and were associated with the presence of

these respiratory pathogens in dental plaque.

VAP remains an important hospital acquired infection in critically ill patients
(Kollef, 2015) and is associated with increased mortality, duration of stay and
cost (Bahrani-Mougeot et al., 2007; Sundar et al., 2012). Performing
longitudinal microbial culture coupled with high-throughput sequencing of the
dental plaque microbiome revealed extensive changes occurring during MV.
In over one-third of mechanically ventilated patients reductions in salivary
volume and/or pH were also evident. Approaches that maintain adequate
salivary flow and at a suitable pH for example the administration of artificial
saliva, could prove inhibitory to respiratory pathogens colonising dental

plague and consequently could limit the translocation of pathogenic
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microorganisms to the lower airways. In addition, the observed changes in
salivary cytokines explored through high-throughput proteomic analysis might
be of future value as diagnostic markers that reflect either the inflammatory
responses of the lower airway, or accumulation of respiratory pathogens in
the plaque. Such an approach would be highly beneficial as it would be a
non-invasive tool for VAP diagnosis, and this is a feature lacking with most
other approaches.

Key findings include:

* This is the largest study of oral microbial changes during MV and
recovery from critical illness. During MV, dental plaque was shown to
become heavily colonised with respiratory pathogens, including Gram-
positive and Gram-negative species such as S. aureus, P. aeruginosa,
E. coliand S. pseudopneumoniae.

* Analyses revealed that 70% and 55% of mechanically ventilated
patients that demonstrated colonization of dental plaque with S.
aureus and P. aeruginosa, respectively, were shown to have “lost”
these species post-extubation.

* For the first time, the dental plaque microbial community of
mechanically ventilated patients has been comprehensively analysed
using high throughput sequencing.

* The full diversity of dental plaque during MV was demonstrated with
40 genera, and over 100 identified species with 8 species of potential
respiratory pathogens detected.

* Decreases (a trend) in salivary volume were evident in over a third of
mechanically ventilated patients. Reduced salivary pH was also
observed, and was especially significant in patients where respiratory
pathogens occurred in dental plaque during MV.

* The salivary proteomic concentration and composition differed during
MV compared with that at commencement of MV. Significant
increases in pro-inflammatory cytokines IL-6, IL-13 and IL-8 were also

evident during MV in comparison to healthy volunteers. Post ETT-
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extubation these levels reduced to those observed in healthy
volunteers.

In vitro biofilm model systems were successfully developed to allow
the modeling of the changes in vivo and study the effects of bacterial
challenges and antimicrobial interventions.

The presence of Streptococcus mutans increased the numbers of S.
aureus within in vitro ETT biofilms models.

In vitro dental plaque biofilms inoculated with respiratory pathogens
(S. aureus and/or P. aeruginosa), exhibited significant changes when
challenged at different pH. Staphylococcus aureus remained viable at
a pH of 5, whilst P. aeruginosa was only viable at a higher salivary pH
of 6.5.

Chlorhexidine challenge of in vitro oral biofilms inoculated with
respiratory pathogens had differential effects on respiratory
pathogens. Whilst able to limit the numbers of S. aureus within the
oral biofilm, chlorhexidine was not effective at inhibiting P. aeruginosa.

290



References

Aas, J., Paster, B., Stokes, L., Olsen, |., & Dewhirst, F. (2005). Defining the
Normal Bacterial Flora of the Oral Cavity, Journal of Clinical Microbiology,
43(11), pp. 5721-5732.

Abee, T., Kovacs, A., Kuipers, O., & van der Veen, S. (2011). Biofilm
formation and dispersal in Gram-positive bacteria. Current Opinion in
Biotechnology, 22(2), 172-9.

Abram, M., Vu kovi¢, D., Wraber, B., & Dori¢, M. (2000). Plasma cytokine
response in mice with bacterial infection. Mediators of Inflammation, 9(5),
229-34.

Adrogue, H., & Madias, N. (2000). Hypernatremia. The New England Journal
of Medicine, 342(20), pp.1493-1499.

Aebersold, R. & Mann, M. (2003). Mass spectrometry-based proteomics.
Nature, 422(13), pp. 198-207.

Aggarwal, K., Choe, L. & Lee, K., (2006). Shotgun proteomics using the
iTRAQ isobaric tags. Briefings in Functional Genomics and Proteomics, 5(2),
pp.112-120.

Al-Tawfiqg, J. & Abed, M. (2010). Decreasing ventilator-associated pneumonia
in adult intensive care units using the Institute for Healthcare Improvement
bundle. American Journal of Infection Control, 38(7), pp. 552—6.

Alamos, L., Division, T., & Alamos, L. (1986). The Immune System,
Adaptation, and Machine Learning. Physica, 22, pp. 187-204.

Alekshun, M., & Levy, S. (2007). Molecular Mechanisms of Antibacterial
Multidrug Resistance. Cell, 128, pp. 1037-1050.

Aliberti S, Cilloniz C, Chalmers J, Zanaboni A, Cosentini R, Tarsia P, Pesci
A, & Blasi F. (2013). Multidrug-resistant pathogens in hospitalised patients
coming from the community with pneumonia: a European perspective.
Thorax, 68(11), pp. 997-9.

Almirall, J., Bolibar, 1., Serra-Prat, M., Roig, J., Hospital, I., Carandell, E.,
Agusti, M., Ayuso, P., Estela, A & Torres, A. (2008). New evidence of risk
factors for community-acquired pneumonia: a population-based study. The
European Respiratory Journal, 31(6), pp. 1274—84.

Amado, F., Ferreira, R., & Vitorino, R. (2013). One decade of salivary

proteomics: current approaches and outstanding challenges. Clinical
biochemistry, 46(6), pp. 506—-17.

291



Amann, R., Fuchs, B., & Behrens, S. (2001). The identification of
microorganisms by fluorescence in situ hybridisation. Current Opinion in
Biotechnology, 12, pp. 231-236.

Amend, A., Seifert, K., & Bruns, T. 2010. Quantifying microbial communities
with 454 pyrosequencing: Does read abundance count? Molecular Ecology,
19, pp.5555-5565.

Amerongen, A., & Veerman, E. (2002). Saliva - the defender of the oral
cavity. Oral Diseases, 8, pp.12-22.

Ames, N. (2011). Evidence to support tooth brushing in critically ill patients.
American Journal of Critical Care: An Official Publication. American
Association of Critical-Care Nurses, 20(3), pp. 242-50.

Anderson, M., Parks, P., & Peterson, M. (2013). A mucosal model to study
microbial biofilm development and anti-biofilm therapeutics. Journal of
Microbiological Methods, 92(2), pp. 201-8.

Aucar, J., Bongera, M., Phillips, J., Kamath, R., & Metzler, M. (2003).
Quantitative tracheal lavage versus bronchoscopic protected specimen brush
for the diagnosis of nosocomial pneumonia in mechanically ventilated
patients. The American Journal of Surgery, 186(6), pp. 591-596.

Austin, D., Bonten, M., Weinstein, R., Slaughter, S., & Anderson, R. (1999).
Vancomycin-resistant enterococci in intensive-care hospital settings:
Transmission dynamics, persistence, and the impact of infection control
programs. Medical Science, Polulation Biology, 96, pp. 6908-6913.

Avila, M., Qjcius, D., & Yilmaz, O., (2009). The oral microbiota: living with a
permanent guest. DNA and cell biology, 28(8), pp. 405-11.

Azoulay, E., Timsit, J-F., Tafflet, M., Lassence, A., Darmon, M., Zahar, J-R.,
Adrie, C., Garrouste-Orgeas, M., Cohen, Y., Mourvillier, B., & Schlemmer, B.
(2006). Candida colonisation of the respiratory tract and subsequent
Pseudomonas Ventilator-Associated Pneumonia. CHEST, 129, pp. 110-117.

Bahrani-Mougeot, F., Paster, B., Coleman, S., Barbuto, S., Brennan, M.,
Noll, J., Kennedy, T., Fox, P & Lockhart, P. (2007). Molecular analysis of oral
and respiratory bacterial species associated with ventilator-associated
pneumonia. Journal of Clinical Microbiology, 45(5), pp. 1588-93.

Balamurugan, E., Kanimozhi, A., & Kumari, G. (2012). Effectiveness of
Chlorhexidine oral decontamination in reducing the incidence of ventilator
associated pneumonia: A meta-analysis, British Journal of Medical
Practitioners, 5(1) pp. 512-516.

292



Baldan, R., Cigana, C., Testa F., Bianconi, |., De Simone, M., Pellin, D., Di
Serio, C., Bragonzi, A., & Cirillo, D. (2014). Adaptation of Pseudomonas
aeruginosa in Cystic Fibrosis airways influences virulence of Staphylococcus
aureus in vitro and murine models of co-infection. PloS One, 9(3), p.e89614.

Bamford, C, d’Mello, A., Nobbs, A., Dutton, L., Vickerman, M., & Jenkinson,
H. (2009). Streptococcus gordonii modulates Candida albicans biofilm
formation through intergeneric communication. Infection and Immunity, 77(9),
pp. 3696—-704.

Bardow, A., Nyvad, B. & Nauntofte, B., (2001). Relationships between
medication intake, complaints of dry mouth, salivary flow rate and
composition, and the rate of tooth demineralization in situ. Archives of Oral
Biology, 46, pp. 413—423.

Barken, K., Pamp, S., Yang, L., Gjermansen, M., Bertrand, J., Klausen, M.,
Givskov, M., Whitchurch, C., Engel, J & Tolker-Nielsen, T. (2008). Roles of
type IV pili, flagellum-mediated motility and extracellular DNA in the formation
of mature multicellular structures in Pseudomonas aeruginosa biofilms.
Environmental Microbiology, 10, pp. 2331-2343.

Baudoux, P., Bles, N., Lemaire, S., Mingeot-Leclercq, M., Tulkens, P & Van
Bambeke, F. (2007). Combined effect of pH and concentration on the
activities of gentamicin and oxacillin against Staphylococcus aureus in
pharmacodynamic models of extracellular and intracellular infections. Journal
of Antimicrobial Chemotherapy, 59, pp. 246—253.

Beattie, M., Shepherd, A., Maher, S., & Grant, J. (2012). Continual
improvement in ventilator acquired pneumonia bundle compliance: a
retrospective case matched review. Intensive & Critical Care Nursing, 28(5),
pp. 255-62.

Becker, T., Levin, L., Shochat, T., & Einy, S. (2007). How much does the
DMFT index underestimate the need for restorative care? Journal of Dental
Education, 71, pp. 677—681.

Bellissimo-Rodrigues, F., Bellissimo-Rodrigues, W., Viana, J., Teixeira, G.,
Nicolini, E., Auxiliadora-Martins, M., Basile-Filho, A., & Martinez, R. (2009).
Effectiveness of oral rinse with chlorhexidine in preventing nosocomial
respiratory tract infections among intensive care unit patients. Infection
Control and Hospital Epidemiology, 30(10), pp. 952-8.

Berry, A. (2013). A comparison of Listerine® and sodium bicarbonate oral
cleansing solutions on dental plaque colonisation and incidence of ventilator
associated pneumonia in mechanically ventilated patients: a randomised
control trial. Intensive and Critical Care Nursing, 29(5), pp. 275-81.

293



Berry, A., & Davidson, P. (2006). Beyond comfort: oral hygiene as a critical
nursing activity in the intensive care unit. Intensive and Critical Care Nursing,
22(6), pp- 318-28.

Boles, B., & Horswill, A. (2011). Staphylococcal biofilm disassembly. Trends
in Microbiology, 19(9), pp. 449-55.

Bollen, C., & Quirynen, M. (1994). Specimen collection in dental plaque and
oral microbiology. Revue Belge de Médecine Dentaire, 49(2), pp. 44-51.

Bonez, P., Alves, C., Dalmolin, T., Argett, V., Mizdal, C., Flores, V., Marques,
J., Santos, R., & Anraku de Campos, M. (2013). Chlorhexidine activity
against bacterial biofilms. American Journal of Infection Control, 41, pp. 119—
122.

Bonten, M., Gaillard, C., van Tiel, F., Smeets, H., van der Geest, S., &
Stobberingh, E. (1994). The Stomach Is Not a Source for Colonization of the
Upper Respiratory Tract and Pneumonia in ICU Patients. Chest, 105(3), pp.
878-884.

Bonten, M., Kullberg, B., Dalen, R., Girbes, A., Hoepelman, I., Hustinx, W.,
van der Meer, J., Speelman, P., Stobberingh, E., Verburgh, H., Verhoef, J., &
Zwaveling, J. (2000). Selective digestive decontamination in patients in
intensive care, Journal of Antimicrobial Chemotherapy, 46, pp. 351-362.

Bonten, M. (2006). Selective digestive tract decontamination--will it prevent
infection with multidrug-resistant gram-negative pathogens but still be
applicable in institutions where methicillin-resistant Staphylococcus aureus
and vancomycin-resistant enterococci are endemic. Clinical Infectious
Diseases, 43 Suppl. 2, S70-4.

Bonten, M. (2014). Chlorhexidine-Based Oral Care and Ventilator-Associated
Pneumonia The Devil in Disguise?, Invited Commentary, JAMA Internal
Medicine, 2-3.

Boutilier, R., & Shelton, G. (1980). The Statistical Treatment of Hydrogen lon
Concentration and pH. Journal of Experimental Biology, Short
Communications, 84, pp. 335-3309.

Bouza, E., Giannella, M., Bunsow, E., Torres, M., Granda, P., Martin-
Rabadan, P., & Mufioz, P. (2012). Ventilator-associated pneumonia due to
meticillin- resistant Staphylococcus aureus: risk factors and outcome in a
large general hospital. Journal of Hospital Infection, 80, pp. 150—155.

Boyd, A., & Chakrabarty, A. (1995). Pseudomonas aeruginosa biofilms: Role

of the alginate exopolysaccharide. Journal of Industrial Microbiology, 15(3),
pp. 162-8.

294



Boyton, R., & Openshaw, P. (2002). Pulmonary defences to acute respiratory
infection. British Medical Bulletin, 61, pp. 1-12.

Branch-Elliman, W., Wright, S., & Howell, M. (2015). Determining the Ideal
Strategy for Ventilator-Associated Pneumonia Prevention: Cost-Benefit
Analysis. American Journal of Respiratory and Critical Care Medicine,
192(1), pp. 57-63.

Brennan, M. T., Bahrani-mougeot, F., Fox, P. C., Kennedy, T. P., Hopkins,
S., Boucher, R. C., ... Hill, C. (2004). The role of oral microbial colonization in
ventilator-associated pneumonia. Oral Surgery, Oral Medicine, Oral
Pathology and Endodontology, 98(6), pp. 665-672.

British Society for Antimicrobial Chemotherapy (BSAC).
http://www.bsac.org.uk/implementation-of-eucast-disk-diffusion-method/
[Accessed 26-05-16].

Brown, V., Sexton, J., & Johnston, M. (2006). A glucose sensor in Candida
albicans. Eukaryotic Cell, 5(10), pp. 1726-1737.

Burr, L., Rogers, G., Chen, A, Hamilton, B., Pool, G., Taylor, S., Venter, D.,
Bowler, S., Biga, S., & McGuckin, M. (2016). Macrolide Treatment Inhibits
Pseudomonas aeruginosa Quorum Sensing in Non-CF Bronchiectasis: An
Analysis from the BLESS Trial. Annals, In Press, first published online 27 Jul
2016 as DOI: 10.1513/AnnalsATS.201601-0440C.

Cairns, S., Thomas, J., Hooper, S., Wise, M., Frost, P., Wilson, M., Lewis,
M., & Williams, D. (2011). Molecular analysis of microbial communities in
endotracheal tube biofilms. PloS One, 6(3), pp. 1-8, e14759.

Caporaso, J., Lauber, C., Walters, W., Berg-Lyons, D., Huntley, J., Fierer, N.,
Owens, S., Betley, J., Fraser, L., Bauer, M., Gormley, N., Gilbert, J., Smith, G
& Knight, R. (2012). Ultra-high-throughput microbial community analysis on
the lllumina HiSeq and MiSeq platforms. The ISME Journal, 6(8), pp.1621—
1624.

Chaairri, A., Zribi, E., Dammak, H., Ghadoun, H., Chtara, K., Sfar, S., Bahloul,
M., & Bouaziz, M. (2013). Does selective digestive decontamination prevent
ventilator-associated pneumonia in trauma patients? American Journal of
Therapeutics, 21(6), pp. 470-476.

Charyulu, E., & Gnanamani, A., (2010). Condition Stabilization for
Pseudomonas aeruginosa MTCC 5210 to Yield High Titers of Extra Cellular
Antimicrobial Secondary Metabolite using Response Surface Methodology.
Current Research in Bacteriology, 3, pp.197-213.

Chaudhuri, B., Rojek, J., Vickerman, M., Tanzer, J., & Scannapieco, F.
(2007). Interaction of salivary alpha-amylase and amylase-binding-protein A

295



(AbpA) of Streptococcus gordonii with glucosyltransferase of S. gordonii and
Streptococcus mutans. BMC microbiology, 7,60 pp. 1-9.

Chen, Y., Wong, R., Seneviratne, C., Hagg, U., McGrath, C., &
Samaranayake, L. (2011). Comparison of the antimicrobial activity of
Listerine and Corsodyl on orthodontic brackets in vitro. American Journal of
Orthodontics and Dentofacial Orthopedics, 140, pp. 537-542.

Chevalier, F., (2010). Highlights on the capacities of “ Gel-based ~
proteomics. Proteome Science., 8(23), pp.1-10.

Chopra, I., & Roberts, M. (2001). Tetracycline Antibiotics : Mode of Action,
Applications, Molecular Biology, and Epidemiology of Bacterial Resistance
Tetracycline Antibiotics: Mode of Action, Applications, Molecular Biology,
and Epidemiology of Bacterial Resistance. Microbiology and Molecular
Biology Reviews, 65(2), pp. 232-260.

Christ-Crain, M., & Muller, B. (2007). Biomarkers in respiratory tract
infections: Diagnostic guides to antibiotic prescription, prognostic markers
and mediators. European Respiratory Journal, 30(3), pp. 556-573.

Claxton, N., Fellers, T., & Davidson, M. (1979). Laser Scanning Confocal
Microscopy

https://www.biomedicas.unam.mx/_administracion/ unidades apoyo inst/mi
croscopiallecturas/Intro to Laser Scanning Confocal Microscopy.pdf
[Accessed 19th May, 2016].

Coenye, T. & Nelis, H., 2010. In vitro and in vivo model systems to study
microbial biofilm formation. Journal of Microbiological Methods, 83(2), pp.
89-105.

Colvin, K., Gordon, V., Murakami, K., Borlee, B., Wozniak, D., Wong, G., &
Parsek, M. (2011). The pel polysaccharide can serve a structural and
protective role in the biofilm matrix of Pseudomonas aeruginosa. PLoS
Pathogens, 7(1) e1001264 pp. 1-13.

Consales, G., Gramigni, E., Zamidei, L., Bettocchi, D., & De Gaudio, A.
(2011). A multidrug-resistant Acinetobacter baumannii outbreak in intensive
care unit: antimicrobial and organizational strategies. Journal of Critical Care,
26(5), pp, 453-599.

Conway Morris, A., Kefala, K., Wilkinson T., Moncayo-Nieto, L., Dhaliwal, K.,
Farrell, L, Walsh, T., Mackenzie, S., Swann, D., Andrews, P., Anderson, N.,
Govan, J., Laurenson, |., Reid, H., Davidson, D., Haslett, C., Sallenave, J-M.,
& Simpson, J. (2010). Diagnostic importance of pulmonary interleukin-1 and
interleukin-8 in ventilator-associated pneumonia. Thorax, 65, pp. 201-207.

296



Costerton, J., Geesey, G., & Cheng, K. (1978). How Bacteria Stick. Scientific
American, 238, pp. 86-95.

Cotter, P., & Hill, C. (2003). Surviving the Acid Test: Responses of Gram-
Positive Bacteria to Low pH. Microbiology and Molecular Biology Reviews,
67(3), pp- 429 453.

Courvalin, P. (2006). Vancomycin resistance in gram-positive cocci. Clinical
Infectious Diseases, 42 Suppl 1, S25-34.

Cvitkovitch, D., (2010). Acid tolerance mechanisms utilized by Streptococcus
mutans. Future Microbiol, 5(3), pp. 403—-417.

Dale, C., Angus, J., Sinuff, T., Mykhalovskiy, E. (2013). Mouth care for orally
intubated patients: a critical ethnographic review of the nursing literature.
Intensive & Critical Care Nursing, 29, pp. 266- 274.

Dalwai, F., Spratt, D., & Pratten, J., 2007. Use of quantitative PCR and
culture methods to characterize ecological flux in bacterial biofilms. Journal
of Clinical Microbiology, 45(9), pp. 3072—6.

Das, T., Kutty, S., Tavallaie, R., Ibugo, A., Panchompoo, J., Sehar, S.,
Aldous, L., Yeung, W., Thomas, S., Kumar, N., Gooding, J., & Manefield, M.
(2015). Phenazine virulence factor binding to extracellular DNA is important
for Pseudomonas aeruginosa biofilm formation. Scientific Reports, 5, pp.
8398.

Davey, M., & O’Toole, G. (2000). Microbial biofilms: from ecology to
molecular genetics. Microbiology and Molecular Biology Reviews, 64(4), pp.
847-67.

De Smet, A., Kluytmans, J., Cooper, B., Mascini, E., Benus, R., van der
Werf, T., Hooven, J., Pickklers, P, Bogaers-Hoffman, D., van de Meer, M ...
& Bonten, M. (2009). Decontamination of the digestive tract and oropharynx
in ICU patients. The New England Journal of Medicine, 360(1), pp. 20-31.

Deem, S., & Treggiari, M. (2010). New endotracheal tubes designed to
prevent ventilator-associated pneumonia: do they make a difference?
Respiratory Care, 55, pp. 1046—1055.

Degré, M. (1996). Cytokines and bacterial infections. Biotherapy, 8, pp. 219—
228.

Denepitiya, L., & Kleinberg, |. (1982). A comparison of the microbial

compositions of pooled human dental plaque and salivary sediment. Archives
of Oral Biology, 27(9), pp. 739-745.

297



Dennesen, P., van der Ven, A., Vlasveld, M., Lokker, L., Ramsay, G.,
Kessels, A., van den Keijbus, P., van Amerongen., & Veerman, E. (2003).
Inadequate salivary flow and poor oral mucosal status in intubated intensive
care unit patients. Critical Care Medicine, 31(3), pp. 781-786.

Desvarieux, M., Demmer, R., Rundek, T., Boden-Albala, B., Jacobs, D.,
Sacco, R., & Papapanou, P. (2005). Periodontal Microbiota and Carotid
Intima-Media Thickness: The Oral Infections and Vascular Disease
Epidemiology Study (INVEST). Circulation, 111(5), pp. 576-582.

Devine, D. (2003). Antimicrobial peptides in defence of the oral and
respiratory tracts. Molecular Inmunology, 40(7), pp. 431-443.

Dewhirst, F., Chen, T., lzard, J., Paster, B., Tanner, A., Yu, W.-H,
Lakshmanan, A., & Wade, W. (2010). The human oral microbiome. Journal
of Bacteriology, 192(19), pp. 5002-17.

Diaz, L., Llaurad6, M., Rello, J., & Restrepo, M. (2010). Non-
Pharmacological Prevention of Ventilator Associated Pneumonia. Archivos
de Bronconeumologia, 46(4), pp. 188—195.

Diaz-Arnold, A., & Marek, C., (2002). The impact of saliva on patient care: A
literature review. Journal of Prosthetic Dentistry, 88, pp.337-343

Dickson, R., & Huffnagle, G. (2005). The Lung Microbiome: New Principles
for Respiratory Bacteriology in Health and Disease. PLOS Pathogens, 11(7),
e1004923.

Dodds, M., Johnson, D. & Yeh, C.-K., (2005). Health benefits of saliva: a
review. Journal of Dentistry, 33(3), pp. 223—-233.

Donato, R., Cannon, B., Socri, G., Riuzzi, F., Hsu, K., Weber, D., & Geczy,
C. (2012). Functions of S100 Proteins. Curr Mol Med, 29(1), pp.997-1003.

Dong, L., Tong, Z., Linghu, D., Lin, Y., Tao, R., Jun Liu., Tian, Y., & Ni, L.
(2012). Effects of sub-minimum inhibitory concentrations of antimicrobial
agents on Streptococcus mutans biofilm formation. International journal of
antimicrobial agents, 39(5), pp. 390-395.

Dongari-Bagtzoglou, A., Kashleva, H., Dwivedi, P., Diaz, P., & Vasilakos,
J.(2009). Characterisation of mucosal Candida albicans biofilms. PloS One,
4(11), pp. e7967.

Donnell, G. (1999). Antiseptics and Disinfectants: Activity, Action, and
Resistance, Clinical Microbiology Reviews, 12(1), pp. 147-179.

Douglas, L., 2003. Candida biofiims and their role in infection. Trends in
microbiology, 11(1), pp. 30-36.

298



Du, D., van Veen, H., & Luisi, B. (2015). Assembly and operation of bacterial
tripartite multidrug efflux pumps. Trends in Microbiology, 23(5), pp. 311-319.

Eddens, T., & Kolls, J. (2012). Host defenses against bacterial lower
respiratory tract infection. Current Opinion in Immunology, 24(4), pp. 424-30.

Edgar, R., (2010). Search and clustering orders of magnitude faster than
BLAST. Bioinformatics, 26(19), pp. 2460—-2461.

Eom, J., Lee, M., Chun, H., Choi, H., Jung, S., Kim, S., Yoon, S., Kwak, Y.,
Oh, G., Jeon, M., Park, S., Koo, H., Ju, Y., Lee, J. (2014). The impact of a
ventilator bundle on preventing ventilator-associated pneumonia: A
multicenter study. American Journal of Infection Control, 42(1), pp. 34-37.

Esteban, A., Anzueto, A., Frutos, F., Alia, |., Brochard, L., Stewart, T., Benito,
S., Epstein, S., Apezteguia, C., Nightingale, P., Arroliga, A & Tobin, M.
(2002). Characteristics and Outcomes in Adult Patients Receiving
Mechanical Ventilation. American Medical Association, 287(3), pp. 345-355.

Estella, A, & Alvarez-Lerma, F. (2011). Should the diagnosis of ventilator
associated pneumonia be improved? Medicina Intensiva, 35(9), pp. 578-582.

Estern, A., Anzueto, A., Alia, |., Gordo, F., Apezteguia, C., Palizas, F., Cide,
D., Goldwaser, R., Soto, L., Bugedo, G., Rodrigo, C., Pimentel, J., Raimondi,
G & Tobin, M. (2000). How Is Mechanical Ventilation Employed in the
Intensive Care Unit? American Journal of Respiratory Critical Care Medicine,
161, pp. 1450-1458.

Ewan, V., Salis,A., Walls, A., Rushton, S., & Newton, J. (2015). Dental and
Microbiological Risk Factors for Hospital-Acquired Pneumonia in Non-
Ventilated Older Patients. PLOS One, 44, pp. 1- 23.

Faran-Ali, S., & Tanwir, F. (2012). Oral microbial habitat a dynamic entity.
Journal of Oral Biology and Craniofacial Research, 2(3), pp. 181-187.

Fartoukh, M., Maitre, B., Honoré, S., Cerf, C., Zahar, J.-R., & Brun-Buisson,
C. (2003). Diagnosing pneumonia during mechanical ventilation: the clinical
pulmonary infection score revisited. American Journal of Respiratory and
Critical Care Medicine, 168(2), pp. 173-9.

Feller, L., Altini, M., Khammissa, R. a G., Chandran, R., Bouckaert, M., &
Lemmer, J. (2013). Oral mucosal immunity. Oral Surgery, Oral Medicine,
Oral Pathology and Oral Radiology, 116(5), pp. 576-583.

Fenoll-Palomares, C. et al., (2004). Unstimulated salivary flow rate, pH and

buffer capacity of saliva in healthy volunteers. Revista Espanola de
Enfermedades Digestivas :, 96, pp. 773—783.

299



Fisher, D. (2011). Novel endotracheal tube cuffs: improving the seal as a
barrier to leakage. Respiratory Care, 56(8), pp. 1213—4.

Flanagan, P., Findlay, J., lonescu, M., Barnes, R., & Smithies, M. (2000).
The diagnosis of ventilator-associated pneumonia using non-bronchoscopic,
non-directed lung lavages

Fleissig, Y., Reichenberg, E., Redlich, M., Zaks, B., Deutsch, O., Aframian, D
& Palmon, A. (2010). Comparative proteomic analysis of human oral fluids
according to gender and age. Oral Diseases, 16, pp. 831-838.

Flink, H., Tegelberg, A & Lagerlof, F., (2005). Influence of the time of
measurement of unstimulated human whole saliva on the diagnosis of
hyposalivation. Archives of Oral Biology, 50, pp. 553-559.

Fourrier, F., Duvivier, B., Herve, B., Micheline, R., & Claude, C. (1998).
Colonization of dental plaque: a source of nosocomial infections in intensive
care unit patients. Critical care medicine, 26(2), pp. 301-308.

Fricks-Lima, J., Hendrickson, C., Allgaier, M., Zhuo, H., Wiener-Kronish, J.,
Lynch, S., & Yang, K. (2011). Differences in biofilm formation and
antimicrobial resistance of Pseudomonas aeruginosa isolated from airways
of mechanically ventilated patients and cystic fibrosis patients. International
Journal of Antimicrobial Agents, 37(4), pp. 309-315.

Fuente-Nufiez, C., Reffuveille, F., Fernandez, L., & Hancock, R. (2013).
Bacterial biofilm development as a multicellular adaptation: antibiotic
resistance and new therapeutic strategies. Current opinion in microbiology,
16(5), pp. 580-589.

Fujita, S., Senda, Y. & Nakaguchi, S., (2001). Multiplex PCR Using Internal
Transcribed Spacer 1 and 2 Regions for Rapid Detection and Identification of
Yeast Strains. Society, 39(10), pp. 3617-3622.

Galimanas, V., Hall, M., Singh, N., Lynch, M., Goldberg, M., Tenenbaum, H.,
Cvitkovitch, D., Neufeld, J & Senadheera, D. (2014). Bacterial community
composition of chronic periodontitis and novel oral sampling sites for
detecting disease indicators. Microbiome, 2(32), pp.1-13.

Gallagher, J. (2012). Implementation of Ventilator-Associated Pneumonia
Clinical Guideline. The Journal for Nurse Practitioners, 8(5), pp. 377-382.

Galloway, W., Hodgkinson, J., Bowden, S., Welch, M., & Spring, D. (2012).

Applications of small molecule activators and inhibitors of quorum sensing in
Gram-negative bacteria. Trends in Microbiology, 20(9), pp. 449-58.

300



Gantner, B., Simmons, R., & Underhill, D. (2005). Dectin-1 mediates
macrophage recognition of Candida albicans yeast but not filaments. The
EMBO Journal, 24(6), pp. 1277-86.

Garrett, T., Bhakoo, M., & Zhang, Z. (2008). Bacterial adhesion and biofilms
on surfaces. Progress in Natural Science, 18, pp. 1049—1056.

Garrouste-Orgeas, M., Chevret, S., Arlet, G., Marie, O., Rouveau, M., Popoff,
N., & Schlemmer, B. (1997). Oropharyngeal or gastric colonization and
nosocomial pneumonia in adult intensive care unit patients. A prospective
study based on genomic DNA analysis. American Journal of Respiratory and
Critical Care Medicine, 156(5), pp. 1647-55.

Gemmell, E. & Seymour, G., (1998). Cytokine Profiles of Cells Extracted
from Humans with Periodontal Diseases. Journal of Dental Research, 77(1),
pp.16-26.

Gharahdaghi, F., Weinberg, C., Meagher, D., Imai, B & Mische, S. (1999).
Mass spectrometric identification of proteins from silver-stained
polyacrylamide gel: a method for the removal of silver ions to enhance
sensitivity. Electrophoresis, 20, pp. 601-605.

Giard, M., Lepape, A., Allaouchiche, B., Guerin, C., Lehot, J.-J., Robert, M.-
O., Fournier, G., Jacques, D., Chassard, D., Gueugniaurd, P-Y., Artru, F.,
Petit, P., Robert, D., Mohammedi, |., Girard, R., Cetre, J-C., Nicolle, M.,
Grando, J., Fabry, J & Vanhems, P. (2008). Early- and late-onset ventilator-
associated pneumonia acquired in the intensive care unit: comparison of risk
factors. Journal of Critical Care, 23(1), pp. 27-33.

Gibbs, K., & Holzman, |. (2012). Endotracheal tube: friend or foe? Bacteria,
the endotracheal tube, and the impact of colonization and infection. Seminars
in Perinatology, 36(6), pp. 454—61.

Gibson, J., Sood, A. & Hogan, D.A., (2009). Pseudomonas aeruginosa -
Candida albicans Interactions: Localization and Fungal Toxicity of a
Phenazine Derivative, Applied and Environmental Microbiology, 75(2), pp.
504 - 513.

Giedraitiene, A. (2011). Antibiotic Resistance Mechanisms of Clinically
Important Bacteria. Medicina-Lithuania, 47(3), pp. 137—146.

Gil-Perotin, S., Ramirez, P., Marti, V., Sahuquillo, J., Gonzalez, E., Calleja, .,
Menendez, R., & Bonastre, J. (2012). Implications of endotracheal tube
biofilm in ventilator-associated pneumonia response: a state of concept.
Critical Care, 16(3), R93.

Ginsburg, |., Koren, E., Shalish, M., Kanner, J., & Koehn, R. (2012). Saliva
increases the availability of lipophilic polyphenols as antioxidants and

301



enhances their retention in the oral cavity. Archives of oral biology, 57(10),
pp. 1327-34.

Gjaltema, A., Vinke, J., van Loosdrecht, M., & Heijnen, J. (1997). Biofilm
abrasion by particle collisions in airlift reactors. Water Science & Technology,
36(1) pp. 221- 228.

Gmur, C., Iraini, S., Attin, T., Menghini, G., & Schmidlin, P. (2013). Science
Survey on Oral Hygiene Measures for Intubated Patients in Swiss Intensive
Care Units. Schweiz Monatsschr Zahnmed, 123(5), pp. 394-401.

Gomes-Filho, I., Passos, J., & Seixas da Cruz, S. (2010). Respiratory
disease and the role of oral bacteria. Journal of Oral Microbiology, 2, pp. 1-6.

Gorman, S., McGovern, J., Woolfson, A., Adair, C., & Jones, D. (2001). The
concomitant development of poly(vinly chloride)-related biofilm and
antimicrobial resistance in relation to ventilator-associated pneumonia.
Biomaterials, 22, pp. 2741- 2747 .

Gorr, S.-U., & Abdolhosseini, M. (2011). Antimicrobial peptides and
periodontal disease. Journal of Clinical Periodontology, 38 Suppl 1, pp. 126—
41.

Grap, M., Munro, C., Hamilton, V., Elswick, R., Sessler, C., & Ward, K.
(2011). Early, single chlorhexidine application reduces ventilator-associated
pneumonia in trauma patients. Heart & Lung: The Journal of Critical Care,
40(5), pp. 115-22.

Gristina, A, G., and Costerton, J. W. (1985). Bacterial adherence to
biomaterials and tissue. The significance of its role in clinical sepsis.
J Bone Joint Surg Am, 67 (2) pp. 264 -273.

Guggenheim, B., Giertsen, E., Schupbach, P., Shapiro, S. (2001). Validation
of an in vitro biofilm model of supragingival plaque. Journal of dental
research, 80, pp. 363-370.

Halan, B., Buehler, K., & Schmid, A. (2012). Biofilms as living catalysts in
continuous chemical syntheses. Trends in Biotechnology, 30(9), pp. 453—65.

Hamilton, V., & Grap, M. (2012). The role of the endotracheal tube cuff in
microaspiration. Heart & Lung : The Journal of Critical Care, 41(2), pp. 167—
72.

Harriott, M. & Noverr, M., 2011. Importance of Candida-bacterial
polymicrobial biofilms in disease. Trends in microbiology, 19(11), pp. 557-63.

He, Z., Wang, Q., Hu, Y., Liang, J., Jiang, Y., Ma, R., Tang, Z., Huang, Z.
(2012). Use of the quorum sensing inhibitor furanone C-30 to interfere with

302



biofilm formation by Strepfococcus mutans and its luxS mutant strain.
International Journal of Antimicrobial Agents, 40(1), pp. 30-35.

Heck, K. (2012). Decreasing ventilator-associated pneumonia in the intensive
care unit: A sustainable comprehensive quality improvement program.
American Journal of Infection Control, 40(9), pp. 877-879.

Hellyer T., Morris A., McAuley D., Walsh T., Anderson N., Singh S., Dark P.,
Roy A., Baudouin S., Wright S., Perkins G., Kefala K., Jeffels M., McMullan
R., O'Kane C., Spencer C., Laha S., Robin N., Gossain S., Gould K.,
Ruchaud-Sparagano M., Scott J, Browne E., Ma, S.. (2015). Diagnostic
accuracy of pulmonary host inflammatory mediators in the exclusion of
ventilator-acquired pneumonia. Thorax, 70(1), pp. 41-47.

Heo, S-M., Haase, E., Lesse, A., Gill, S., & Scannapieco, F. (2008). Genetic
relationships between respiratory pathogens isolated from dental plaque and
bronchoalveolar lavage fluid from patients in the intensive care unit
undergoing mechanical ventilation. Clinical Infectious Diseases, 47(12), pp.
1562-1570.

Heo, S-M., Choi, K-S., Kazim, L., Reddy, M.., Haase, E., Scannapieco, F., &
Ruhl, S. (2013). Host defense proteins derived from human saliva bind to
Staphylococcus aureus. Infection and Immunity, 81(4), pp. 1364-1373.

Hermansson, M. (1999). The DLVO theory in microbial adhesion. Colloids
and Surfaces B: Biointerfaces, 14(1-4), pp. 105-119.

Hicks, J., Garcia-Godoy, F., & Flaitz, C. (2003). Biological factors in dental
caries: role of saliva and dental plaque in the dynamic process of
demineralization and remineralization (part 1). Journal of Clinical Peadiatric
Dentistry, 28(1) pp. 47- 52.

Hill, K., Malic, S., McKee, R., Rennison, T., Harding, K., Williams, D., &
Thomas, D. (2010). An in vitro model of chronic wound biofilms to test wound
dressings and assess antimicrobial susceptibilities. The Journal of
Antimicrobial Chemotherapy, 65(6), pp. 1195-1206.

Hgiby, N., Krogh, H., Moser, C., Song, Z., Ciofu, O., & Kharazmi, A. (2001).
Pseudomonas aeruginosa and the in vitro and in vivo biofilm mode of growth.
Microbes and Infection / Institut Pasteur, 3(1), pp. 23-35.

Hojo, K., Nagaoka, S., Ohshima, T., & Maeda, N. (2009). Bacterial
interactions in dental biofilm development. Journal of Dental Research,
88(11), pp. 982-990.

Hooper, S., Lewis, M., Wilson, M., & Williams, D. (2011). Antimicrobial

activity of Citrox bioflavonoid preparations against oral microorganisms.
British Dental Journal, 210(1), p.E22.

303



Hope, C., Bakht, K., Burnside, G., Martin, G., Burnett, G., Josselin de Jong,
E., Higham, S. (2012). Reducing the variability between constant-depth film
fermenter experiments when modelling oral biofilm. Journal of Applied
Microbiology, 113, pp. 601-608.

Huang, C-M. (2004). Comparative proteomic analysis of human whole saliva.
Archives of Oral Biology, 49(12), pp. 951-962.

Huck, O., Tenenbaum, H., & Davideau, J-L. (2011). Relationship between
Periodontal Diseases and Preterm Birth: Recent Epidemiological and
Biological Data. Journal of Pregnancy, 2011, pp. 1-8.

Humphrey, S., & Williamson. (2001). A review of saliva: normal composition,
flow, and function. The Journal of Prosthetic Dentistry, 85(2), pp. 162-9.

Hunter, J. (2006). Ventilator associated pneumonia. Postgraduate Medical
Journal, 82(965), pp. 172-8.

Hutchins, K., Karras, G., Erwin, J., & Sullivan, K.. (2009). Ventilator-
associated pneumonia and oral care: a successful quality improvement
project. American Journal of Infection Control, 37(7), pp. 590-7.

llie, O., van Loosdrecht, M., & Picioreanu, C., (2012). Mathematical
modelling of tooth demineralisation and pH profiles in dental plaque. Journal
of Theoretical Biology, 309, pp.159-75.

Jackson, S-R., Ernst, N., Mueller, E., & Butler, K. (2008). Utility of bilateral
bronchoalveolar lavage for the diagnosis of ventilator-associated pneumonia
in critically ill surgical patients. American Journal of Surgery, 195(2), pp. 159—
63.

Jagr, M., Eckhardt, A., Pataridis, S., Broukal, Z., Duskova, J Miksik, I.
(2014). Proteomics of human teeth and saliva. Physiological Research, 63
(1), pp. 141-54.

Jakubovics, N. & Kolenbrander, P., 2010. The road to ruin: the formation of
disease-associated oral biofilms. Oral diseases, 16(8), pp. 729-39.

Jehmlich, N., Dinh, K., Gesell-Salazar, M., Hammer, E., Steil, L., Dhople, V.,
Schurmann, C., Holtfreter, B., Hocher, T., & Volker, U. (2013). Quantitative
analysis of the intra- and inter-subject variability of the whole salivary
proteome. Journal of Periodontal Research, 48(3), pp. 392—403.

Jenkinson, H. & Lamont, R., 2005. Oral microbial communities in sickness
and in health. Trends in microbiology, 13(12), pp. 589-95.

Jessie, K., Pang, W., Rahim, Z., & Hashim, O. (2010). Proteomic analysis of
whole human saliva detects enhanced expression of interleukin-1 receptor

304



antagonist, thioredoxin and lipocalin-1 in cigarette smokers compared to non-
smokers. International Journal of Molecular Sciences, 11(11), pp. 4488—
4505.

Johnson, K., Domb, A., & Johnson, R. (2012). One evidence based protocol
doesn’t fit all: brushing away ventilator associated pneumonia in trauma
patients. Intensive & Critical Care Nursing , 28(5), pp. 280—-287.

Jones, C. (1997). Chlorhexidine: is it still the gold standard? Periodontology
2000, 15, pp. 55-62.

Jones, D., Munro, C, & Grap, M. (2011). Natural history of dental plaque
accumulation in mechanically ventilated adults: a descriptive correlational
study. Intensive & Critical Care Nursing, 27(6), pp. 299-304.

Jones, H., Newton, J., & Bower, E. (2004). A survey of the oral care practices
of intensive care nurses. Intensive & Critical Care Nursing, 20(2), pp. 69-76.

Joseph, N., Sistla, S., Dutta, T., Badhe, A., & Parija, S. (2010). Ventilator-
associated pneumonia: a review. European Journal of Internal Medicine,
21(5), pp. 360-368.

Kalanuria, A., Zai, W., & Mirski, M. (2014). Ventilator-associated pneumonia
in the ICU. Critical Care, 18, p. 208.

Kao, C., & Frazier, W. (1966). Effect of Lactic Acid Bacteria on Growth of
Staphylococcus aureus. American Society for Microbiology, 14 (2), pp. 251-
255.

Kaplan, J. (2010). Biofilm dispersal: mechanisms, clinical implications, and
potential therapeutic uses. Journal of Dental Research, 89(3), pp. 205-18.

Karlsson, T., Turkina, M., Yakymenko, O., Magnusson, K-E., & Vikstrom, E.
(2012). The Pseudomonas aeruginosa N-acylhomoserine lactone quorum
sensing molecules target IQGAP1 and modulate epithelial cell migration.
PLoS Pathogens, 8(10), e1002953.

Katouli, M. (2010). Population structure of gut Escherichia coli and its role in
development of extra-intestinal infections. Iranian Journal of Microbiology, 2,
pp’ 59' 72

Kawamura, Y., & Kamiya, Y. (2012). Metagenomic analysis permitting
identification of the minority bacterial populations in the oral microbiota.
Journal of Oral Biosciences, 54(3), pp. 132-137.

Keijser, B., Zaura, E., Huse, S., van der Vossen, J., Schuren, F., Montijn, R.,
Cate, J., & Crielaard, W. (2008). Pyrosequencing analysis of the Oral
Microflora of healthy adults. Journal of Dental Research, 87(11), pp. 1016—
1020.

305



Keith, E., Podmore, R., Anderson, T., & Murdoch, D. (2006). Characteristics
of Streptococcus pseudopneumoniae Isolated from Purulent Sputum
Samples. Journal of Clinical Microbiology, 44, pp. 923- 927.

Kim, J., Hegde, M., Kim, S., Wood, T., & Jayaraman, A. (2012). A
microfluidic device for high throughput bacterial biofilm studies. Lab on a
Chip, 12(6), pp. 1157—-63.

Kimoto, M., Kishino, M., Yura, Y & Ogawa, Y. (2006). A role of salivary
carbonic anhydrase VI in dental plaque. Archives of Oral Biology, 51, pp.
117-122.

King, P. (2012). Haemophilus influenzae and the lung. Clinical and
Translational Medicine, 1, p.10.

Kinniment, S., Wimpenny, J., Adams, D., & Marsh, P. (1996). Development
of a steady-state oral microbial biof ilrn community using the constant-depth
film ferrnenter. Microbiology, (142), pp. 631-638.

Kjelleberg, S., & Molin, S. (2002). Is there a role for quorum sensing signals
in bacterial biofilms ? Current Opinion in Microbiology, 5(3) pp. 254—258.

Kleiner, G., Marcuzzi, A., Zanin, V., Monasta, L., & Zauli, G. (2013). Cytokine
levels in the serum of healthy subjects. Mediators of inflammation, 2013,
p.434010.

Klepser, M., Ernst, E., Ernst, M., Messer, S., & Pfaller, M. (1998). Evaluation
of endpoints for antifungal susceptibility determinations with LY303366.
Antimicrobial agents and chemotherapy, 42(6), pp. 1387-91.

Klompas, M., Magill, S>, Robicsek, A., Strymrish, J., Kleinman, K., Evans R.,
Lloyd, J., Khan, Y., Yokoe, D., Stenson, K., Samore, M., & Platt, R. (2012).
Objective surveillance definitions for ventilator-associated pneumonia.
Critical Care Medicine, 40(12): 3154-3161.

Klompas, M., Speck, K., Howell, M., Greene, L., & Berenholtz, S. (2014).
Reappraisal of Routine Oral Care With Chlorhexidine Gluconate for Patients
Receiving Mechanical Ventilation. JAMA Internal Medicine, 02215, pp. 1-11.

Koerner, R. (1997). Contribution of endotracheal pathogenesis of ventilator-
associated tubes to the pneumonia, Journal of Hospital Infection, 35, pp. 83—
89.

Kolenbrander, P., Egland, P., Diaz, P., & Palmer, R.. (2005). Genome-

genome interactions: bacterial communities in initial dental plaque. Trends in
Microbiology, 13(1), pp. 11-15.

306



Kolenbrander, P., Jr Palmer, R., Periasamy, S., & Jakubovics, N. (2010).
Oral multispecies biofilm development and the key role of cell-cell distance.
Nature reviews: Microbiology, 8(7), pp. 471-80.

Kollef, M., Afessa, B., Anzueto, A., Veremakis, C., Kerr, K., Margolis, B.,
Craven, D., Roberts, P., Arroliga, A., Hubmayr, R., Restrepo, M., Auguer, W.,
& Schinner, R. (2008). Silver-Coated Endotracheal Tubes and Incidence of
Ventilator-Associated Pneumonia. JAMA, 300, pp. 805- 813.

Kollef, M. (2005). The importance of antimicrobial resistance in hospital-
acquired and ventilator-associated pneumonia. Current Anaesthesia &
Critical Care, 16(4), pp. 209-219.

Kollef, M. (2015). Ventilator-associated Pneumonia Prevention Is It Worth 1t?
American Journal of Respiratory and Critical Care Medicine, 192(1), pp. 5-7.

Korting, H., Lukacs, A., Vogt, N., Urban, J., Ehret, W., & Ruckdeschel, G.
(1992). Influence of the pH-value on the growth of Staphylococcus
epidermidis, Staphylococcus aureus and Propionibacterium acnes in
continuous culture. International Journal of Hygiene and Environmental
Medicine, 193, pp. 78-90.

Krisanaprakornkit, S., Kimball, J., Weinberg, A., Darveau, R., Bainbridge, B.,
& Dale, B. (2000). Inducible Expression of Human [(-Defensin 2 by
Fusobacterium nucleatum in Oral Epithelial Cells: Multiple Signaling
Pathways and Role of Commensal Bacteria in Innate Immunity and the
Epithelial Barrier, Infection and Immunity, 68(5), pp. 2907-2915.

Kusahara, D., Peterlini, M., & Pedreira, M. (2012). Oral care with 0.12%
chlorhexidine for the prevention of ventilator-associated pneumonia in
critically ill children: randomised, controlled and double blind trial.
International Journal of Nursing Studies, 49(11), pp. 1354—63.

LaBauve, A., & Wargo, M. 2012. Growth and Laboratory Maintenance of
Pseudomonas aeruginosa. Curr Protoc Microbiol, 0:6, Unit 6e1, pp. 1-11.

Labeau, S., Van de Vyver, K., Brusselaers, N., Vogelaers, D., & Blot, S.
(2011). Prevention of ventilator-associated pneumonia with oral antiseptics: a
systematic review and meta-analysis. The Lancet Infectious Diseases,
11(11), pp- 845-54.

Lam, O., McGrath, C., Li, L., & Samaranayake, L. (2012). Effectiveness of
oral hygiene interventions against oral and oropharyngeal reservoirs of
aerobic and facultatively anaerobic gram-negative bacilli. American Journal
of Infection Control, 40(2), pp. 175-82.

Lamkin, M,. & Oppenheim, F. (1993). Structural features of salivary function.
Critical Reviews in Oral Biology & Medicine, 4, pp. 251-259.

307



Lamy, E., Costa, A., & Antunes, C. (2012). Electrophoresis. Chapter 4:
Protein Electrophoresis in Saliva Study, Intech Publishers, pp. 63-84.

Lauzier, F., Ruest, A., Cook, D., Dodek, P., Albert, M., Shorr, A., Day, A,
Jiang, X., Heyland, D. (2008). The value of pretest probability and modified
clinical pulmonary infection score to diagnose ventilator-associated
pneumonia. Journal of Critical Care, 23(1), pp. 50-57.

Lavenir, R., Jocktane, D., Laurent, F., Nazaret, S., & Cournoyer, B. (2007).
Improved reliability of Pseudomonas aeruginosa PCR detection by the use of
the species-specific ecfX gene target. Journal of Microbiological Methods,
70, pp. 20- 29.

Laxminarayan, R., Duse, A., Wattal, C., Zaidi, A., Wertheim, H., Sumpradit,
N., Vlieghe, E., Harah, G., Gould, I., Goosens, H., Greko, C., & Cars, O,,
(2013). Antibiotic resistance-the need for global solutions. The Lancet
Infectious Diseases, 13(12), pp. 1057-1098.

Lazar, V. (2011). Quorum sensing in biofilms--how to destroy the bacterial
citadels or their cohesion/power? Anaerobe, 17(6), pp. 280-285.

Lazarevic, V., Whiteson, K., Huse, S., Hernandez, D., Farinelli, L., Osteras,
M., Schrenzal, J., & Francois, P. (2009). Metagenomic study of the oral
microbiota by lllumina high-throughput sequencing. Journal of Microbiological
Methods, 79(3), pp- 266—71.

Lee, Y., Zimmerman, J., Custodio, W., Xiao, Y., Basiri, T., Hatibovic-Kofman,
S., & Siqueira, W. (2013). Proteomic evaluation of acquired enamel pellicle
during in vivo formation. PloS One, 8(7), e67919.

Lefmann, M., Schweickert, B., Buchholz, P., Gébel, U., Ulrichs, T., Seiler, P.,
Theegarten, D., & Moter, A. (2006). Evaluation of peptide nucleic acid-
fluorescence in situ hybridization for identification of clinically relevant
mycobacteria in clinical specimens and tissue sections. Journal of Clinical
Microbiology, 44(10), pp. 3760-7.

Lemaire, S., Tulkens, P., & Van Bambeke, F. (2011). Contrasting effects of
acidic pH on the extracellular and intracellular activities of the anti-gram-
positive  fluoroquinolones  moxifloxacin and delafloxacin  against
Staphylococcus aureus. Antimicrobial Agents and Chemotherapy, 55(2), pp.
649-658.

Li Bassi, G., Fernandez-Barat, L., Saucedo, L., Guinta, V., Marti, J., Ranzani,
0., Xiol, E., Rigol, M., Roca, I., Munoz, L., Luque, N., Esperatti, M., Saco, M.,
Ramirez, J., Vila, J., Ferrer, M., & Torres, A. (2015). Endotracheal tube
biofilm translocation in the lateral Trendelenburg position. Critical Care, 19:59

pp.1-11.

308



Li, L., Ai, Z., Li, L., Zheng, X., & Jie, L. (2015). Can routine oral care with
antiseptics prevent ventilator-associated pneumonia in patients receiving
mechanical ventilation? An update meta-analysis from 17 randomized
controlled trials, International Journal of Clinical and Experimental Medicine
8(2), pp. 1645-1657.

Lin, Q., Fu, F., Shen, L., & Zhu, B. (2013). Pentraxin 3 in the assessment of
ventilator-associated pneumonia: an early marker of severity. Heart & Lung :
The Journal of Critical Care, 42(2), pp. 139-45.

Lindsay, D., & von Holy, A. (2006). Bacterial biofilms within the clinical
setting: what healthcare professionals should know. The Journal of Hospital
Infection, 64(4), pp. 313—-325.

Liu, Z., Xian-Ming, S., & Feng, P (2007). Species-specific diagnostic marker
for rapid identification of Staphylococcus aureus. Diagnostic microbiology
and infectious disease, 59, pp. 379- 382.

Liu, B., Faller, L., Klitgord, N., Mazumdar, V., Ghodsi, M., Sommer, D.,
Gibbons, T., Treangen, T., Chang, Y., Li, S., Stine, O., Hasturk, H., Kasif, S.,
Segre, D., Pop, M., & Amar, S. (2012). Deep sequencing of the oral
microbiome reveals signatures of periodontal disease. PloS One, 7(6),
p.e37919.

Lloyd, T., Frost, P., & Rees, J. (2011). A pilot audit of oral health in
mechanically ventilated critically ill patients, Journal of Disability and Oral
Health, 12(3), pp. 114-120.

Lockhart, P., Brennan, M., Thornhill, M., Michalowicz, B., Noll, J., Bahrani-
Mougeot, F., & Sasser, H. (2009). Poor oral hygiene as a risk factor for
infective endocarditis-related bacteremia. Journal of Americal Dental
Association, 140(10), pp. 1238-1244.

Loesche (1996). Medical Microbiology. 4" Ed. The University of Texas
Medical Branch at Galveston.

Lofmark, S., Edlund, C., & Nord, C. (2010). Metronidazole Is Still the Drug of
Choice for Treatment of Anaerobic Infections. Clinical Infectious Diseases,
50(s1), pp. 16-23.

Lorente, L., Lecuona, M., Jiménez, A., Lorenzo, L., Roca, |., Cabrera, J.,
Llanos, C., & Mora, M. (2014). Continuous endotracheal tube cuff pressure
control system protects against ventilator-associated pneumonia. Critical
Care, 18:R77.

Loyola, W., Custodio, L., Felipe, I., Conchon-Costa, I., Carvalho, P., Quirino,
GS., Silva, L., & Gaziri, L. (2012). Artin M enhances TNF-a production and

309



phagocytosis of Candida albicans mediated by dectin-1 and mannose
receptors. International Inmunopharmacology, 12(2), pp. 378-83.

Lozupone, C. & Knight, R., 2005. UniFrac: a New Phylogenetic Method for
Comparing Microbial Communities. Applied and Environmental Microbiology,
71(12), pp. 8228—-8235.

Lozupone, C., Hamady, M., Kelly, T., & Knight, R. (2007). Quantitative and
qualitative beta diversity measures lead to different insights into factors that
structure microbial communities. Applied and Environmental Microbiology,
73(5), pp. 1576-85.

Lozupone, C. et al., Lladser, M., Knights, D., Stombaugh, J., & Knight, R.
(2011). UniFrac: an effective distance metric for microbial community
comparison. The ISME journal, 5(2), pp. 169-72.

Lundy, F. & Lamey, P., (1995). The recovery of proteolytic activity using the
Salivette system. European journal of clinical chemistry and clinical
biochemistry : European Journal of Clinical Chemistry Societies, 33(7), pp.
443-449.

Luyt, C., Aubry, A., Lu, Q., Micaelo, M., Bréchot, N., Brossier, F., Brisson, H.,
Rouby, J., Trouillet, J., Combes, A., Jarlier, V., & Chastre, J. (2014).
Imipenem, meropenem, or doripenem to treat patients with Pseudomonas
aeruginosa ventilator-associated pneumonia. Antimicrobial Agents and
Chemotherapy, 58(3), pp. 1372—-1380.

Lynch, D., Michalek, S., Zhu, M., Drake, D., Qian, F., & Banas, J. (2013).
Cariogenicity of Streptococcus mutans Glucan-Binding Protein deletion
mutants. Oral Heatlh Dent. Manag, 12(4) pp. 191- 199.

Ma, L., Conover, M., Lu, H., Parsek, M., Bayles, K., & Wozniak, D. (2009).
Assembly and development of the Pseudomonas aeruginosa biofilm matrix.
PLoS Pathogens, 5(3), e1000354.

Magiorakos, A., Srinivasan, A., Carey, R., Carmeli, Y., Falagas, M., Giske,
C., Harbarth, S., Hindler, J., Kahlmeter, B., Olsson-Lijiequist, B., Paterson,
D., Rice, L., Stelling, J., Struelens, M., Vatopoulos, A., Weber, J., & Monnet,
D. (2011). bacteria: an international expert proposal for interim standard
definitions for acquired resistance. Clinical Microbiology and Infection, 18(3),
pp. 268- 281.

Magnotti, L., Croce, M., Zarzaur, B., Swanson, J., Wood, G., Weinberg, J., &
Fabian, T. (2011). Causative pathogen dictates optimal duration of
antimicrobial therapy for ventilator-associated pneumonia in trauma patients.
Journal of the American College of Surgeons, 212(4), pp. 484—486.

310



Majumdar, S., & Padiglione, A. (2012). Nosocomial infections in the intensive
care unit. Anaesthesia & Intensive Care Medicine, 13(5), pp. 204—-208.

Malic, S., Hill, K., Hayes, A., Percival, S., Thomas, D., & Williams, D. (2009).
Detection and identification of specific bacteria in wound biofilms using
peptide nucleic acid fluorescent in situ hybridization (PNA FISH).
Microbiology, 155(8), pp. 2603-2611.

Malic, S., Enamuel, C., Lewis, M., & Williams, D. (2013). Antimicrobial
activity of novel mouthrinses against planktonic cells and biofilms of
pathogenic microorganisms. Microbiology Discovery, 1(1), pp.1-11.

Marra, A., Cal, R., Silva, C., Caserta, R., Paes, A., Moura, D., Santos, O.,
Edmond, M., & Durdo, M. (2009). Successful prevention of ventilator-
associated pneumonia in an intensive care setting. American Journal of
Infection Control, 37(8), pp. 619-25.

Marsh, P. (1994). Microbial ecology of dental plaque and its significance in
health and disease. Advances in Journal Research, 8, pp. 263- 271.

Marsh, P. (2003). Are dental diseases examples of ecological catastrophes?
Microbiology, 149, pp. 279- 294.

Marsh, P. (2006). Dental plaque as a biofilm and a microbial community —
implications for health and disease. BMC Oral Health, 6, S14.

Marsh, P. (2010). Controlling the oral biofilm with antimicrobials. Journal of
Dentistry, 38 (1), pp. 11-15.

Masterton, R., Galloway, A, French, G., Street, M., Armstrong, J., Brown, E.,
Cleverley, J., Dilworth, P., Fry, C., Gascoigne, A., Knox, A., Nathwani, D.,
Spencer, R., & Wilcox, M. (2008). Guidelines for the management of
hospital-acquired pneumonia in the UK: report of the working party on
hospital-acquired pneumonia of the British Society for Antimicrobial
Chemotherapy. The Journal of Antimicrobial Chemotherapy, 62(1), pp. 5-34.

Mata-Gomez, M., Yasui, M., Guerrero-Rangel, A., Valdes-Rodriguez, S., &
Winkler, R. (2012). Accelerated identification of proteins by mass
spectrometry by employing covalent pre-gel staining with Uniblue A. PLoS
One, 7(2), e31438.

McAlester, G., O'Gara, F. & Morrissey, J. (2008). Signal-mediated
interactions between Pseudomonas aeruginosa and Candida albicans.
Journal of Medical Microbiology, 57(5), pp. 563—-569.

McKee, S., McDermid, A., Ellwood, D & Marsh, P. (1985). The establishment

of reproducible, complex communities of oral bacteria in the chemostat using
defined inocula. The Journal of Applied Bacteriology, 59, pp. 263-275.

311



McNeill, K., & Hamilton, I. (2003). Acid tolerance response of biofilm cells of
Streptococcus mutans, FEMS Microbiology Letters, 221, pp. 25-30.

Meéar, J-B., Kipnis, E., Faure, E., Dessein, R., Schurtz, G., Faure, K., &
Guery, B. (2013). Candida albicans and Pseudomonas aeruginosa
interactions: more than an opportunistic criminal association? Médecine et
Maladies Infectieuses, 43(4), pp. 146-51.

Medford, A., Husain, S., Turki, H., & Millar, A. (2009). Diagnosis of ventilator-
associated pneumonia. Journal of Critical Care, 24(3), pp. 1-6.

Medzhitov, R. (2007). Recognition of microorganisms and activation of the
immune response. Nature, 449, pp. 819-826.

Meletis, G., Exindari, M., Vavatsi, N., Sofianou, D., & Diza, E. (2012).
Mechanisms responsible for the emergence of carbapenem resistance in
Pseudomonas aeruginosa. Hippokratia, 16, pp. 303-307.

Melsen W, Rovers, M., Groenwold, R., Bergmans, D., Dennis, C., Camus,
C., Bauer, T., Hanisch, E., Klarin, B., et al. (2013). Attributable mortality of
ventilator-associated pneumonia: a meta-analysis of individual patient data
from randomised prevention studies. Lancet Infectious Diseases, 13(8) pp.
665- 71.

Metwalli, K., Khan, S., Krom, B., Jabra-Rizk, M. (2013). Streptococcus
mutans, Candida albicans, and the Human Mouth: A Sticky Situation. PLoS
Pathogens, 9(10) e1003616.

Miller, M., Arndt, J., Konkle, M., Chenoweth, C., lwashyna, T., Flaherty, K., &
Hyzy, R. (2011). A polyurethane cuffed endotracheal tube is associated with
decreased rates of ventilator-associated pneumonia. Journal of Critical Care,
26(3), pp. 280-286.

Mirani, Z., Aziz, M., Khan, M., Lal, I., Hassan, N., & Khan, S. (2013). Biofilm
formation and dispersal of Staphylococcus aureus under the influence of
oxacillin. Microbial Pathogenesis, 61-62, pp. 66—72.

Mojon, P. (2002). Oral health and respiratory infection. Journal of the
Canadian Dental Association, 68(6), pp. 340-345.

Morales, D., Grahl, N., Okegbe, C., Dietrich, L., Jacobs, N., & Hogan, D.
(2013). Control of Candida albicans Metabolism and Biofilm Formation by
Pseudomonas aeruginosa Phenazines. mBio, 4(1), pp. 1-9.

Morgenroth, E., & Wilderer, P. (2000). Influence of detachment mechanisms
on competition in biofilms. Water Research, 34(2), pp. 417-426.

312



Mori, H., Hirasawa, H., Oda, S., Shiga, H., Matsuda, K., & Nakamura, M.
(2006). Oral care reduces incidence of ventilator-associated pneumonia in
ICU populations. Intensive Care Medicine, 32(2), pp. 230-236.

Mulcahy, L., Isabella, V., & Lewis, K. (2013). Pseudomonas aeruginosa
Biofilms in Disease. Microbial Ecology, 68(1), pp. 1- 12.

Munro, C., & Grap, M. (2004). Oral health and care in the intensive care unit:
state of the science. American Journal of Critical Care, 13(1), pp. 25-34.

Munro, C., Grap, M., Elswick, R., Mckinney, J., Sessler, C., & lii, R. (2006).
Oral Health Status and Development of Ventilator-Associated Pneumonia: A
Descriptive Study. American Journal of Critical Care, 15(5), pp. 453—460.

Munro, C., Grap, M., Jones, D., McClish, D., & Sessler, C. (2009).
Chlorhexidine, toothbrushing, and preventing ventilator-associated
pneumonia in critically ill adults. American Journal of Critical Care 18(5), pp.
428-437.

Munro, N., & Ruggiero, M. (2014). Ventilator-associated pneumonia bundle:
reconstruction for best care. AACN Advanced Critical Care, 25(2), pp. 163—
175.

Murphy, M. (1982). Analyzing and Presenting pH data. Dairy Science, 65, pp.
161-163.

Muscedere, J., Dodek, P., Keenan, S., Fowler, R., Cook, D., & Heyland, D.
(2008). Comprehensive evidence-based clinical practice guidelines for
ventilator-associated pneumonia: diagnosis and treatment. Journal of Critical
Care, 23(1), pp. 138— 147.

Muszanska, A., Nejadnik, M., Chen, Y., van den Heuvel, E., Busscher, H.,
van der Mei, H., & Norde, W. (2012). Bacterial adhesion forces with
substratum surfaces and the susceptibility of biofiims to antibiotics.
Antimicrobial Agents and Chemotherapy, 56(9), pp. 4961— 4964.

Nadeem, S., Shafiq, A., Hakim, S., Anjum, Y., & Kazm, S. (2013). Effect of
Growth Media, pH and Temperature on Yeast to Hyphal Transition in
Candida albicans. Open Journal of Medical Microbiology, 03, pp. 185-192.

Naglik, J., Moyes, D., Wachtler, B., & Hube, B. (2011). Candida albicans
interactions with epithelial cells and mucosal immunity. Microbes and
infection, 13, pp. 963— 976.

Nair, N., Biswas, R., Gotz, F., & Biswas, L. (2014). Impact of Staphylococcus

aureus on Pathogenesis in Polymicrobial Infections. Infection and Immunity,
82(6), pp. 21620 - 2169.

313



Needleman, |., Hirsch, N., Leemans, M., Moles, D., Wilson, M., Ready, D.,
Ismail, S., Ciric, L., Shaw, M., Smith, M., Garner, A., & Wilson, S. (2011).
Randomized controlled trial of toothbrushing to reduce ventilator-associated
pneumonia pathogens and dental plaque in a critical care unit. Journal of
Clinical Periodontology, 38(3), pp. 246— 252.

Neto, C., Ramos, P., Sant'ana A., & Passanezi, E. (2011). Oral health status
among hospitalized patients. International Journal of Dental Hygiene, 9(1),
pp. 21-29.

NHSN. (2015). National Healthcare Safety Network (NHSN)VAE Protocol -
April  2015. http://www.cdc.gov/nhsn/PDFs/vae/Draft-Ventilator-Associate-
Event-Protocol v6.pdf [Accessed 19th May, 2016).

Nicasio, A., Eagye, K., Nicolau, D., Shore, E., Palter, M., Pepe, J., & Kuti, J.
(2010). Pharmacodynamic-based clinical pathway for empiric antibiotic
choice in patients with ventilator-associated pneumonia. Journal of Critical
Care, 25(1), pp. 69-77.

Niazi, S., Al-Ali, W., Patel, S., Foschi, F., & Mannocci, F. (2015). Synergistic
effect of 2% chlorhexidine combined with proteolytic enzymes on biofilm
disruption and killing. International Endodontic Journal, 48, pp. 1157-1167.

Nutilla, J., Hohenthal, U., Laitinen, 1., Kotilainen, P., Rajamaki, A,
Nikoskelainen, J., & Lilius, E. (2006). CR1/CD35 in human neutrophils as a
marker of bacterial pneumonia. Pneumonia, CLi.

O'Reilly, M. (2003). Oral care of the critically ill: a review of the literature and
guidelines for practice. Australian Critical Care, 16(3), pp. 101— 110.

O’Sullivan, J., Jenkinson, H. & Cannon, R., (2000). Adhesion of Candida
albicans to oral streptococci is promoted by selective adsorption of salivary
proteins to the streptococcal cell surface. Microbiology, 146, pp. 41-48.

O'Toole, G., & Kolter, R. (1998). Flagellar and twitching motility are
necessary for Pseudomonas aeruginosa biofilm development. Molecular
Microbiology, 30(2), pp. 295-304.

O'Toole, G., Kaplan, H., & Kolter, R. (2000). Biofilm Formation as Microbial
Development. Annu. Rev. Microbiol. 54, pp. 49-79.

Ohara-Nemoto, Y., Haraga, H., Kimura, S., & Nemoto, T. (2008). Occurrence
of staphylococci in the oral cavities of healthy adults and nasal oral trafficking
of the bacteria. Journal of Medical Microbiology, 57(1), pp. 95-99.

Okuda, T., Kokubu, E., Kawana, T., Saito, A., Okuda, K., & Ishihara, K.

(2012). Synergy in biofilm formation between Fusobacterium nucleatum and
Prevotella species. Anaerobe, 18(1), pp. 110-116.

314



Oostdijk, E., de Wit, G., Bakker, M., de Smet, A., & Bonten, M. (2013).
Selective decontamination of the digestive tract and selective oropharyngeal
decontamination in intensive care unit patients: a cost-effectiveness analysis.
BMJ Open, 3, e002529.

Otto, M. (2008). Staphylococcal Biofilms. Curr Top Microbiol Immunol, 322,
pp. 207- 228.

Pacheco, A., & Sperandio, V. (2009). Inter-kingdom signaling: chemical
language between bacteria and host. Current Opinion in Microbiology, 12(2),
pp. 192-8.

Pai, H., Kim, J., Kim, J., Lee, J., & Lee, J. (2001). Carbapenem Resistance
Mechanisms in Pseudomonas aeruginosa Clinical Isolates. Antimicrobial
Agents and Chemotherapy, 45(2) pp. 480- 484.

Paju, S., & Scannapieco, F. (2007). Oral biofilms, periodontitis and
pulmonary infections. Oral Dis, 13(6), pp. 508-513.

Pajukoski, H., Meurman, J., Halonen, P., & Sulkava, R. (2002). Prevalence of
subjective dry mouth and burning mouth in hospitalized elderly patients and
outpatients in relation to saliva, medication, and systemic diseases. Oral
Surgery, Oral Medicine, Oral Pathology, 6, pp. 213-227.

Palmer, R., (2014). Composition and development of oral bacterial
communities. Periodontology 2000, 64(1), pp. 20-39.

Palazzo, S., Simpson, T., & Schnapp, L. (2011). Biomarkers for ventilator-
associated pneumonia: review of the literature. Heart & Lung : The Journal of
Critical Care, 40(4), pp. 293—-298.

Parker, C., Kutsogiannis, J., Muscedere, J., Cook, D., Dodek, P., Day, A., &
Heyland, D. (2008). Ventilator-associated pneumonia caused by multidrug-
resistant organisms or Pseudomonas aeruginosa: prevalence, incidence, risk
factors, and outcomes. Journal of Critical Care, 23(1), pp. 18-26.

Parks, D., & Beiko, R. (2010). Identifying biologically relevant differences
between metagenomic communities. Bioinformatics, 26(6), pp. 715-721.

Pearson, L., & Hutton, J. (2002). A controlled trial to compare the ability of
foam swabs and toothbrushes to remove dental plaque. Journal of Advanced
Nursing, 39(5), pp. 480—489.

Periasamy, S., Joo, H-S., Duong, A., Bach, T., Tan, V., Chatterjee, S.,
Cheung, G., & Otto, M. (2012). How Staphylococcus aureus biofilms develop
their characteristic structure. Proceedings of the National Academy of
Sciences, 109(4), pp. 1281—- 1286.

315



Perkins, S., Woeltje, K., & Angenent, L. (2010). Endotracheal tube biofilm
inoculation of oral flora and subsequent colonization of opportunistic
pathogens. International Journal of Medical Microbiology, 300(7), pp. 503—
11.

Perry-O’Keefe, H., Rigby, S., Oliveira, K., Sarensen, D., Stender, H., Coull,
J., & Hyldig-Nielsen, J. (2001). Identification of indicator microorganisms
using a standardized PNA FISH method. Journal of Microbiological Methods,
47(3), pp. 281—292.

Petersen, P., Bourgeois, D., Ogawa, H., Estupinan-day, S., & Ndiaye, C.
(2005). Policy and Practice The global burden of oral diseases and risks to
oral health. Bulletin of the World Health Organization, 83(05), pp. 661-669.

Peyyala, R., Kirakodu, S., Novak, K., & Ebersole, J. (2012). Oral microbial
biofilm stimulation of epithelial cell responses. Cytokine, 58(1), pp.65—72

Peyyala, R. & Ebersole, J., (2013). Multispecies biofilms and host responses:
“discriminating the trees from the forest”. Cytokine, 61(1), pp. 15-25.

Pfaffe, T., Cooper-White, J., Beyerlein, P., Kostner, K., & Punyadeera, C.
(2011). Diagnostic potential of saliva: current state and future applications.
Clinical Chemistry, 57(5), pp. 675— 687.

Pineda, L., Saliba, R., & El Solh, A. (2006). Effect of oral decontamination
with chlorhexidine on the incidence of nosocomial pneumonia: a meta-
analysis. Critical Care, 10(1), R35.

Pitout, J., Gregson, D., Poirel, L., McClure, J-A., Le, P., & Church, D. (2005).
Detection of Pseudomonas aeruginosa Producing Metallo. Journal of Clinical
Microbiology, 43(7), pp. 3129-3135.

Prasanthi, B., Kannan, N. & Patil, R. (2014). Effect of Diuretics on Salivary
Flow, Composition and Oral Health Status- A Clinico-biochemical Study. Ann
Med Health Sci Res. 4(4), pp. 549-553.

Prendergast, V., Kleiman, C., & King, M. (2013). The Bedside Oral Exam and
the Barrow Oral Care Protocol: translating evidence-based oral care into
practice. Intensive & Critical Care Nursing, 29(5), pp. 282-90.

Preshaw, P., Alba, A., Herrera, D., Jepsen, S., Konstantinidis, A., Makrilakis,
K., & Taylor, R. (2012). Periodontitis and diabetes: a two-way relationship.
Diabetologia, 55(1), pp. 21-31.

Pugin, J., Auckenthaler, R., Mili, N., Janssens, J., Lew, P., & Suter, P.

(1991). Diagnosis of ventilator-associated pneumonia by bacteriologic
analysis of bronchoscopic and nonbronchoscopic “blind” bronchoalveolar

316



lavage fluid. The American Review of Respiratory Disease, 143(5), pp.
1121-1129.

Raad, |., Mohamed, J., Reitzel, R., Jiang, Y., Dvorak, T., Ghannoum, M,
Hachem, R., & Chaftari, A-M. (2011). The prevention of biofilm colonization
by multidrug-resistant pathogens that cause ventilator-associated pneumonia
with antimicrobial-coated endotracheal tubes. Biomaterials, 32(11), pp.
2689-2694.

Raghavendran, K., Mylotte,, J & and Scannapieco, F. (2000) Nursing home-
associated pneumonia, hospital-acquired pneumonia and ventilator-
associated pneumonia: the contribution of dental biofilms and periodontal
inflammation. Periodontol, 44, pp. 164- 177.

Rai, A., Naikmasur, V., & Kumar, A. Oral Health Status in Hospitalized
Patients — A Cross Sectional Study. Journal of Advancement in Medical and
Life Sciences, 3(3), pp- 1- 5.

Reid, G. (1999). Biofilms in infectious disease and on medical devices.
International Journal of Antimicrobial Agents, 11(4), pp. 223-9.

Reimann, T., Buscher, D., Hipskind, R., Krautwald, S., Lohmann-Matthes,
M., & Baccarini, M. (1994). Lipopolysaccharide induces activation of the Raf-
1/MAP kinase pathway: A putative role for Raf-1 in the induction of the IL-1
beta and the TNF-alpha genes. Journal of immunology, 153, pp. 5740-5749.

Rello, J., Koulenti, D., Blot, S., Sierra, R., Diaz, E., Waele, J., Macor, A.,
Agbaht, K., & Rodriguez, A. (2007). Oral care practices in intensive care
units: a survey of 59 European ICUs. Intensive care medicine, 33(6), pp.
1066-1070.

Rello, J., Chastre, J., Cornaglia, G., & Masterton, R. (2011). A European care
bundle for management of ventilator-associated pneumonia. Journal of
Critical Care, 26(1), pp. 3—10.

Rengaraj, R., Mariappan, S., Sekar, U., & Kamalanadhan, A. (2016).
Detection of Vancomycin Resitance among Enterococcus faecalis and
Staphylococcus aureus. Journal of Clinical Diagnostic Research 10(2):
DC04-DCO06.

Rickard, A., Gilbert, P., High, N., Kolenbrander, P., & Handley, P. (2003).
Bacterial coaggregation: an integral process in the development of multi-
species biofilms. Trends in Microbiology, 11(2), pp. 94—100.

Ritz, H., Laboratories, M., Procter, T., & Company, G. (1967). Microbial

population shifts in developing human dental plaque. Archives of Oral
Biology, 12(12), pp. 1561-1568 .

317



Robinson, C., Strafford, S., Rees, G., Brookes, S., Kirkham, J., Shore, R.,
Watson, P., & Wood, S. (2006). Plaque biofilms: the effect of chemical
environment on natural human plaque biofilm architecture. Archives of oral
biology, 51(11), pp. 1006-1014.

Rodriguez, F., Bolibar, I., Serra-Prat, M., Palomera, E., Ballester, V., &
Almirall, J. (2014). Poor Oral Health as Risk Factor for Community-Acquired
Pneumonia. J Pulm Respir Med 4:203

Rogers, H., Wei, X-Q., Lewis, M., Patel, V., Rees, J., Walker, R., Maggio, B.,
Gupta, A., & Williams, D. (2013). Immune Response and Candidal
Colonisation in Denture Associated Stomatitis. Journal of Clinical & Cellular
Immunology, 04(06) e1000178 pp. 1-7.

Romling, U. & Balsalobre, C., 2012. Biofilm infections, their resilience to
therapy and innovative treatment strategies. Journal of Internal Medicine,
272, pp. 541-561.

Roux, D. et al., Gaudry, S., Khoy-Ear, L., Aloulou, M., Phillips-Houlbracq, M.,
Bex, J., Skurnik, D., Denamur, E., Monteiro, R., Dreyfuss, D., & Ricard, J-D.
(2013). Airway fungal colonization compromises the immune system allowing
bacterial pneumonia to prevail. Critical care medicine, 41(9), pp. €e191-199.

Rosan, B., & Lamont, R. (2000). Dental plaque formation. Microbes and
Infection 2(13), pp. 1599-1607.

Rudney, D., Krig, M., Neuvar, E., & Soberay, A. (1991). Antimicrobial
proteins in human unstimulated whole saliva in relation to each other, and to
measures of health status, dental plaque accumulation and composition.
Archives of Oral Biology, 36(7), pp. 497-506.

Rudney, J., Krig, M., & Neuvar, E.. (1993). Longitudinal study of relations
between human salivary antimicrobial proteins and measures of dental
plague accumulation and composition. Archives of Oral Biology, 38(5), pp.
377-86.

Rudney, J.. (2000). Saliva and dental plaque. Advances in Dental Research,
14(14), pp. 29-39.

Rudney, J., Pan, Y. & Chen, R., 2003. Streptococcal diversity in oral biofiims
with respect to salivary function. Archives of Oral Biology, 48(7), pp. 475—
493.

Sachdev, M., Ready, D., Brealey, D., Ryu, J., Bercades, G., Nagle, J., Borja-
Boluda, S., Agudo, E., Petrie, A.,, Suvan J., Donos, N., Singer, M., &
Needleman, I. (2013). Changes in dental plaque following hospitalisation in a
critical care unit: an observational study. Critical Care 17(5), R189.

318



Safdar, N., Crnich, C., & Maki, D. (2005). The pathogenesis of ventilator-
associated pneumonia: its relevance to developing effective strategies for
prevention. Respiratory Care, 50(6), pp. 725-741.

Sandros, J., Karlsson, C., Lappin, D., Madianos, P., Kinane, D., &
Papapanou, P. (2000). Cytokine Responses of Oral Epithelial Cells to
Porphyromonas gingivalis Infection. Journal of Dental Research, 79(10), pp.
1808-1814.

Sands, K., Williams, D., Wilson, M., Lewis, M., Marsh, L., & Wise, M. (2014).
Mechanisms of Augmented Growth of Pseudomonas aeruginosa Mediated
by Candida albicans. Critical Care Medicine, 42(3), p.e256.

Sands, K., Williams, D., Wilson, M., Lewis, M., Twigg, J., & Wise, M. (2014).
Oral hygiene in the critically ill. British Journal of Intensive Care, 24(2) pp.
78-82.

Sato, S., & Kiyono, H. (2012). The mucosal immune system of the respiratory
tract. Current Opinion in Virology, 2(3), pp. 225-32.

Sauer, K., Camper, A., Ehrlich, G., Costerton, W., & Davies, D. (2002).
Pseudomonas aeruginosa Displays Multiple Phenotypes during Development
as a Biofilm. Journal of Bacteriology, 184(4), pp. 1140-1154.

Scannapieco, F., Stewart, E., & Mylotte, J. (1992). Colonization of dental
plaque by respiratory pathogens in medical intensive care patients. Critical
Care Medicine, 20(6) pp. 740-745.

Scannapieco, F., Torres, G. & Levine, M., (1993). Salivary alpha-Amylase:
Role in Dental Plaque and Caries Formation. Critical Reviews in Oral Biology
and Medicine, 4(3/4), pp. 301-307.

Scannapieco, F., Yu, J., Raghavendran, K., Vacanti, A., Owens, S., Wood,
K., & Mylotte, J. (2009). A randomized trial of chlorhexidine gluconate on oral
bacterial pathogens in mechanically ventilated patients. Critical Care, 13(4),
R117.

Scannapieco, F., & Binkley, C. (2012). Modest reduction in risk for ventilator-
associated pneumonia in critically ill patients receiving mechanical ventilation
following topical oral chlorhexidine. The Journal of Evidence-Based Dental
Practice, 12(2), pp. 103—-106.

Scarano, E., Fiorita, A., Picciotti, P., Passali, G., Calo, L., Cabras, T., Inzitari,
R., Fanali, C., Messana, |., Castagnola, M., & Paludetti, G. (2010).
Proteomics of saliva: personal experience. Acta Otorhinolaryngologica
Italica, 30(3), pp. 125-30.

319



Schipper, R., Silletti, E., & Vingerhoeds, M. (2007). Saliva as research
material: biochemical, physicochemical and practical aspects. Archives of
Oral Biology, 52(12), pp. 1114-1135.

Schloss, P., Westcott, S., Ryabin, T., Hall, J., Hartmann, M., Hollister, E.,
Lesniewski, R., Oakley, B., Parks, D., Robinson, C., Sahl, J., Stres, B.,
Thallinger, G., Horn, D., & Weber, C. (2009). Introducing mothur: open-
source, platform-independent, community-supported software for describing
and comparing microbial communities. Applied and Environmental
Microbiology, 75(23), pp. 7537—-7541.

Schmidt, A., Forne, |. & Imhof, A., (2014). Bioinformatic analysis of
proteomics data. BMC systems Biology, 8 (2), p.S3.

Schuster, S. (2008). Next-generation sequencing transforms today’s biology.
Nature methods, 5(1), pp.16—18.

Schwartz, S., (1995). Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis of Human Whole Saliva. Archives of Oral Biology, 40(10),
pp. 949-958.

Seguin, P., Laviolle, B., Dahyot-Fizelier, C., Dumont, R., Veber, B., Gergaud,
S., Asehnoune, K., Mimoz, O., Donnio, P-Y., Bellissant, E., & Malledant, Y.
(2014). Effect of Oropharyngeal Povidone-lodine Preventive Oral Care on
Ventilator-Associated Pneumonia in Severely Brain-Injured or Cerebral
Hemorrhage Patients: a Multicenter, Randomized Controlled Trial. Critical
Care Medicine, 42(1), pp. 1-8.

Sekine, S., Kataoka, K., Tanaka, M., Nagata, H., Kawakami, T., Akaji, K.,
Aimoto, S., & Shizukuishi, S. (2004). Active domains of salivary statherin on
apatitic surfaces for binding to Fusobacterium nucleatum cells. Microbiology,
150(7), pp- 2373-2379.

Shen, H., Jiang, J., & Wong, D. (2010). Proteomic Analysis of Saliva: 2D Gel
Electrophoresis, LC-MS/MS, and Western Blotting. Methods Mol Biol.,
666(14), pp. 1-9.

Shi, Z., Xie, H., Wang, P., Zhang, Q., Wu, Y., Chen, E., Ng, L., Worthington,
H., Needleman, I., & Furness, S. (2013). Oral hygiene care for critically ill
patients to prevent ventilator-associated pneumonia. The Cochrane
Collaboration, (8) pp. 1-97.

Shinkai, M., Henke, M., & Rubin, B. (2008). Macrolide Antibiotics as
Immunomodulatory Medications: Proposed Mechanisms of Action.
Pharmacology and Therapeutics, 117, pp. 393—405.

Shinozaki, S., Moriyama, M., Hayashida, J., Tanaka, A., Maehara, T., Leda,
S., & Nakamura, S. (2012). Close association between oral Candida species

320



and oral mucosal disorders in patients with xerostomia. Oral Dis, 18(7), pp.
667-72.

Shinzato, T., & Saito, A. (1995). The Streptococcus milleri group as a cause
of pulmonary infections. Clinical Infectious Diseases, 21, pp. S238- 243.

Ship, J. & Fischer, D., (1997). The relationship between dehydration and
parotid salivary gland function in young and older healthy adults. The
Journals of Gerontology, 52(5), pp. 310-319.

Silva, J. (1996). Mechanisms of Antibiotic Resistance. Current Therapeutic
Research, 57(13), pp. 30-35.

Silva, B., Freitas, V., Nascimento-Neto, L., Carneiro, V., Arruda, F., Walter de
Aguiar, A., Cavada, B., & Teixeira, E. (2012). Antimicrobial peptide control of
pathogenic microorganisms of the oral cavity: a review of the literature.
Peptides, 36(2), pp. 315-321.

Silvestri, L., & van Saene, H. (2012). Selective decontamination of the
digestive tract: an update of the evidence. HSR Proceedings in Intensive
Care and Cardiovascular Anesthesia, 4(1), pp. 21-29.

Silvestri, L., Weir, |., Gregori, D., Taylor, N., Zandstra, D., Van Saene, J., &
Van Saene, H. (2014). Effectiveness of oral chlorhexidine on nosocomial
pneumonia, causative microorganisms and mortality in critically ill patients: a
systematic review and meta-analysis. Minerva Anestesiologica, 80(7), pp.
805-820.

Sitkovsky, M., & Ohta, A. (2005). The “danger” sensors that STOP the
immune response: The A2 adenosine receptors? Trends in Immunology,
26(6), pp. 299-304

Smith, A, Jackson, M., & Bagg, J. (2001). The ecology of Staphylococcus
species in the oral cavity. Journal of Medical Microbiology, 50(11), pp. 940—
946.

Smith, K., Robertson, D., Lappin, D., & Ramage, G. (2013). Commercial
mouthwashes are ineffective against oral MRSA biofilms. Oral Surgery, Oral
Medicine, Oral Pathology and Oral Radiology, 115(5), pp. 624—-629.

Smola, S., Rettenberger, G., Simmet, T., & Burysek, L. (2003). Comparison
of sample collection methods for the PCR detection of oral anaerobic
pathogens. Letters in Applied Microbiology, 36(2), pp. 101-105.

Somal, J., & Darby, J. (2006) Gingival and plaque decontamination: Can we
take a bite out of VAP? Critical Care, 10:312

321



Stacy, A., Diggle, S., & Whiteley, M. (2012). Rules of engagement: defining
bacterial communication. Current Opinion in Microbiology, 15(2), pp. 155—
161.

Stoodley, P. (1999). Influence of hydrodynamics and nutrients on biofilm
structure. Journal of Applied Microbiology Symposium Supplement, pp. S19—
28.

Su, N., Marek, C., Ching, V., & Grushka, M. (2011). Caries prevention for
patients with dry mouth. Journal of Canadian Dental Association, 77: b85.

Subrahmanyam, M., & Sangeetha, M. (2003). Gingival crevicular fluid a
marker of the periodontal disease activity. Indian Journal of Clinical
Biochemistry, 18(1), pp. 5—7.

Sundar, K., Nielsen, D., & Sperry, P. (2012). Comparison of ventilator-
associated pneumonia (VAP) rates between different ICUs: Implications of a
zero VAP rate. Journal of Critical Care, 27(1), pp. 26-32.

Syed, S., & Loesche, W. (1972). Survival of Human Dental Plaque Flora in
Various Transport Media. Applied Microbiology, 24(4), pp. 638—644.

Tabak, L., Levine, M., Mandel, I., & Ellison, S. (1982). Role of salivary
mucins in the protection of the oral cavity. Journal of oral pathology, 11(1),
pp. 1-17.

Tada, A., & Hanada, N. (2010). Opportunistic respiratory pathogens in the
oral cavity of the elderly. FEMS Immunology and Medical Microbiology,
60(1), pp- 1-17.

Takahashi, N. (2005). Microbial ecosystem in the oral cavity: Metabolic
diversity in an ecological niche and its relationship with oral diseases.
International Congress Series, 1238, pp. 103 - 112.

Takahashi, N., Washio, J., & Mayanagi, G. (2012). Metabolomic Approach to
Oral Biofilm Characterization— A Future Direction of Biofilm Research.
Journal of Oral Biosciences, 54(3), pp. 138—143.

Tanaka, M., Bocardi, K., Kishimoto, K., Jacques, P., Spolidorio, D., & Giro, E.
(2009). DMFT index assessment and microbiological analysis of
Streptococcus mutans in institutionalized patients with special needs.
Brazilian Journal of Oral Sciences, 8(1), pp. 9-13.

Tarquinio, K., Confreda, K., Shurko, J., & LaPlante, K. (2014). Activities of
tobramycin and polymyxin E against Pseudomonas aeruginosa biofilm-
coated medical grade endotracheal tubes. Antimicrobial Agents and
Chemotherapy, 58(3), pp. 1723-1729.

322



Tedja, R., Nowacki, A., Fraser, T., Fatica, C., Griffiths, L., Gordon, S., Isada,
C., & van Duin, D. (2014). The impact of multidrug resistance on outcomes in
ventilator-associated pneumonia. American Journal of Infection Control, 42,
pp. 542-545.

Tejerina, E., Esteban, A., Fernandez-Segoviano, P., Frutos-Vivar, F.,
Aramburu, J., Ballesteros, D., & Rodriguez-Barbero, J. (2010). Accuracy of
clinical definitions of ventilator-associated pneumonia: comparison with
autopsy findings. Journal of Critical Care, 25(1), pp. 62—68.

Telford, G., Wheeler, D., Williams, P., Tomkins, P., Appleby, P., Sewell, H.,
Stewart, G., Bycroft, B., & Pritchard, D. (1998). The Pseudomonas
aeruginosa quorum-sensing signal molecule N-(3-oxododecanoyl)-L-
homoserine lactone has immunomodulatory activity. Infection and Immunity,
66(1), pp. 36—42.

Telgmann, U., Horn, H., & Morgenroth, E. (2004). Influence of growth history
on sloughing and erosion from biofilms. Water Research, 38(17), pp. 3671-
3684.

Thein, Z., Samaranayake, Y., & Samaranayake, L. (2006). Effect of oral
bacteria on growth and survival of Candida albicans biofilms. Archives of
Oral Biology, 51(8), pp. 672—-680.

Thein, Z., Samaranayake, Y., & Samaranayake, L., (2007). In vitro biofilm
formation of Candida albicans and non-albicans Candida species under
dynamic and anaerobic conditions. Archives of Oral Biology, 52(8), pp. 761-
767.

Thomadaki, K., Helmerhorst, E., Tian, N., Sun, X., Siqueira, W., Walt, D., &
Oppenheim, F. (2011). Whole-saliva Proteolysis and Its Impact on Salivary
Diagnostics. Journal of Dental Research, 90, pp. 1325-1330.

Tibor, K.F., & Fejerdy, P. (2007). Saliva in health and disease, chemical
biology of. Wiley Encyclopedia of Chemical Biology, pp. 1-9.

Tomkinson, B. & Lindas, A-C. (2005). Tripeptidyl-peptidase Il: A multi-
purpose peptidase. The International Journal of Biochemistry & Cell Biology,
37, pp. 1933-1937.

Topkas, E., Keith, P., Dimeski, G., Cooper-White, J., & Punyadeera, C.
(2012). Evaluation of Saliva Collection Devices for the Analysis of Proteins.
Clinica Chimica Acta, 413(13-14), pp. 1066—1070.

Torres, S., Peixoto, C., Caldas, D., Silva, E., Akiti, T., Nucci, M., & Uzeda, M.
(2002). Relationship between salivary flow rates and Candida counts in
subjects with xerostomia. Oral Surgery, Oral Medicine, Oral Pathology, Oral
Radiology, and Endodontics, 93, pp. 149-154.

323



Toté, K., Horemans, T., Vanden Berghe, D., Maes, L., & Cos, P. (2010).
Inhibitory effect of biocides on the viable masses and matrices of
Staphylococcus aureus and Pseudomonas aeruginosa biofilms. Applied and
Environmental Microbiology, 76(10), pp. 3135-3142.

Triandafillu, K., Balazs, D., Aronsson, B-O., Descouts, P., Quoc, P., van
Delden, C., Mathieu, H., & Harms, H. (2003). Adhesion of Pseudomonas
aeruginosa strains to untreated and oxygen-plasma treated poly(vinyl
chloride) (PVC) from endotracheal intubation devices. Biomaterials, 24, pp.
1507- 1518.

Tseng, C-C., Liu, S-F., Wang, C-C., Tu, M-L., Chung, Y-H., Lin, M-C., &
Fang, W-F. (2012). Impact of clinical severity index, infective pathogens, and
initial empiric antibiotic use on hospital mortality in patients with ventilator-
associated pneumonia. American Journal of Infection Control, 40(7), pp.
648— 652.

Turner, M., & Ship, J. (2007). Dry Mouth and its Effects on the Oral Health of
Elderly People. American Dental Association, 138, pp. 15- 20.

Vandecandelaere, 1., Matthijs, N., Van Nieuwerburgh, F., Deforce, D.,
Vosters, P., De Bus, L., Nelis, H., Depuydt, P., & Coenye, T. (2012).
Assessment of microbial diversity in biofilms recovered from endotracheal
tubes using culture dependent and independent approaches. PloS One, 7(6),
e38401.

Vandecandelaere, |. & Coenye, T., (2015). Microbial composition and
antibiotic resistance of biofilms recovered from endotracheal tubes of
mechanically ventilated patients. Adv Exp Med Biol, (830), pp. 830-137.

Vasseur, P., Vallet-Gely, I., Soscia, C., Genin, S., & Filloux, A. (2005). The
pel genes of the Pseudomonas aeruginosa PAK strain are involved at early
and late stages of biofilm formation. Microbiology, 151(2005), pp. 985-997.

Venkatram, S., Rachmale, S., & Kanna, B. (2010). Study of device use
adjusted rates in health care — associated infections after implementation of
‘bundles” in a closed-model medical intensive care unit. Journal of Critical
Care, 25(1), pp. e11-174.

Vernon-Parry, K. (2000). Microscopy : an introduction. //I-Vs Review, 13(4),
pp. 40—44.

Vinayak, K., Annigeri, R., Patel, H., & Mittal, S. (2013). Adverse affects of

drugs on saliva and salivary glands. Journal of Orofacial Sciences. 5, pp. 15-
20.

324



Vitorino, R., Lobo, M., Ferrer-Correira, A., Dublin, J., Tomer, K., Domingues,
P., & Amado, F. (2004). Identification of human whole saliva protein
components using proteomics. Proteomics, 4, pp. 1109-1115.

Vitorino, R., Guedes, S., Manadas, B., Ferreira, R., & Amado, F. (2012).
Toward a Standardized Saliva Proteome Analysis Methodology. Journal of
Proteomics, 75(17), pp. 5140-5165.

Vroom, J., Grauw, K., Gerritsen, H., Bradshaw, D., Marsh, P., Watson, G.,
Birmingham, J., & Allison, C. (1999). Depth Penetration and Detection of pH
Gradients in Biofilms by Two-Photon Excitation Microscopy. Applied and
Environmental Microbiology, 65(8), pp. 3502-3511.

Vylkova, S., Carman, A., Danhof, H., Collette, J., Zhou, H., & Lorenz, M.
(2011). The Fungal Pathogen Candida albicans Autoinduces Hyphal
Morphogenesis by Raising Extracellular pH. mBio, 2(3), pp. 1-12.

Wade, W. (2013a). Characterisation of the Human Oral Microbiome. Journal
of Oral Biosciences, 55(3), pp. 143—-148.

Wade, W. (2013b). The Oral Microbiome in Health and Disease.
Pharmacological Research, 69(1), pp. 137—143.

Wagner, M., & Haider, S. (2012). New trends in fluorescence in situ
hybridization for identification and functional analyses of microbes. Current
Opinion in Biotechnology, 23(1), pp. 96—102.

Wang, Q., Garrity, G., Tiedje, J., & Cole, J. (2007). Naive Bayesian classifier
for rapid assignment of rRNA sequences into the new bacterial taxonomy.
Applied and Environmental Microbiology, 73(16), pp. 5261-5267.

Wang, J., Zhao, H., He, S., Zhang, Y., Wei, S., & Zhao, F. (2013).
Metagenomic Sequencing Reveals Microbiota and its Functional Potential
Associated with Periodontal Disease. Scientific reports, 3, p.1843.

Waters, C., & Bassler, B. (2005). Quorum Sensing: Cell-to-Cell
Communication in Bacteria. Annual Review of Cell and Developmental
Biology, 21, pp. 319-346.

Watson, F. (1980). Development of the PVC endotracheal tube. Biomaterials,
1, pp. 41- 46.

Webb, J., Thompson, L., James, S., Charlton, T., Tolker-Nielsen, T., Koch,
B., Givskov, M., & Kjelleberg, S. (2003). Cell death in Pseudomonas
aeruginosa biofilm development. Journal of Bacteriology, 185(15), pp. 4585—
4592.

325



Welte, T., Torres, A., & Nathwani, D. (2012). Clinical and economic burden of
community-acquired pneumonia among adults in Europe. Thorax, 67, pp.
71-79.

Whiteley, M., Bangera, M., Bumgarner, R., Parsek, M., Teitzel, G., Lory, S.,
& Greenberg, E. (2001). Gene expression in Pseudomonas aeruginosa
biofilms. Nature, 413, pp.860—864.

Wiens, J., Vasil, A., Schurr, M., & Vasil, M. (2014). Iron-regulated expression
of alginate production, mucoid phenotype, and biofilm formation by
Pseudomonas aeruginosa. mBio, 5(1), pp. 1-12.

Wilkinson, T., Sallenave, J-M., & Simpson, J. (2012). Pulmonary Defence
Mechanisms. Current Respiratory Medicine Reviews, 8, pp. 149- 162.

Wilkinson, T., Conway Morris, A., Kefala, K., O’Kane, C., Moore, N., Booth,
N., McAuley, D., Dhaliwal, K., Walsh, T., Haslett, C., Sallenave, J-M., &
Simpson, J. (2012). Ventilator-associated pneumonia is characterized by
excessive release of neutrophil proteases in the lung. Chest, 142, pp. 1425—
1432.

Wilson, M. (1996). Susceptibility of oral bacterial biofilms to antimicrobial
agents. Journal of Medical Microbiology, 44(2), pp. 79-87.

Wimpenny, J. (1997). The Validity of Models. Advances in dental research,
11, pp. 150-159.

Winkler, O., Hadnagy, W., & Idel, H. (2001). Short Communication Cytokines
detectable in saliva of children as appropriate markers of local immunity of
the oral cavity - an approach for the use in air pollution studies. International
Journal of Hygiene and Environmental Health, 204, pp. 181-184.

Wise, M., Cole, J., Williams, D., Lewis, M., & Frost, P. (2008). Efficacy of oral
chlorhexidine in critical care. Critical Care, 12(3), p. 419.

Wise, M., & Williams, D. (2013). Oral Care and Pulmonary Infection - the
Importance of Plaque Scoring. Critical Care, 17(1), 101.

Wood, S., Kirkham, J., Shore, R., Brookes, S., & Robinson, C. (2002).
Changes in the structure and density of oral plaque biofilms with increasing
plaque age. FEMS Microbiology Ecology, 39(3), pp. 239—44.

Wolfson, J., & Hooper, D. (1985). The fluoroquinolones: Structures,
mechanisms of action and resistance, and spectra of activity in vitro.
Antimicrobial Agents and Chemotherapy, 28(4), pp. 581-586.

Wright, G. (2011). Molecular Mechanisms of Antibiotic Resistance. Chemical
Communications, 47(1), pp. 4055-4061.

326



Wright, C., Burns, L., Jack, A., Back, C., Dutton, L., Nobbs, A., Lamont, R., &
Jenkinson, H. (2014). Microbial interactions in building of communities.
Molecular Oral Microbiology, 28(2), pp. 83—101.

Wu, R-Q., Zhang, D., Tu, E., Chen, Q-M., & Chen, W. (2014). The Mucosal
Immune System in the Oral Cavity- An Orchestra of T cell Diversity.
International Journal of Oral Science, 6(3), pp. 125-132.

Wyncoll, D., & Camporota, L. (2012). Number needed to treat and cost-
effectiveness in the prevention of ventilator-associated pneumonia. Critical
Care, 16 (3): 430.

Xu, H., Jenkinson, H., & Dongari-Bagtzoglou, A. (2014). Innocent until
proven guilty: mechanisms and roles of Streptococcus-Candida interactions
in oral health and disease. Molecular Oral Microbiology, 29(3), pp. 99—116.

Yamamoto, K., Kurihara, M., Matsusue, Y., Imanishi, M., Tsuyuki, M., &
Kirita, T. (2009). Whole saliva flow rate and body profile in healthy young
adults. Archives of Oral Biology, 54(5), pp. 464—469.

Yamashita, Y., & Takeshita, T. (2011). Oral Flora Composition and Its
Connection to Oral Health. Journal of Oral Biosciences, 53(3), pp. 206—212.

Yan, W., Apweiler, R. & Balgley, B., (2009). Systematic comparison of the
human saliva and plasma proteomes. Protemics Clin Appl, 3(1), pp. 116-134.

Yao, Y., Berg, E., Costello, C., Troxler, R., & Oppenheim, F. (2003).
Identification of protein components in human acquired enamel pellicle and
whole saliva using novel proteomics approaches. The Journal of Biological
Chemistry, 278(7), pp. 5300-5308.

Yip, K. H-K., & Smales, R. (2012). Implications of oral biofilms in medically at
risk persons. Journal of Biomedical Research, 26(1), pp. 1-7.

Yoneyama, T., Yoshida, M., Ohrui, T., Mukaiyama, H., Okamoto, H.,
Hoshiba, K., lhara, S., Yanagisawa, S., Ariumi, S., Morita, T., Hashimoto, K.,
& Sasaki, H. (2002). Oral care reduces pneumonia in older patients in
nursing homes. Journal of the American Geriatrics Society, 50(3), pp. 430—
433.

Yumoto, H., Nakae, H., Fujinaka, K., Ebisu, S., & Matsuo, T. (1999).
Interleukin-6 (IL-6) and IL-8 Are Induced in Human Oral Epithelial Cells in
Response to Exposure to Periodontopathic Eikenella corrodens. Infection
and Immunity, 67(1), pp. 384— 394.

Zaccard, C., Schell, R., & Spiegel, C. (2009). Efficacy of bilateral

bronchoalveolar lavage for diagnosis of ventilator-associated pneumonia.
Journal of Clinical Microbiology, 47(9), pp. 2918-24.

327



Zanatta, F., Antoniazzi, R., & Rdsing, C. (2007). The effect of 0.12%
chlorhexidine gluconate rinsing on previously plaque-free and plaque-
covered surfaces: a randomized, controlled clinical trial. Journal of
Periodontology, 78(11), pp. 2127—- 2134.

Zarco, M., Vess, T., & Ginsburg, G. (2011). The oral microbiome in health
and disease and the potential impact on personalized dental medicine. Oral
Diseases, doi: 10.1111/j.1601-0825.2011.01851.x

Zaura, E., (2012). Next-generation sequencing approaches to understanding
the oral microbiome. Advances in dental research, 24(2), pp. 81-85.

Zhao, D., Song, J., Gao, X., Gao, F., Wu, Y., Lu, Y., & Hou, K. (2015).
Selective oropharyngeal decontamination versus selective digestive
decontamination in critically ill patients: a meta-analysis of randomized
controlled trials. Drug Design, Development and Therapy, 9, pp. 3617-3624.

Zhang, L. et al., Budiman, V., Day, A., Mitchell, H., Lemberg, D., Riordan, S.,
Grimm, M., Leach, S., & Ismail, Y. (2010). Isolation and detection of
Campylobacter concisus from saliva of healthy individuals and patients with
inflammatory bowel disease. Journal of Clinical Microbiology, 48(8), pp.
2965-2967.

Zielinska-Borkowska, U., Skirecki, T., Ziotorowicz, M., & Czarnocka, B.
(2012). Procalcitonin in early onset ventilator-associated pneumonia. The
Journal of Hospital Infection, 81(2), pp. 92-97.

Zilberberg, M., & Shorr, A. (2010). Ventilator-associated pneumonia: the
clinical pulmonary infection score as a surrogate for diagnostics and
outcome. Clinical Infectious Diseases, 51 Suppl 1, pp. 131-135.

Zuanazzi, D., Souto, R., Mattos, M., Zuanazzi, M., Tura, B., Sansone, C., &
Colombo, A. (2010). Prevalence of potential bacterial respiratory pathogens
in the oral cavity of hospitalised individuals. Archives of Oral Biology, 55(1),
pp. 21— 28.

Zwirglmaier, K. (2005). Fluorescence in situ hybridisation (FISH) - The next
generation. FEMS Microbiology Letters, 246(2), pp. 151— 158.

328



Appendix |

Clinical study additional information and data

NHS ethics letter

Critical care oral assessment plan

Individual DMFT scores

Individual patient demographics

Individual patient target/selective microbial culture results
Pseudomonas aeruginosa isolate PCR amplicons
Staphylococcus aureus isolate PCR amplicons
Pseudomonas aeruginosa isolate sensitivities
Staphylococcus aureus isolate sensitivities

329



NHS ethics letter:

Part of the research infrastructure for Wales funded by the National Institute for Social Care and Health Research, Welsh Government.
Yn rhan o seilwaith ymchwil Cymru a ariannir gan y Sefydliad Cenedlaethol ar gyfer Ymchwil Gofal C; i | ac lechyd, Llywodracth Cymru

Research Ethics Committee (REC) for Wales

Sixth Floor, Churchill House

2 47 Churchill Way
Cardiff CF10 2TW

Telephone : 029 2037 6829

Fax : 029 2037 6824

E-mail : corinne.scott@wales.nhs.uk

Gwasanaeth Research
Moeseg Ethtqs Website : www.nres.nhs.uk
Ymchwil Service
05 March 2013
Dr Matt Wise

Consultant Adult Critical Care

Cardiff and Vale University Health Board
University Hospital of Wales

Heath Park

Cardiff CF14 4XW

Dear Dr Wise

Study title: Dynamics of dental plaque biofilms in critically ill patients.
REC reference: 13/WA/0039

IRAS project ID: 121288

Thank you for your letter of 01 March 2013, responding to the Committee’s request for further
information on the above research and submitting revised documentation.

The further information has been considered on behalf of the Committee by the Chairman, Dr. Pete
Wall.

We plan to publish your research summary wording for the above study on the NRES website,
together with your contact details, unless you expressly withhold permission to do so. Publication will
be no earlier than three months from the date of this favourable opinion letter. Should you wish to
provide a substitute contact point, require further information, or wish to withhold permission to
publish, please contact the Co-ordinator Dr. Corinne Scott, corinne.scott@wales.nhs.uk.
Confirmation of ethical opinion '

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the above
research on the basis described in the application form, protocol and supporting documentation as
revised, subject to the conditions specified below.

Mental Capacity Act 2005

| confirm that the committee has approved this research project for the purposes of the Mental
Capacity Act 2005. The committee is satisfied that the requirements of section 31 of the Act will be
met in relation to research carried out as part of this project on, or in refation to, a person who lacks
capacity to consent to taking part in the project.

Ethical review of research sites

NHS sites

The favourable opinion applies to all NHS sites taking part in the study, subject to management
permission being obtained from the NHS/HSC R&D office prior to the start of the study (see
"Conditions of the favourable opinion” below).

Cynhelir Cydweithrediad Gwyddor lechyd A demaidd y Sefydliad Cenedlaethol ar

fer Ymchwil Gofal Cymdeithasol ac lechyd gan Fwrdd Addysgu lechyd Po: Aviernir
A GIG [Brieds gyfer i ym yd g ysgu lechyd Powys ey gn —_—
s = NHS g:mw The National Institute for Social Care and Health Research Academic Health Science Funded by
R B R i Collaboration is hosted by Powys Teaching Health Board Welsh Government
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Critical Care Oral plan

—

O
Chlorhexidine gluconate (CHX) 1% gel ] 0.2% rinse [

Critical Care Mouth Care Plan: AB & C:
Always ensure hand hygiene - wear an apron and gloves when performing Mouth Care
Soft/ Medium Bristle toothbrush / low foaming toothpaste L=} Benzamine hydrochloride (dilute 50:50 with water if not tolerated) El
Aqueous lip balm _u Topical Acyclovir D
Sterile water O Antifungal medication ... ’ e O [
Ensure fluid intake / unsweetened liquid to moisten mouth O

Denture cleaning Soap / Sodium hypochlorite
Denture pot

Additional Medication Prescribed

Care Plan A 12 hourly care: LOW RISK
Natural teeth

(Indicate  care undertaken based on need)

Twice daily ensure patient has the necessary resources
indicated above. Ensure:

¢ Ensure access to oral care twice daily — EM / LE

« Provide access to fluids and monitor EM / MD / EE / LE

Denture care required - Yes / No
EM: Ensure dentures fit and are i
LE: Remove as appropriate
Overnight Storage — in a named lidded pot
Soak overnight sterile water, Long term: clean de

N good condition, Clean with identified cleaning agent

ntures and replace sterile water daily
¢ Administer medications (prescription / assessment) Infection suspected: soak in Sodium hypochlorite 1%
«__Water based gel to moisten lips EM / LE (Dry lips) Acrylic denture (2 mins), Chrome Cobalt denture (1mins) and rinse well

CarePlanB 4 -6 hourly care: MODERATE RISK (Indicate V

care undertaken based on need)

¢ Assist and or Clean teeth (Low foaming toothpaste) 2-3 mins EM/ LE
« Administer medications(see prescription / assessment)

¢ Moisten lips mouth / Ensure access to unsweetened fluid
«  CHX or equivalent twice daily as indicated for ulceration

s / adequate fluid intake EM / MD IEE/LE
of known origin (min 2 hours before or after

brushing with toothpaste Ewi/LE

CarePlanC2-4 hourly care: HIGH RISK (Indicate  car

e undertaken based on need)

Early Morning 08.00 (EM): Mid Day 12.00 (MD): Early Evening 18.00 (EE): Late evening 22.00 (LE): Night 02.00 (NT): Additional / PRiN
Brush —Toothpaste (2-3 mins) Brush CHX (2-3 mins) Brush - Toothpaste (2-3 mins) Brush CHX (2-3 mins) CHX / moisten mouth - Assess mouth / oral cavity
Moisten mouth Moisten mouth Moisten mouth Moisten mouth rinse if indicated Moisten lips / mouth
Apply lip balm Apply lip balm Apply lip balm Apply lip balm Apply lip balm Pharyngeal suction and or
Medicate as prescribed Medicate as prescribed Medicate as prescribed Medicate as prescribed Medicate as prescribed Subglottic suction (if available)
Pharyngeal suction Pharyngeal suction Pharyngeal suction Pharyngeal suction Pharyngeal suction Endotracheal tube m:a_
Check ET/TT cuff pressure! Change ET/TT tapes' | Check ET/TT cuff pressure! Reposition ET tube! Check ET position' Tracheostomy (ET/TT)
The aim of this care process is to ensure that:

Initial care performed, expand in the patient evaluation fissess mouth for pressure

« The patient's mouth is assessed regularly, and that any | EM/

damage, reposition ET and
Comments

issue is identified, escalated if necessary, treated

Secure as required, cuff
pressure 20 - 30 cm H,0

- Omit toothpaste
i Brush with CHX 1% gel

MD /
appropriately and accurately documented. EE
« Ventilator Acquired Pneumonia will be prevented.
- The patient's oral hygiene, comfort and communication | LE /
needs will be effectively met. NT / =
[ etk

i
]
................ NBM /NG /PEG / JEJ / TPN |
i
|

ADMINISTER ANALGESIA
i_—1 AS PRESCRIBED

CCMCP /Version 1 (12/12) )

= -~ —_— "y
S TNV LIVES ;|
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Individual DMFT scores:

DMFT score

Total

M

D

DMFT complete

PN

Age

19
21

12

14

11
12
23

13

10
11

16
13
14
11
11

12
13
14
15
16
17
18
19
20
21

11

23

18

22

10

11

12

11

22
23
24
25

14

10

26
27
28
29
30
31

15
15
19

14

11
17
18
19

32
33
34
35
36
37
38

14

10

15

17
21

14
18
21

39
40

26

41

51

33
31

55
62
34
54
63

77
30
73
68
50
44
49

28
51

39
69
29

18
72

19
40

27
63

41

55
76
58
31

67
85

57
58
60
37
37

86

60
58
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15

42

43

45

12
12

10

46

47

48

16
11

15

49

50
51

16
11
13

10

52
53
54
55
56
57
58
59
60
61

10

17
11

28

10

10

14

62
63
64
65
66
67
68
69
70
71

23

19

13

19

14

20

11

10
19
17
20

72
73
74
75
76
77
78
79
80
81

14
12
12

16
18
24

10

13
11

18

12

82

83
84
85
86

17
14

12
13

11
22

87

19

88

15

89

74
59
22
48

53
57
75
39
73
65

66
66
60
49

53
38

86

39
36
21

58
44
42

73
68
52
82

18
26
67
59
51

75
49

70
75
51

71

74
45

47

58
75
74
80
40

38

333



66
55
42
60
41
27
77
58
26
29
30
80
56
67
60
47
74
38
60

Key:
DMF

0-5
6-10
11-15
16-20
21-25
25+

90 v 4 9 4 17
92 v/ 2 4 7 13
93 Ve 1 2 4 7
94 v/ 3 5 5 13
95 v 1 0 8 9
96 v/ 0 1 0 1
97 v 0 5 17 22
99 v 0 4 5 9
100 v 2 0 4 6
101 v 12 8 5 25
102 v/ 0 3 5 8
103 X
104 v 0 10 8 18
105 v/ 0 8 6 14
106 v 1 6 12 19
107 v 0 2 10 12
108 X
109 v 0 1 6 7
110 X
DMFT
Total DMFT D M F Score
Average 96 1.46 | 5.70 | 5.39 12.54
Group

A Ul WN B
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Recruited patients  Patient NO. Gender Age Admission details (reason for MV) DFMT
1 PNOO1 M 51 Respiratory failure 8
2 PN002 M 33 Stroke/brain injury/seizures 4
3 PN003 M 31 Overdose/suicide attempt 9
4 PNO004 F 55 Stroke/brain injury/seizures 19
5 PN0OO5 M 62 Stroke/brain injury/seizures 21
6 PN0OO6 F 34 Respiratory failure 0
7 PN0OO7 F 54 Stroke/brain injury/seizures 11
8 PN0OO8 M 63 Respiratory failure 12
9 PNO09 F 77 Other 23
10 PN0O10 F 30 Stroke/brain injury/seizures -
11 PNO11 F 73 Respiratory failure 16
12 PNO12 M 68 Respiratory failure 13
13 PNO13 F 50 Stroke/brain injury/seizures 14
14 PNO14 M 44 Respiratory failure 11
15 PNO15 F 49 Stroke/brain injury/seizures 11
16 PNO16 M 28 Other 4
17 PNO17 F 51 OOHCA 23
18 PN018 M 39 Overdose/suicide attempt -
19 PN019 M 69 Poly-trauma 22
20 PN020 F 29 Poly-trauma 3
21 PN021 F 18 Stroke/brain injury/seizures 0
22 PN022 M 72 OOHCA 12
23 PN023 M 19 Stroke/brain injury/seizures
24 PNO024 M 40 Stroke/brain injury/seizures 14
25 PN025 F 27 Stroke/brain injury/seizures
26 PNO026 F 63 General surgery - Stomach -
27 PN027 M 41 Stroke/brain injury/seizures 5
28 PNO028 F 55 Respiratory failure 15
29 PNO029 M 76 Respiratory failure 15
30 PNO30 F 58 Stroke/brain injury/seizures 19
31 PNO031 F 31 Other -
32 PN032 M 67 Stroke/brain injury/seizures 11
33 PN033 F 85 Respiratory failure 17
34 PNO034 M 57 Other 18
35 PNO035 M 58 OOHCA 19
36 PNO036 M 60 OOHCA -
37 PNO37 M 37 Stroke/brain injury/seizures 15
38 PNO038 M 37 Stroke/brain injury/seizures 0
39 PN039 F 86 Respiratory failure 17
40 PNO040 F 60 Respiratory failure 21
41 PNO041 F 58 Respiratory failure 26
42 PN042 M 74 Stroke/brain injury/seizures 15
43 PN043 M 59 Stroke/brain injury/seizures 6

335



44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

PNO045
PNO046
PNO047
PNO048
PNO049
PNO50
PNO51
PNO052
PNO053
PNO54
PNO055
PNO56
PNO57
PNO058
PNO059
PNO60
PNO061
PNO062
PNO063
PNO64
PNO065
PNO66
PNO67
PNO068
PNO069
PNO70
PNO71
PNO72
PNO73
PNO74
PNO75
PNO76
PNO77
PNO78
PNO79
PNO80
PNO081
PNO082
PNO083
PNO84
PNO085
PNO086
PNO87
PNO088

Mmoo 0nm a2 EETmETnmmEamETmE T

22
48
53
57
75
39
73
65
66
66
60
49
53
38
86
39
36
21
58
44
42
73
68
52
82
18
26
67
59
51
75
49
70
75
51
71
74
45
47
58
75
74
80
40

Stroke/brain injury/seizures
OOHCA
Stroke/brain injury/seizures
Stroke/brain injury/seizures
General surgery - Stomach
Stroke/brain injury/seizures
Stroke/brain injury/seizures

Other
Respiratory failure
Other
Other
Stroke/brain injury/seizures
Respiratory failure
Stroke/brain injury/seizures
General surgery - Stomach
Stroke/brain injury/seizures
Poly-trauma
Poly-trauma
Respiratory failure
OOHCA

General surgery - Stomach

Respiratory failure

Respiratory failure
OOHCA

General surgery - Stomach
Poly-trauma
Poly-trauma

Respiratory failure

Other
Stroke/brain injury/seizures

Stroke/brain injury/seizures
Respiratory failure
Stroke/brain injury/seizures
Respiratory failure
Respiratory failure
Respiratory failure
Other

Stroke/brain injury/seizures

Respiratory failure
Poly-trauma

Respiratory failure
Stroke/brain injury/seizures
OOHCA

Dental/Oral cavity
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12
12

16
11

16
11
13

17
11

28

14

23
13

19

20

10
19
17
20
16
18
24



88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

PNO089
PNO90
PN092
PNO093
PNO094
PNO095
PNO096
PNO97
PNO099
PN100
PN101
PN102
PN103
PN104
PN105
PN106
PN107
PN108
PN109
PN110

EgEEE7mT 22T TmwmEE TN L

38
66
55
42
60
41
27
77
58
26
29
30
80
56
67
60
47
74

60

Poly-trauma
Respiratory failure
Stroke/brain injury/seizures
Stroke/brain injury/seizures

Respiratory failure
Stroke/brain injury/seizures

Other
Poly-trauma

Other
Overdose/suicide attempt
Respiratory failure
Respiratory failure

Respiratory failure
OOHCA

OOHCA
Respiratory failure
Stroke/brain injury/seizures
OOHCA

Respiratory failure
Other

15
17
13

13

22

25

18
14
19
12
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Individual patient dental plaque microbial culture results:

PN Dental Plaque
S.
S.aureus mutans C.ablicans P.aeruginosa
1 No Yes Yes No
2 No No Yes No
3 No Yes Yes No
4 No Yes Yes No
5 Yes Yes Yes No
6 No Yes Yes Yes
7 Yes Yes Yes Yes
8 Yes No Yes Yes
9 Yes Yes Yes No
10 No Yes No No
11 No Yes Yes No
12 Yes Yes Yes No
13 Yes Yes No No
14 No Yes Yes No
15 Yes Yes Yes No
16 No No No No
17 No Yes Yes No
18 Yes No Yes Yes
19 No Yes Yes No
20 No Yes Yes No
21 Yes Yes No No
22 No Yes No No
23 No No No No
24 Yes Yes Yes No
25 Yes Yes No No
26 No No Yes No
27 Yes Yes Yes No
28 Yes Yes Yes No
29 No Yes No No
30 No Yes Yes Yes
31 No Yes Yes No
32 No No Yes No
33 No No Yes No
34 No Yes Yes No
35 No Yes Yes No
36 No No No No
37 Yes Yes Yes No
38 No No Yes Yes
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39 No No Yes No
40 No No Yes No
41 No No Yes No
42 Yes Yes Yes No
43 Yes No No No
44 EXEMPT

45 Yes Yes Yes No
46 Yes No Yes No
47 No No Yes Yes
48 Yes No Yes No
49 Yes Yes Yes Yes
50 Yes No Yes Yes
51 Yes Yes Yes Yes
52 Yes No Yes No
53 No No Yes No
54 Yes Yes No No
55 No Yes Yes No
56 Yes No Yes No
57 No Yes Yes No
58 No No Yes No
59 No No Yes No
60 No Yes Yes Yes
61 No No No No
62 No No No Yes
63 No No No No
64 Yes Yes Yes No
65 No No Yes No
66 No No No No
67 Yes No Yes No
68 Yes No Yes No
69 No No No No
70 No No Yes No
71 No Yes Yes No
72 No No Yes No
73 No Yes Yes No
74 No No Yes Yes
75 No No Yes No
76 No No Yes No
77 Yes No Yes No
78 No No Yes No
79 No No Yes Yes
80 Yes No Yes No
81 Yes Yes Yes No
82 No No Yes No
83 No Yes Yes Yes
84 No Yes Yes No
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85 No No Yes No
86 No No Yes No
87 Yes No Yes No
88 No No No No
89 Yes Yes Yes No
90 Yes No Yes No
91

92 Yes No Yes No
93 No No Yes No
94 Yes Yes Yes No
95 Yes No Yes Yes
96 No No No No
97 No Yes No No
98 WITHDRAW

929 Yes No Yes No
100 No No Yes No
101 No Yes Yes No
102 Yes No Yes Yes
103 No No Yes No
104 Yes Yes Yes Yes
105 Yes No No Yes
106 Yes No Yes Yes
107 Yes Yes No Yes
108 Yes No Yes No
109 Yes No Yes Yes
110 Yes No No Yes
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Pseudomonas aeruginosa isolates:

+VE -VE 4 \

on AR s Em ER SR ™R -

+VE -VE A )
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Staphylococcus aureus isolates:

M +VE -VE ( isolates | \

- ]

M +VE -VE isolates |
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Pseudomonas aeruginosa isolate sensitivities:

Patient Antibiotics
Patient Sample | Ceftazidime Ciprofloxacin  Gentamicin  Meropenem Piperacillin TP;ng:c"tl:r:q Tobramycin
PNOO6 DP 22 30 20 27 24 27 19
PNOO7 DP 22 30 20 28 24 27 22
PNOO8 DP 24 30 26 28 24 27 21
PNO18 DP 22 30 19 27 24 28 21
PNO18 NBL 23 30 18 32 25 27 20
PNO30 DP 19 30 19 28 23 27 20
PNO030 NBL 20 30 19 29 24 27 20
PNO030 SUB 21 29 20 30 24 27 19
PNO030 NBL 22 29 20 30 24 29 19
PNO30 ETT 23 30 18 32 20 26 20
PNO030 DP 19 31 19 31 18 26 20
PNO038 DP 22 30 24 0 18 20 20
PN045 NBL 22 30 22 0 17 21 22
PN047 DP 22 29 19 20 21 26 24
PN047 DP 19 28 21 27 22 29 22
PN047 DP 22 30 19 27 23 26 19
PN047 DP 21 30 20 27 19 27 20
PN048 NBL 22 30 20 28 23 27 21
PN049 DP 21 30 19 28 17 18 19
PN049 DP 22 30 18 18 23 26 21
PNO051 DP 21 30 20 27 23 28 21
PNO060 DP 23 30 21 27 21 25 22
PNO060 DP 22 30 21 18 14 19 21
PNO060 DP 21 30 19 29 21 28 19
PN062 DP 22 31 21 29 22 27 19
PN062 NBL 22 28 21 28 22 27 19
PN062 DP 22 30 20 0 23 25 20
PNO75 DP 20 30 20 29 21 26 19
PNO78 NBL 21 30 20 28 20 28 20
PNO79 SUB 22 30 18 30 21 26 20
PNO79 DP 22 30 21 28 0 14 19
PNO79 NBL 23 30 21 29 19 28 22
PNO79 DP 22 27 19 6 11 15 21
PNO79 DP 22 27 19 0 12 17 21
PNO081 DP 23 30 20 0 21 26 20
PNO083 NBL 23 30 21 10 19 27 21
PN095 SUB 22 29 20 29 20 29 19
PN095 DP 20 29 21 29 21 28 22
PN095 ETT 22 29 21 29 19 29 19
PN095 DP 22 30 21 0 18 29 18
PN095 NBL 21 30 18 10 22 29 19
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PNO095
PN102
PN104
PN105
PN105
PN105
PN106
PN107
PN108
PN109
PN109
PN109
PN110
PN110
PN110

SuUB
DP
DP
ETT
NBL
DP
DP
DP
ETT
DP
DP
DP
DP
NBL
ETT

21
21
20
24
25
21
19
22
16
20
23
22
22
23
22

30
30
30
30
30
29
29
30

30
30
29
28
27
30

23
20
19
19
19
21
21
21
17
21
21
21
20
21
21

28
30
30
28
29
29
27
30
19
31
27
29
28
28
29

23
24
21
24
24
21
23
22
11
23
23
25
21
22
22

27
28
28
27
29
28
27
28
19
28
29
28
25
26
26

20
20
20
21
21
21
19
20
14
20
20
19
20
19
21

|_Resistant_|
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Staphylococcus aureus isolate sensitivities:

Patient Antibiotic
Patient Sample Cefepime Cefoxitin Ceftazidime Ciprofloxacin  Clindamycin  Erythromycin
PNO04 SuB 25 0 20 35 0 0
PNO005 DP 28 29 16 28 0 0
PNO005 DP 27 29 19 28 0 0
PN007 DP 27 30 20 20 27 26
PN007 DP 28 29 18 21 36 25
PN007 DP 24 28 18 21 22 26
PNOO7 DP 27 0 28 35 0 0
PN009 DP 24 29 18 27 20 24
PN009 NBL 22 28 17 24 30 24
PN009 DP 23 29 16 22 30 18
PNO15 DP 28 0 27 35 0 0
PN021 ETT 26 31 14 21 29 21
PN021 DP 27 29 17 20 30 24
PN021 NBL 28 30 18 20 30 25
PN021 DP 24 29 17 22 28 21
PNO024 SuB 26 30 19 21 28 26
PN024 NBL 25 29 19 22 27 26
PN024 ETT 24 29 18 22 27 23
PN024 DP 23 30 19 26 30 23
PN024 NBL 27 28 16 28 29 22
PNO025 DP 25 30 17 27 28 24
PNO025 NBL 27 30 18 28 30 24
PNO025 NBL 27 29 17 27 28 25
PNO025 ETT 26 29 18 26 27 25
PNO027 NBL 28 29 28 34 29 23
PN027 NBL 25 29 16 0 29 24
PNO027 ETT 23 30 18 0 22 0
PNO028 ETT 0 9 0 24 23 0
PNO028 SuB 0 10 0 12 29 0
PNO028 NBL 0 11 0 0 31 0
PNO037 DP 24 30 18 26 28 18
PNO037 NBL 25 30 19 27 24 27
PNO37 NBL 31 30 20 25 28 26
PNO037 NBL 24 30 17 24 28 22
PN042 DP 24 30 18 24 28 23
PNO042 NBL 24 30 18 25 24 23
PN042 SuB 16 0 0 25 13 26
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PN042
PNO043
PN045
PN046
PN046
PN046
PNO046
PN046
PNO046
PNO048
PN049
PN049
PN049
PN050
PN050
PN050
PNO051
PNO051
PN052
PN052
PN052
PN054
PN056
PN056
PN056
PN056
PN056
PN056
PN057
PN057
PNO058
PN063
PN068
PN068
PN068
PNO77
PNO77
PNO77
PNO080
PN080
PN080
PNO081
PNO081
PNO081

ETT
DP
DP
DP

NBL
DP

NBL

ETT
DP

NBL
DP

NBL
DP
DP

NBL

ETT
DP
DP
DP

NBL

ETT

NBL
DP

NBL
DP

NBL

SuB

SuB

NBL

ETT

SuB

NBL
DP

NBL
DP

NBL
DP

NBL

SuB
DP
DP

NBL

SuB
DP

24
24
22
24
24
25
27
24
22
25
22
20
25
22
22
23
23
20
24
23
21
23
23
23
19
20
19
19
19
20
19
20
21
22
22
22
22

o O o o o o

30
30
29
30
30
30
30
30
30
30
30
30

18
18
19
18
18
19
20
18
20
18
19
20
18
19
20
20
19
20
18
19
19
20
20
20
21
19
21
21
20
18
20
18
20
20
19
19
19

o O o o o o

25
24
23
25
25
24
27
24
23
24
25
24

25
24
22

22
24
24
22
24
22
22
22
22
22
23
23
23
21
22

22
21
21
26

-
o

o o o o o

28
28
30
28
28
28
25
28
30
24
21
21
10
28
28
29
28
21

30
21
22
29
29
22
29
21
21
22
22
22
22

28
28
27
28
28
28
32
33
28
32
33

22
22
23
22
22
22
19
22
22
18
20
23
22
20
19
19

19

23
22
23
19
19
23
23
23
22
22
19
22
19

28
22
22
22

23
26
29
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PNO081 DP 0 8 0 0 30 27
PNO086 NBL 23 30 19 23 28 22
PNO087 ETT 21 30 19 23 28 19
PNO087 NBL 25 20 16 21 29 8
PNO087 SuB 24 30 19 24 22 0
PNO087 DP 23 30 20 22 28 0
PNO089 NBL 23 30 20 24 28 22
PNO089 SuB 23 29 21 22 21 22
PNO089 NBL 25 30 22 23 28 24
PNO089 DP 21 30 21 24 28 22
PN092 DP 23 30 22 0 21 23
PN092 NBL 21 30 20 23 21 24
PN094 NBL 24 29 21 22 28 23
PN095 DP 21 29 21 22 0 0
PN095 NBL 29 32 17 22 0 0
PN095 SuB 26 30 14 24 0 0
PN095 DP 22 30 18 24 0 0
PN097 NBL 23 30 21 24 24 23
PN099 DP 20 29 23 24 28 22
PN099 DP 23 30 19 22 27 19
PN102 DP 23 30 19 23 25 22
PN102 DP 20 29 22 21 0 0
PN104 DP 21 30 24 23 28 24
PN104 NBL 21 30 21 23 21 25
PN104 DP 20 30 22 24 21 23
PN105 NBL 20 30 21 20 28 23
PN105 ETT 24 30 22 21 21 24
PN106 ETT 22 30 23 21 28 23
PN108 DP 20 30 22 23 21 23
PN108 NBL 24 30 19 23 28 22
PN108 ETT 21 30 16 23 29 22
PN109 DP 20 30 17 24 24 22
PN110 NBL 0 0 0 10 32 0
Resistant
Patient Antibiotic
Patient Fu_sidic Gentamicin  Meropenem  Penicillin Tobramycin Vancomycin
Sample | Acid
PNO04 SuUB 0 26 26 0 22 0
PNO005 DP 30 24 34 16 22 16
PNO005 DP 36 24 38 17 23 16
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PN007
PN007
PN007
PN007
PN009
PN009
PN009
PNO15
PN021
PN021
PN021
PN021
PN024
PN024
PN024
PN024
PN024
PNO025
PNO025
PNO025
PNO025
PN027
PN027
PN027
PNO028
PNO028
PNO028
PN037
PN037
PN037
PN037
PN042
PN042
PN042
PN042
PNO043
PN045
PN046
PN046
PN046
PN046
PN046
PN046
PNO048

DP
DP
DP
DP
DP
NBL
DP
DP
ETT
DP
NBL
DP
SuB
NBL
ETT
DP
NBL
DP
NBL
NBL
ETT
NBL
NBL
ETT
ETT
SuB
NBL
DP
NBL
NBL
NBL
DP
NBL
SuB
ETT
DP
DP
DP
NBL
DP
NBL
ETT
DP
NBL

30
36
31
24
33
33
32

35
36
35
30
30
30
29
31
32
30
31
30
32
30
30
30
30
33
30
31
30
30
30
30
30
30
30
30
30
30
30
30
29
28
29
30

22
22
24
23
23
23
22
23
24
23
22
22
23
22
23
22
23
23
22
22
23
24
22
22
25
22
22
25
23
24
24
24
24
24
22
24
22
22
22
22
22
23

22

34
36
32
35
36
33
31
36
36
39
36
32
31
30
33
30
33
32
31
30
32
31
30
10

13
12
30
30
30
30
30
30
18
30
30
32
30
30
30
29
30
31
30

40
16
29

42
33
28

17
16
15
29
15
17
30
39
36
30
34
40
29
40
30

17
19
20
20
20

30
18
21
28
28
28
21
28
18
28

22
22
21
22
20
23
22
25
21
19
23
21
21
22
22
20
21
21
22
22
21
21
23
21
19
22
22
20
21
19
20
20
19
14
19
18
22
19
19
18
22
18
20
20

17
16
16

18
16
16

16
16
16
17
16
16
18
18
19
16
17
16
18
17
17
17
14
16
17
18
17
18
20
20
18
15
19
18
19
19
19
14
18
21
18
20
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PN049
PN049
PN049
PN050
PN050
PN050
PNO051
PNO051
PN052
PN052
PN052
PN054
PN056
PN056
PN056
PN056
PN056
PN056
PN057
PN057
PN058
PN063
PN068
PN068
PN068
PNO77
PNO77
PNO77
PN080
PN080
PN080
PNO081
PNO081
PNO081
PNO081
PN086
PNO087
PNO087
PNO087
PNO087
PN089
PN089
PNO089
PN089

DP
NBL
DP
DP
NBL
ETT
DP
DP
DP
NBL
ETT
NBL
DP
NBL
DP
NBL
SuB
SuB
NBL
ETT
SuB
NBL
DP
NBL
DP
NBL
DP
NBL
SuB
DP
DP
NBL
SuB
DP
DP
NBL
ETT
NBL
SuB
DP
NBL
SuB
NBL
DP

30
29
19
30
29
29
29
30
29
29
29
30
29
30
30
30
30
30
30
29
29
29
30
26

29
30
30
30
30
33
10
29
31
21
29
30
29
30
30
30
29
29
29

19
25

22
19
23
19
22
22
22
22
22
22
24
18
24
18
18
22
23
18
18
20
21
21
20
20
20
10
10
11
27
23
24
24
22
24
22
22
22
24
22
23
23

29
32
30
30
30
30
30
29
30
30
30
30
30
30
30
29
30
28
30
30
30
30
30
29
30
21
32
30
20
21
21
30

14

29
29
29
30
29
30
30
29
29

22
24
14
19
20
20
24
24
22
21
20
19
22
19
21
21
22
21
21
21
22
22
20

21
19
20
21
10
10

20
20
23
22
22
24
23
22
21
21
20
20
21

20

20
20
20
20
21
19

1"
19
19
21
19
19
20
21
22
21

28
19
19

19
21
21
21

18
17
20
20
20
20
20
19
21
20
19
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PN092 DP 30 22 27 24 21 20
PN092 NBL 29 23 29 29 22 20
PN094 NBL 30 22 29 29 21 19
PNO095 DP 29 22 29 32 21 20
PNO095 NBL 17 25 35 29 22 19
PNO095 SuB 19 24 33 29 18 18
PNO095 DP 19 23 29 18 21 0
PNO097 NBL 30 21 31 31 22 18
PNO099 DP 30 23 30 28 21 21
PNO099 DP 29 23 30 29 21 18
PN102 DP 29 22 33 29 19 19
PN102 DP 30 22 34 30 21 20
PN104 DP 30 24 30 21 21 17
PN104 NBL 30 24 30 29 22 18
PN104 DP 30 23 30 28 20 21
PN105 NBL 30 23 30 31 22 19
PN105 ETT 30 23 29 29 20 18
PN106 ETT 29 23 30 30 21 19
PN108 DP 30 23 30 28 19 20
PN108 NBL 29 22 29 28 21 20
PN108 ETT 31 24 30 28 20 19
PN109 DP 32 22 32 30 20 17
PN110 NBL 25 12 0 0 12 20
Resistant
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Appendix |

Community profiling data

- Mothur output
- Raw sequencing data
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Mothur output:

#Mothur commands

make.contigs(file=Sands3242 files, processors=25)
summary.seqgs(fasta=Sands3242.trim.contigs.fasta, processors=25)
screen.seqs(fasta=Sands3242.trim.contigs.fasta, group=Sands3242.contigs.groups,
summary=Sands3242.trim.contigs.summary, maxn=0, maxambig=0, maxhomop=6,
minlength=310, maxlength=339)

unique.seqs(fasta=Sands3242.trim.contigs.good.fasta)
count.segs(name=Sands3242.trim.contigs.good.names,
group=Sands3242.contigs.good.groups)
align.seqgs(fasta=Sands3242.trim.contigs.good.unique.fasta,
reference=../../silva.bacteria.fasta, flip=t, processors=25)
summary.seqs(fasta=Sands3242.trim.contigs.good.unique.align,
count=Sands3242.trim.contigs.good.count_table, processors=25)
screen.seqgs(fasta=Sands3242.trim.contigs.good.unique.align,
count=Sands3242.trim.contigs.good.count_table,
summary=Sands3242.trim.contigs.good.unique.summary, start=1044, end=6333,
maxhomop=5)

filter.seqs(fasta=Sands3242.trim.contigs.good.unique.good.align, vertical=T, trump=.)
unique.seqs(fasta=Sands3242.trim.contigs.good.unique.good.filter.fasta,
count=Sands3242.trim.contigs.good.good.count_table)
pre.cluster(fasta=Sands3242.trim.contigs.good.unique.good.filter.unique.fasta,
count=Sands3242.trim.contigs.good.unique.good.filter.count_table, diffs=2, processors=25)
chimera.uchime(fasta=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.fast
a, count=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.count_table,
dereplicate=t)
remove.seqs(fasta=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.fasta,
accnos=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.uchime.accnos)
classify.seqs(fasta=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick.fa
sta,
count=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.uchime.pick.count_t
able, reference=../../trainset9_032012.rdp.fasta, taxonomy=../../trainset9_032012.rdp.tax,
cutoff=80, processors=25)
remove.lineage(fasta=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick
fasta,
count=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.uchime.pick.count_t
able,
taxonomy=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick.rdp.wang.t
axonomy, taxon=Chloroplast-Mitochondria-unknown-Archaea-Eukaryota)
cluster.split(fasta=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick
fasta,
count=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.uchime.pick.pick.co
unt_table,
taxonomy=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick.rdp.wang.p
ick.taxonomy, splitmethod=classify, taxlevel=4, cutoff=0.15)
make.shared(list=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick
.an.unique_list.list,
count=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.uchime.pick.pick.co
unt_table, label=0.03)
classify.otu(list=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.a
n.unique_list.list,
count=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.uchime.pick.pick.co
unt_table,
taxonomy=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick.rdp.wang.p
ick.taxonomy, label=0.03)
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sub.sample(shared=Sands3242.trim.contigs.good.unique.good.filter.unique.precluster.pick.pi
ck.an.unique_list.shared, size=1016)

dist.seqs(fasta=Sands3242 final.fasta, output=phylip, processors=25)
clearcut(phylip=Sands3242 final.phylip.dist)
collect.single(shared=Sands3242_final_subsample.shared, calc=chao-invsimpson-shannon,
freq=5)

rarefaction.single(shared=Sands3242_final_subsample.shared, calc=sobs, freq=5)
summary.single(calc=nseqs-sobs-chao-ace-invsimpson-npshannon-coverage)
unifrac.weighted(tree=Sands3242 final.phylip.tre, name=Sands3242.final.names,
group=Sands3242.final.groups, distance=square, processors=25, random=F,
subsample=1016)

get.oturep(phylip=Sands3242.final.phylip.dist, list=Sands3242 final.list,

fasta=Sands3242 final.fasta, label=0.03)
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Raw sequencing data (Species level 97%):

Species 97%
Veillonella_parvula
Escherichia/Shigella_flexneri

Streptococcus_pseudopneumoniae

Enterococcus_villorum
Staphylococcus_aureus
Lactobacillus_gasseri
Prevotella_nanceiensis
Granulicatella_adiacens
Prevotella_melaninogenica
Prevotella_oris
Haemophilus_influenzae
Unclassified
Lactobacillus_salivarius
Lactobacillus_rhamnosus
Enterococcus_faecalis
Haemophilus_parainfluenzae
Prevotella_salivae
Parvimonas_micra
Streptococcus_parasanguinis
Neisseria_flavescens
Streptococcus_cristatus
Peptostreptococcus_stomatis
Gemella_haemolysans
Streptococcus_vestibularis
Lactobacillus_crispatus
Streptococcus_gordonii
Streptococcus_infantis
Streptococcus_constellatus
Prevotella_aurantiaca
Streptococcus_anginosus
Solobacterium_moorei
Prevotella_histicola
Megasphaera_micronuciformis
Streptococcus_peroris
Dialister_invisus
Selenomonas_sputigena
Prevotella_denticola
Eikenella_corrodens
Abiotrophia_defectiva
Streptococcus_agalactiae
Selenomonas_infelix
Aggregatibacter_segnis
Aggregatibacter_aphrophilus
Streptococcus_sanguinis
Prevotella_tannerae
Actinomyces_meyeri
Lactobacillus_paracasei
Granulicatella_elegans
Prevotella_loescheii
Oribacterium_sinus
Finegoldia_magna
Gemella_morbillorum
Dialister_pneumosintes
Prevotella_nigrescens
Serratia_nematodiphila
Selenomonas_artemidis
Clostridium_bolteae
Anaeroglobus_geminatus
Tannerella_forsythia
Streptococcus_lactarius

1
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0

2
623
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9
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Staphylococcus_devriesei
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Bacteroides_dorei
Filifactor_alocis
Prevotella_veroralis
Robinsoniella_peoriensis
Prevotella_maculosa
Prevotella_pleuritidis
Treponema_denticola
Eubacterium_yurii
Prevotella_intermedia
Eubacterium_saphenum
Gemella_asaccharolytica
Gemella_sanguinis
Prevotella_zoogleoformans
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Appendix Il

Additional information: Salivary analysis during mechanical
ventilation

- Ethics approval documents for saliva collection from healthy
volunteers
- Full breakdown of salivary parameters for all patients
- Protein identification from healthy saliva
- Protein identification from patient saliva
- Cytokine quantification from saliva, ETT fluid and plasma
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Ethical approval documents for saliva collection from healthy volunteers:

CARDIFF

UNIVERSITY
PRIFYSGOL

(AERDY

(Version 1, 20" March 2014)

CONSENT FORM

COLLECTION OF SALIVA FOR PROTEOMIC RESEARCH PURPOSES

Name of Researchers: Kirsty M Sands, Professor David W Williams, Dr Melanie J Wilson,
Dr Matthew P Wise and Professor Michael AO Lewis

Please initial

1. 1 confirm that | have read and understood the study information
sheet and have had an opportunity to ask any questions and
had sufficient time to come to my decision.

| give permission that the saliva be collected and stored within
the Cardiff School of Dentistry only for use in salivary proteomics
in this study and then discarded via autoclaving.

| understand that my participation is voluntary and that | am free
to withdraw at any time prior to my samples being used in the
study without giving any reason, without my medical care or legal
rights being affected.

4. | understand that results from this study may be used in
medical/scientific journals and/or publications, but donated
saliva will not be identifiable.

5. lunderstand that the sample is given as a “gift” and that | will e
have no right to a share of any profits which might arise from
research using it (e.g. as part of a new medical treatment or
test).

Name of Cardiff
University volunteer  Date Signature

Name of Person Date Signature
taking consent
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Ethical approval documents for saliva collection from healthy volunteers

CARDIFF

UNIVERSITY
PRIFYSGOL

(AERDY

Version 2, 14™ April 2014

Information Sheet
Cardiff School of Dentistry

Collection of saliva for proteomic research purposes

Study title
Collection of saliva for proteomic research purposes

Invitation
You are being invited to take part in a research study. Before you decide it is
important for you to understand why the research is being done and what it
will involve. Please take time to read the following information carefully. Please
feel free to ask us any questions if anything is unclear, in order to help you
decide whether you wish to take part.

1. What is the purpose of the salivary proteomic study?

Saliva contains hundreds of proteins, several of which contain antimicrobial
peptides. In critically ill patients, it is accepted that salivary flow may be reduced
as a direct consequence of mechanical ventilation (MV) i.e. a direct result from
the apparatus leading to the patient’s mouth remaining open. Understanding the
salivary flow, pH, and composition of proteins in critically ill patients can provide
an insight into the involvement salivary peptides can have in dental plaque
biofilm formation. This may be important when dental plaque changes are
associated with those bacteria that can cause pneumonia. If any changes in the
salivary protein composition are established, these proteins can then be targeted
for specific and quantitative analysis. Healthy volunteers will be used to provide
comparable data to critically ill patients.

This research project has been considered and accepted by the Research
Ethics Committee within the School of Dentistry.
2. Why have | been chosen

You have been chosen as you meet the required inclusion/exclusion criteria and
are deemed able to readily donate a small volume of saliva. A total of 5
individuals will contribute to this study.
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3. Do Il have to take part?

There is no obligation for you to take part in this study

4. How can | contribute and what will happen if | take part?

If you decide to contribute you will be requested to chew gently on a cotton swab
specifically designed to collect saliva, a total of 5 samples will be collected over
a period of 14 days. Your saliva will be stored in the -80°C until processed for
the extracellular proteins. Your name will not be written on the microcentrifuge
tube, or used at any time throughout the analysis. A number will be generated
and used from point of collection, analysis and until saliva discarded. The saliva
sample will be subject to a protein assay and analysis via SDS-PAGE. Any
remaining sample will be discarded via autoclaving at 121°C for 50 min. You will
not be contacted after regarding the results of the sampling, and no results will
affect the future health/knowledge of the individual. No genetic testing will be
carried out on any samples.

If at any stage you choose to withdraw consent, no future contact will be
necessary. Any samples already collected to that date would have been used in
proteomic analysis (pooling of samples at time of collection).

Samples that have been processed and used will not be able to be removed
from the study and will continue to remain part of the study results.

Any complaints can be made via contact with Dr Fiona Gagg — the Laboratory
Manager.

5. What about confidentiality?
Your sample will be collected in a numbered receptacle and will be
pseudoanonymised to the research team. Prior to use your saliva will be pooled
with the saliva collected from other volunteering individuals. Your identity will not
be disclosed in any results or publications arising from this study.

6. What do | have to do?
You will be requested to chew gently on a cotton swab specifically designed to
collect saliva. This cotton swab will then be returned to the researcher for saliva
collection.

7. Are there any risks?
There are no obvious risks to you in taking part in this study.

8. What are the benefits of taking part and what will happen to the
results?
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Whilst there is no personal benefit from taking part in this study, participation will
provide healthy volunteer control data for extracellular human salivary proteins.
The control data can then be referred to in comparison from data obtained from
critically ill patients. The results of the study will be used to compare data
findings from a patient study.

9. Who is organising and funding the research?

The research is being organised by Miss Kirsty Sands and Professor David Williams
(School of Dentistry, Cardiff University). The funder of the study is GlaxoSmithKline
(as a result of a small grant success).

10. Contact for Further Information
Further information on this study can be obtained from Miss Kirsty Sands,
PhD Student Sandsk1@cardiff.ac.uk

1Version 2, April 14th, 2014
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Full breakdown of salivary volume for all patients:

Sample Saliva Time Saliva protein content per
PN date volume collection protein conc flow volume
(ml) (s) (mg/ml) (ml/min) collected (mg)
PNO002 30/07/13 0.3 45s 28.5 0.40 8.55
PNO002 05/08/13 0.02 45s 16.8 0.03 0.34
PNO03 02/08/13 0.5 45s 7.95 0.67 3.98
PNO03 06/08/13 0.1 45s 4.40 0.13 0.44
PNO03 08/08/13 0.1 45s 3.60 0.13 0.36
PNO04 04/08/13 1.7 45s 7.60 2.27 12.92
PNO04 09/08/13 0.04 45s 5.25 0.05 0.21
PNO04 10/08/13 0.01 45s 5.10 0.01 0.05
PNO04 17/08/13 0.45 45s 4.50 0.60 2.03
PNO04 23/08/13 0.7 45s 2.40 0.93 1.68
PNO04 26/08/13 0.72 45s 2.50 0.96 1.80
PNO004 31/08/13 0.4 45s 1.05 0.53 0.42
PNO004 16/05/14 0.35 45s 10.95 0.47 3.83
PNO04 20/05/14 0.05 45s 3.15 0.07 0.16
PNO05 17/08/13 0.1 45s 11.55 0.13 1.16
PNO05 19/08/13 0.5 45s 6.3 0.67 3.15
PNO06 17/08/13 0.01 45s 18 0.01 0.18
PNO06 04/10/13 0.06 45s 4.05 0.08 0.24
PNOO7 20/08/13 0.4 45s 7.65 0.53 3.06
PNOO7 22/09/13 0.2 45s 0.9 0.27 0.18
PNO08 20/08/13 0.05 45s 6.45 0.07 0.32
PNO08 29/08/13 0.4 45s 4.4 0.53 1.76
PNO10 25/08/13 1 45s 3.1 1.33 3.10
PNO10 11/09/13 0.2 45s 2.2 0.27 0.44
PNO012 30/08/13 0.35 45s 17.25 0.47 6.04
PNO012 02/09/13 0.05 45s 6 0.07 0.30
PNO12 09/09/13 0.3 45s 16.5 0.40 4.95
PNO13 26/08/13 0.01 45s 29.25 0.01 0.29
PNO13 02/09/13 0.3 45s 37.50 0.40 11.25
PNO14 01/09/13 0.2 45s 45.00 0.27 9.00
PNO15 28/08/13 0.065 45s 16.5 0.09 1.07
PNO15 30/08/13 0.15 45s 18.6 0.20 2.79
PNO16 03/09/13 0.44 45s 9.90 0.59 4.36
PNO16 11/09/13 0.1 45s 2.00 0.13 0.20
PNO17 04/10/13 0.15 45s 4.65 0.20 0.70
PNO18 03/10/13 0.7 45s 14.19 0.93 9.93
PNO19 16/10/13 0.18 45s 19.95 0.24 3.59
PNO020 08/10/13 0.15 45s 18.75 0.20 2.81
PNO021 07/10/13 0.40 45s 9.3 0.53 3.72
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PNO21
PNO022
PNO022
PNO023
PNO024
PNO025
PNO28
PNO28
PNO028
PNO33
PNO33
PNO35
PNO36
PNO37
PNO37
PNO38
PNO39
PNO040
PNO040
PNO041
PNO042
PNO042
PNO043
PNO043
PNO045
PNO045
PNO046
PNO46
PNO046
PNO046
PNO046
PNO046
PNO047
PNO048
PNO50
PNO51
PNO052
PNO052
PNO54
PNO54
PNO54
PNO055
PNO57
PNO58

09/10/13
09/10/13
12/10/13
13/10/13
12/10/13
19/10/13
31/10/13
03/11/13
10/11/13
12/11/13
17/11/13
15/11/13
211113
05/01/14
25/01/14
13/01/14
29/01/14
14/01/14
17/01/14
17/01/14
28/01/14
04/02/14
17/01/14
20/01/14
03/02/14
15/02/14
06/02/14
08/02/14
18/02/14
03/03/14
18/03/14
25/03/14
11/02/14
11/02/14
18/02/14
19/02/14
23/02/14
27/02/14
26/02/14
28/02/14
11/04/14
01/03/14
05/03/14
10/03/14

0.05
0.50
1.10
0.03
0.9
0.05
0.9
0.1
0.9
0.05
0.25
0.05

0.02
0.4
0.1

0.12

0.26
0.3
1.3

0.08

0.12

0.04

0.15

0.045

0.28

0.35

0.15

0.035
0.35
0.05

0.075

0.25
1.4
0.1

0.02

0.01
1.2

0.35

0.035

0.065

0.05
0.1

0.33

45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s

8.4
11.4
9.6
5.25
10.05
15.9
15.23
10
5.9
15.90
6.60
9.30
5.55
20.7
5.7
5.7
2.70
18.00
7.35
3.00
6.8
3.3
10.2
5.4
4.8
4.625
30
11.55
37.125
3.75
33
28.5
20.55
5.7
20.25
30
16.5
12
5.1
24
1.65
16.5
9.3
4.2

0.07
0.67
1.47
0.04
1.20
0.07
1.20
0.13
1.20
0.07
0.33
0.07
1.33
0.03
0.53
0.13
0.16
0.35
0.40
1.73
0.11
0.16
0.05
0.20
0.06
0.37
0.47
0.20
0.05
0.47
0.07
0.10
0.33
1.87
0.13
0.03
0.01
1.60
0.47
0.05
0.09
0.07
0.13
0.44

0.42
5.70
10.56
0.16
9.05
0.80
13.71
1.00
5.31
0.80
1.65
0.47
5.55
0.41
2.28
0.57
0.32
4.68
2.21
3.90
0.54
0.40
0.41
0.81
0.22
1.30
10.50
1.73
1.30
1.31
1.65
2.14
5.14
7.98
2.03
0.60
0.17
14.40
1.79
0.84
0.11
0.83
0.93
1.39
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PNO60
PNO60
PNO60
PNO61
PNO062
PNO64
PNO66
PNO068
PNO70
PNO75
PNO75
PNO77
PNO79
PNO082
PNO082
PNO083
PNO083
PNO86
PNO089
PNO093
PNO094
PNO094
PNO095
PNO97
PNO97
PNO099
PNO099
PNO099
PNO099
PNO099
PN102
PN102
PN104
PN105
PN106
PN106
PN107
PN107
PN107
PN108
PN109
PN109
PN109

12/03/14
20/03/14
27/03/14
14/03/14
17/03/14
28/03/14
10/04/14
14/04/14
24/04/14
07/05/14
09/05/14
06/05/14
21/05/14
29/05/14
31/05/14
26/05/14
29/05/14
05/06/14
09/06/14
25/06/14
05/07/14
30/07/14
13/07/14
10/07/14
13/07/14
10/07/14
12/07/14
14/07/14
21/07/14
04/08/14
25/07/14
03/08/14
18/07/14
21/07/14
19/07/14
15/08/14
27/07/14
30/07/14
08/08/14
31/07/14
02/08/14
05/08/14
07/08/14

0.08
0.075
1.08
0.12
0.04
0.04
0.05
0.13
0.05
0.2
1.5
0.3
0.08
0.2
0.45
0.25
0.1
0.05
0.03
0.25
0.1
0.1
0.1
0.03
0.02
1.85
0.4
0.7
1.6
0.05
0.1
0.2
0.4
0.08
0.1
0.1
0.2
0.1
0.1
0.4
0.5
0.5
0.1

45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s
45s

18
18.3
25.05
17.7
18.45
3.9
18.15
11.55
4.5
4.8
4.8
3.9
20.25
5.55
9.9
12.45
4.2
8.7
10.5
20.25
14.85
9.75
36
24
18
19.65
2.85
4.5
9.75
6.6
2.85
2.1
25.05
255
25.35
2.7
17.25
16.5
24.9
1.8
1.8
1.7
1.6

0.11
0.10
1.44
0.16
0.05
0.05
0.07
0.17
0.07
0.27
2.00
0.40
0.11
0.27
0.60
0.33
0.13
0.07
0.04
0.33
0.13
0.13
0.13
0.04
0.03
2.47
0.53
0.93
2.13
0.07
0.13
0.27
0.53
0.11
0.13
0.13
0.27
0.13
0.13
0.53
0.67
0.67
0.13

1.44
1.37
27.05
2.12
0.74
0.16
0.91
1.50
0.23
0.96
7.20
1.17
1.62
1.11
4.46
3.1
0.42
0.44
0.32
5.06
1.49
0.98
3.60
0.72
0.36
36.35
1.14
3.15
15.60
0.33
0.29
0.42
10.02
2.04
2.54
0.27
3.45
1.65
2.49
0.72
0.90
0.85
0.16
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Protein identification from healthy saliva:

Per?;i‘de Protein Name Qz(r:ss:iron Protein MW Elrotein (P;(e;ztri:tje
1 Serum albumin ALBU_HUMAN 70931.0625 5.92 23
2 Alpha-2-macroglobulin-like protein 1 A2ML1_HUMAN 162153.75 5.5 21
3 Serotransferrin TRFE_HUMAN 78853.14063 6.81 15
4 Polymeric immunoglobulin receptor PIGR_HUMAN 84197.39063 5.58 14
5 Heat shock 70 kDa protein 1A/1 HSP71_HUMAN 70238.96875 5.48 13
6 Complement C3 CO3_HUMAN 188271.5469 6.02 13
7 Alpha-enolase ENOA_HUMAN 47415.23828 7.01 13
8 Alpha-amylase 2B AMY2B_HUMAN  58178.87109 6.64 12
9 Actin, cytoplasmic 2 ACTG_HUMAN 42041.71875 5.31 12
10 Mucin-5B MUC5B_HUMAN 608560.75 6.2 12
11 Ig alpha-1 chain C region IGHA1_HUMAN 38320.44922 6.08 11
12 Keratin, type Il cytoskeletal 1 K2C1_HUMAN 66136.96094 8.15 11
13 Ig alpha-2 chain C region IGHA2_HUMAN 37146.82813 5.71 10
14 Fructose-bisphosphate aldolase A ALDOA_HUMAN  39763.21094 8.3 10
15 14-3-3 protein sigma 1433S_HUMAN 27848.66992 4.68 10
16 Involucrin INVO_HUMAN 68529.17969 4.62 9
17 Heat shock cognate 71 kDa protein HSP7C_HUMAN  71038.17188 5.37 9
18 Ezrin EZRI_HUMAN 69461.71094 5.94 9
19 Protein disulfide-isomerase PDIA1_HUMAN 57402.58984 4.76 9
20 Pyruvate kinase PKM KPYM_HUMAN 58359.89844 7.96 9
21 Phosphoglycerate kinase 1 PGK1_HUMAN 44908.03906 8.3 9
22 Lactotransferrin TRFL_HUMAN 79649.50781 8.5 8
23 Zinc-alpha-2-glycoprotein ZA2G_HUMAN 34421.05078 5.71 7
24 222;?;22;2'&‘[?;’"3@ dehydrogenase, 6PGD_HUMAN  53519.83984 6.8 7
25 14-3-3 protein zeta/delta 1433Z_HUMAN 27865.68945 4.73 7
26 Small proline-rich protein 3 SPRR3_HUMAN 18510.13086 8.86 7
27 Peroxiredoxin-1 PRDX1_HUMAN  22280.23047 8.27 6
28 Heat shock 70 kDa protein 6 HSP76_HUMAN 71352.13281 5.81 6
29 Cystatin-A CYTA_HUMAN 10999.66016 5.38 6
30 Leukocyte elastase inhibitor ILEU_HUMAN 42806.67969 5.9 6
31 Moesin MOES_HUMAN 67869.75781 6.08 6
32 Gelsolin GELS_HUMAN 85966.10156 5.9 6
33 Transaldolase TALDO_HUMAN  37654.42188 6.36 6
34 Haptoglobin HPT_HUMAN 45728.42188 6.13 6
35 Cystatin-S CYTS_HUMAN 16433.90039 4.95 5
36 Thioredoxin THIO_HUMAN 11959.67969 4.82 5
37 Profilin-1 PROF1_HUMAN  15182.51953 8.44 5
38 Ilg gamma-3 chain C region IGHG3_HUMAN 42088.14063 8.23 5
39 Immunoglobulin lambda-like polypeptide 5 IGLL5_HUMAN 23324.56055 9.08 5
40 Triosephosphate isomerase TPIS_HUMAN 31001.63086 5.65 5
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41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

Immunoglobulin J chain
Prolactin-inducible protein
Macrophage-capping protein
Fatty acid-binding protein, epidermal
78 kDa glucose-regulated protein
Transketolase

Serpin B3

Coronin-1A

Cystatin-SN

Heme-binding protein 2
Cystatin-SA

Ig lambda-3 chain C regions
14-3-3 protein beta/alpha

Ilg gamma-4 chain C region

Ilg gamma-2 chain C region
Alpha-1-antitrypsin

Glutathione S-transferase P
Keratin, type | cytoskeletal 10

Ig mu chain C region

UPF0762 protein C6orf58
Kallikrein-1

Peptidyl-prolyl cis-trans isomerase A
Desmoglein-1

14-3-3 protein theta

L-lactate dehydrogenase A chain

Phosphatidylethanolamine-binding protein 1

Aldehyde dehydrogenase, dimeric NADP-preferring

Protein DJ-1

Peroxiredoxin-6

Malate dehydrogenase, cytoplasmic

Ig kappa chain C region

Cystatin-B

Phosphoglycerate mutase 1

Ig heavy chain V-IlI region BRO
Beta-2-microglobulin

Interleukin-1 receptor antagonist protein
Transthyretin

Deleted in malignant brain tumors 1 protein
Ubiquitin-40S ribosomal protein S27a
Glyceraldehyde-3-phosphate dehydrogenase
14-3-3 protein gamma

Alpha-actinin-4

Superoxide dismutase [Cu-Zn] SV=2
Protein S100-A8

IGJ_HUMAN
PIP_HUMAN
CAPG_HUMAN
FABP5_HUMAN
GRP78_HUMAN
TKT_HUMAN
SPB3_HUMAN
COR1A_HUMAN
CYTN_HUMAN
HEBP2_HUMAN
CYTT_HUMAN
LAC3_HUMAN
1433B_HUMAN
IGHG4_HUMAN
IGHG2_HUMAN
A1AT_HUMAN
GSTP1_HUMAN
K1C10_HUMAN
IGHM_HUMAN
CF058_HUMAN
KLK1_HUMAN
PPIA_HUMAN
DSG1_HUMAN
1433T_HUMAN
LDHA_HUMAN
PEBP1_HUMAN
AL3A1_HUMAN
PARK7_HUMAN
PRDX6_HUMAN
MDHC_HUMAN
IGKC_HUMAN
CYTB_HUMAN
PGAM1_HUMAN
HV305_HUMAN
B2MG_HUMAN
IL1RA_HUMAN
TTHY_HUMAN
DMBT1_HUMAN
RS27A_HUMAN
G3P_HUMAN
1433G_HUMAN
ACTN4_HUMAN
SODC_HUMAN
S10A8_HUMAN

18454.90039
16791.73047
38704.41016
15430.48047
72380.40625
68386.57813
44582.53125
51545.64844
16561.28906
22861.18945
16664.15039
11368.46973
28156.81055
36331.75
36383.62109
46844.98047
23524.9707
58975.64063
49827.37891
38177.48047
29376.74023
18184.83984
114503.6406
27976.69922
36895.30078
21135.64063
50684.76172
20016.44922
25111.16016
36586.96875
11739.62988
11178.58008
28877.81055
13310.37012
13797.88965
20317.88086
15969.01953
266593.1875
18229.41992
36168.35938
28422.88086
105156.3672
16109.84961
10873.63965

5.12
8.26
5.82

6.6
5.07
7.58
6.35
6.25
6.73
4.58
4.85
6.92
4.76
7.18
7.66
5.37
5.43
5.13
6.35
5.78
4.68
7.68

4.9
4.68
8.44
7.01
6.11
6.33

6.91
5.58
6.96
6.67
6.45
6.06
5.83
5.52
5.18
9.68
8.57

4.8
5.27

57
6.51
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85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

116

Cellular retinoic acid-binding protein 2
Cornulin

Cystatin-D

Keratin, type Il cytoskeletal 2 epidermal
Ig kappa chain V-I region EU
Transgelin-2

Desmoglein-3

Heat shock protein beta-1

Ig kappa chain V-IIl region WOL

Rho GDP-dissociation inhibitor 2
Cystatin-C

Phosphoglucomutase-1

Cysteine-rich secretory protein 3

Ig heavy chain V-Ill region CAM
Catalase

Ig kappa chain V-1V region Len

Ig kappa chain V-1V region JI

Protein S100-A6

Neutrophil gelatinase-associated lipocalin
ERO1-like protein alpha

Protein S100-A2

Alpha-actinin-1

Carbonic anhydrase 6
Galectin-3-binding protein
Desmocollin-2

Lactoperoxidase

Leukotriene A-4 hydrolase

Plastin-2

Transcobalamin-1

Glycogen phosphorylase, liver form
BPI fold-containing family B member 2

Glycogen phosphorylase, brain form

RABP2_HUMAN
CRNN_HUMAN
CYTD_HUMAN
K22E_HUMAN
KV106_HUMAN
TAGL2_HUMAN
DSG3_HUMAN
HSPB1_HUMAN
KV305_HUMAN
GDIR2_HUMAN
CYTC_HUMAN
PGM1_HUMAN
CRIS3_HUMAN
HV307_HUMAN
CATA_HUMAN
KV402_HUMAN
KV403_HUMAN
S10A6_HUMAN
NGAL_HUMAN
ERO1A_HUMAN
S10A2_HUMAN
ACTN1_HUMAN
CAH6_HUMAN
LG3BP_HUMAN
DSC2_HUMAN
PERL_HUMAN
LKHA4_HUMAN
PLSL_HUMAN
TCO1_HUMAN
PYGL_HUMAN
BPIB2_HUMAN

PYGB_HUMAN

15820.98047
53685.58984
16299.87988
65623.14844
11872.74023
22515.14063
108569.0703
22814.48047
11830.87988
23019.58984
15973.03027
61640.46875
28347.81055
13751.15039
59902.69922
12724.16992

14715.2998
10219.33008
22711.67969
55047.87109
11293.30957
103452.5078
35436.57031
66025.09375
101048.4297
80972.67969
69747.10156
70703.77344
48589.91016

97408.9375
49233.69922

97186.36719

5.42
5.73

6.7
8.07
8.62
8.41
4.86
5.98
9.07

5.1

6.3
8.09
9.65

6.9
7.92
6.15
5.33
9.02
5.48
4.68
5.25
6.51
5.13
5.19
8.89

5.8
5.29
4.96
6.71
8.82

6.4
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Protein identification from mechanically ventilated patient saliva:

Peptide Accession Protein
no' Protein Name Number Protein MW Pl Peptide Count
1 Serum albumin ALBU_HUMAN 70931.0625 5.92 36
2 Complement C3 CO3_HUMAN 188271.5469 6.02 29
3 Serotransferrin TRFE_HUMAN 78853.14063 6.81 28
4 Alpha-2-macroglobulin A2MG_HUMAN 164337.5781 6.03 20
5 Polymeric immunoglobulin PIGR_HUMAN 84197.39063 5.58 15
6 Alpha-amylase 2B AMY2B_HUMAN  58178.87109 6.64 14
7 Alpha-1-antitrypsin A1AT_HUMAN 46844.98047 5.37 14
8 Haptoglobin HPT_HUMAN 45728.42188 6.13 13
9 Fibrinogen beta chain FIBB_HUMAN 56444.10938 8.54 13
10 Lactotransferrin TRFL_HUMAN 79649.50781 8.5 12
11 Apolipoprotein APOA1_HUMAN 30758.92969 5.56 11
12 Actin, cytoplasmic 2 ACTG_HUMAN 42041.71875 5.31 11
13 Zinc-alpha-2-glycoprotein ZA2G_HUMAN 34421.05078 5.71 10
14 Ig gamma-1 chain C region IGHA1_HUMAN 38320.44922 6.08 9
15 Ig gamma-2 chain C region IGHM_HUMAN 49827.37891 6.35 9
16 Ig gamma-3 chain C region IGHG3_HUMAN 42088.14063 8.23 9
17 Hemoglobin subunit beta HBB_HUMAN 16080.26953 6.75 8
18 Alpha-1-antichymotrypsin AACT_HUMAN 47758.5 5.33 8
19 Ig gamma-1 chain C region IGHG1_HUMAN 36497.05859 8.46 8
20 Ig gamma-2 chain C region IGHG2_HUMAN 36383.62109 7.66 8
21 Ceruloplasmin CERU_HUMAN 122817.3984 5.44 8
22 Complement factor B CFAB_HUMAN 86582.22656 6.67 8
23 Ig alpha-2 chain C region IGHA2_HUMAN 37146.82813 5.71 7
24 Fibrinogen alpha chain FIBA_HUMAN 95512.25 5.7 7
25 Protein S100-A8 S10A8_HUMAN 10873.63965 6.51 7
26 Myeloperoxidase PERM_HUMAN 84596.63281 9.19 7
27 Ig gamma-4 chain C region IGHG4_HUMAN 36331.75 7.18 6
28 Alpha-1-acid glycoprotein 1 A1AG1_HUMAN 23680.71094 4.93 6
29 Small proline-rich protein 3 SPRR3_HUMAN 18510.13086 8.86 6
30 Fibrinogen gamma chain FIBG_HUMAN 51984.73047 5.37 6
31 Leucine-rich alpha-2-glycoprotein A2GL_HUMAN 38338.05859 6.45 6
32 Fibronectin FINC_HUMAN 265357.3125 5.46 6
33 Lysozyme C LYSC_HUMAN 16894.18945 9.38 6
34 Lipocalin-1 LCN1_HUMAN 19375.7793 5.39 5
35 Cystatin-B CYTB_HUMAN 11178.58008 6.96 5
36 Alpha-enolase ENOA_HUMAN 47415.23828 7.01 5
37 Alpha-1B-glycoprotein A1BG_HUMAN 54679.42188 5.56 5
38 14-3-3 protein zeta/delta 1433Z_HUMAN 27865.68945 4.73 5
39 Cystatin-S CYTS_HUMAN 16433.90039 4.95 5
40 Protein S100-A9 S10A9_HUMAN 13279.5 5.71 5
41 Hemopexin HEMO_HUMAN 52241.10938 6.55 5
42 Alpha-2-HS-glycoprotein FETUA_HUMAN 39943.53906 5.43 5
43 Matrix metalloproteinase-9 MMP9_HUMAN 79282.11719 5.69 5
Immunoglobulin lambda-like
44 polypeptide 5 IGLL5_HUMAN 23324.56055 9.08 4
45 Immunoglobulin J chain IGJ_HUMAN 18454.90039 512 4
46 Hemoglobin subunit alpha HBA_HUMAN 15293.91016 8.72 4
47 Transthyretin TTHY_HUMAN 15969.01953 5.52 4
48 Leukocyte elastase inhibitor ILEU_HUMAN 42806.67969 5.9 4
49 Transaldolase TALDO_HUMAN 37654.42188 6.36 4
50 Antithrombin-Il| ANT3_HUMAN 52936.76172 6.32 4
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51
52

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76
77
78
79
80
81
82

83
84
85

87
88
89
90
91
92

93
94

95
96

97
98

Plasma protease C1 inhibitor
Alpha-1-acid glycoprotein 2
6-phosphogluconate
dehydrogenase
Complement C4-B
Keratin, type Il cytoskeletal 1
Ig lambda-3 chain C regions
Cystatin-SN
Triosephosphate isomerase
Coronin-1A
Thioredoxin
Keratin, type | cytoskeletal 10
14-3-3 protein beta/alpha
Ig heavy chain V-Ill region CAM
Heat shock 70 kDa protein 1A/1B
Prolactin-inducible protein
Kininogen-1
Vitamin D-binding protein
Beta-2-glycoprotein 1
Vitronectin
Cystatin-SA
Plastin-2
14-3-3 protein sigma
Keratin, type Il cytoskeletal 6B
Ig kappa chain C region
Ig kappa chain V-I region EU
Inter-alpha-trypsin inhibitor heavy
chain H4
Moesin
Ig heavy chain V-Ill region BRO
Involucrin
Protein S100-P
Histone H4
Lactoperoxidase
Deleted in malignant brain tumors
1 protein
Transketolase
Ig kappa chain V-IIl region WOL
Ig heavy chain V-Ill region TIL
Ig heavy chain V-Ill region VH26
Olfactomedin-4
Cystatin-A
Ig heavy chain V-Ill region GAL
Apolipoprotein A-ll
Carbonic anhydrase 6
Neutrophil gelatinase-associated
lipocalin
Neutrophil defensin 3
Interleukin-1 receptor antagonist
protein
Brain acid soluble protein 1
Peptidyl-prolyl cis-trans isomerase

Gelsolin

IC1_HUMAN
A1AG2_HUMAN

6PGD_HUMAN
CO4B_HUMAN
K2C1_HUMAN
LAC3_HUMAN
CYTN_HUMAN
TPIS_HUMAN
COR1A_HUMAN
THIO_HUMAN
K1C10_HUMAN
1433B_HUMAN
HV307_HUMAN
HSP71_HUMAN
PIP_HUMAN
KNG1_HUMAN
VTDB_HUMAN
APOH_HUMAN
VTNC_HUMAN
CYTT_HUMAN
PLSL_HUMAN
1433S_HUMAN
K2C6B_HUMAN
IGKC_HUMAN
KV106_HUMAN

ITIH4_HUMAN
MOES_HUMAN
HV305_HUMAN
INVO_HUMAN
S100P_HUMAN
H4_HUMAN
PERL_HUMAN

DMBT1_HUMAN
TKT_HUMAN
KV305_HUMAN
HV304_HUMAN
HV303_HUMAN
OLFM4_HUMAN
CYTA_HUMAN
HV320_HUMAN
APOA2_HUMAN
CAH6_HUMAN

NGAL_HUMAN
DEF3_HUMAN

IL1RA_HUMAN
BASP1_HUMAN

PPIA_HUMAN
GELS_HUMAN

55303.33984
23817.57031

53519.83984
193872.2031
66136.96094
11368.46973
16561.28906
31001.63086
51545.64844
11959.67969
58975.64063
28156.81055
13751.15039
70238.96875
16791.73047
72785.92188
54216.67969
39330.37891
54914.98828
16664.15039
70703.77344
27848.66992
60260.23047
11739.62988
11872.74023

103476.9297
67869.75781
13310.37012
68529.17969
10439.20996
11360.37988
80972.67969

266593.1875
68386.57813
11830.87988
12440.03027
12712.17969
57473.73047
10999.66016
12814.17969
11259.87012
35436.57031

22711.67969
10514.08984

20317.88086
22680.00977

18184.83984
85966.10156

6.09
5.03

6.8
6.89
8.15
6.92
6.73
5.65
6.25
4.82
5.13
4.76
9.65
5.48
8.26
6.34

54
8.34
5.55
4.85
5.29
4.68
8.09
5.58
8.62

6.51
6.08
6.45
4.62
4.75
11.36
8.89

5.18
7.58
9.07
9.24
8.49
5.5
5.38
8.7
6.26
6.51

9.02
5.71

5.83
4.64

7.68
5.9
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Saliva, plasma and ETT cytokine quantification:

Respiratory Sample
Sample PN Date pathogen time
in dental plaque point
SAL PNO02  30/07/13 X d1
SAL PNO02  02/08/13 X d4
SAL PN002  05/08/13 X d7
SAL PNO0O4  04/08/13 X d1
SAL PN004  09/08/13 X d5
SAL PNO0O4  11/08/13 X d7
SAL PNO0O4  23/08/13 X WARD
SAL PNO0O4  26/08/13 X WARD
SAL PNO0O4  31/08/13 X WARD
SAL PNO0O4  04/10/13 X WARD
SAL PNO0O4  16/05/14 X d1*
SAL PNO04  22/05/14 X de*
SAL PN007  20/08/13 Y d3
SAL PNOO7  22/09/13 Y WARD
SAL PNO10  23/08/13 X d1
SAL PNO10  25/08/13 X d3
SAL PNO10  11/09/13 X WARD
SAL PNO12  30/08/13 Y d5
SAL PNO12  02/09/13 Y ds
SAL PNO12  09/09/13 Y d15
SAL PNO21  07/10/13 Y d1
SAL PN021  09/10/13 Y d3
SAL PNO22  09/10/13 X d1
SAL PNO22  12/10/13 X d4
SAL PNO28  31/10/13 Y d3
SAL PN028  03/11/13 Y dé
SAL PNO28  10/11/13 Y d13
SAL PNO38  13/01/14 X d4
SAL PN045  15/02/14 X d13
SAL PNO046  06/02/14 Y d1
SAL PNO046  08/02/14 Y d3
SAL PNO46  10/02/14 Y d5
SAL PN0O46  11/02/14 Y dé
SAL PNO46  18/02/14 Y d13
SAL PN046  03/03/14 Y d26
SAL PNO46  18/03/14 Y d41
SAL PNO46  28/03/14 Y d51

IL-8

IL-1B

IL-6
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SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
PL
PL
PL
PL
PL
PL
PL
PL
PL
PL
PL
PL

PL

PNO50
PNO51
PNO060
PNO060
PNO060
PN062
PN079
PNO083
PNO083
PN099
PN099
PN099
PN099
PN099
PN104
PN106
PN106
PN107
PN107
PN109
PN109
PN109
B1
B2
B3
B4
B5
D1
D2
D3
D4
PN002
PN002
PN002
PN002
PN007
PN007
PN007
PN004
PN004
PN004
PN004
PN004
PN010

18/02/14
19/02/14
12/03/14
20/03/14
27/03/14
17/03/14
21/05/14
26/05/14
29/05/14
10/07/14
12/07/14
14/07/14
21/07/14
04/08/14
18/07/14
19/07/14
15/08/14
27/07/14
30/07/14
02/08/14
05/08/14
08/08/14
29/04/14
01/05/14
06/05/14
07/05/14
14/05/14
29/04/14
06/05/14
07/05/14
14/05/14
30/07/13
01/08/13
03/08/13
05/08/13
18/08/13
20/08/13
23/08/13
04/08/13
06/08/13
09/08/13
10/08/13
23/08/13
23/08/13

x

< <X <X <X <X <X <X <X < <X <X < < <X < < < < =< <

Y
Healthy control
Healthy control
Healthy control
Healthy control
Healthy control
Healthy control
Healthy control
Healthy control
Healthy control

X

X

< < < x

x

d1
d1
d3
d11
d18
d1
ds
d1
d4
d1
d3
d5
d12
d26
d1
d1
WARD
d1
d4
d1
d4
d7
d1
d3
ds
d9
d16
d1
ds
d9
d16
d1
d3
d5
d7
d1
d3
d6
d1
d3
dé
d7
d20
d1

370



PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PNO10
PN012
PN012
PN012
PN012
PN012
PNO12
PNO12
PNO19
PNO19
PNO19
PN021
PN021
PN021
PN022
PN022
PN022
PNO028
PNO028
PNO028
PNO028
PNO030
PNO030
PNO030
PNO030
PNO038
PNO038
PNO038
PNO038
PN045
PN045
PN045
PN045
PN045
PN046
PN046
PN046
PN046
PN046
PN046
PN046
PN046
PN049
PN049

25/08/13
26/08/13
28/08/13
30/08/13
02/09/13
09/09/13
16/09/13
23/09/13
05/10/13
07/10/13
09/10/13
07/10/13
09/10/13
11/10/13
09/10/13
12/10/13
15/10/13
29/10/13
31/10/13
03/11/13
10/11/13
02/11/13
05/11/13
07/11/13
14/11/13
09/01/14
13/01/14
19/01/14
26/01/14
03/02/14
05/02/14
08/02/14
15/02/14
22/02/14
06/02/14
08/02/14
10/02/14
11/02/14
18/02/14
25/02/14
03/03/14
11/03/14
09/02/14
11/02/14

< < < < =< =< =< x

x x

x < < < X

x

< < < < < < < =< =< =< =< =< x

x x x x

x

< < < < < =< =< =< =< =<

d3
d1
d3
d5
ds
d15
d22
d29
d1
d3
d5
d1
d3
d5
d1
d3
d7
d1
d3
dé
d13
d1
d4
dé
d13
d1
d4
d10
d17
d1
d3
dé
d13
d20
d1
d3
d5
d6
d13
d20
d26
d34
d1
d3
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PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PL

PNO50
PNO50
PNO50
PNO50
PNO51
PNO51
PNO51
PNO51
PNO056
PNO056
PNO056
PNO056
PNO060
PNO060
PNO060
PNO060
PN062
PN062
PN062
PNO79
PNO79
PN004
PN004
PN004
PNO083
PNO083
PNO083
PNO083
PN099
PN099
PN099
PN099
PN099
PN099
PN104
PN104
PN104
PN104
PN106
PN106
PN106
PN106
PN107
PN107

18/02/14
21/02/14
24/02/14
03/03/14
19/02/14
22/02/14
25/02/14
03/03/14
05/03/14
07/03/14
10/03/14
17/03/14
10/03/14
12/03/14
20/03/14
27/03/14
17/03/14
20/03/14
23/03/14
14/05/14
21/05/14
16/05/14
18/05/14
20/05/14
26/05/14
29/05/14
01/06/14
06/06/14
10/07/14
12/07/14
14/07/14
21/07/14
27/07/14
04/08/14
18/07/14
20/07/14
23/07/14
30/07/14
19/07/14
21/07/14
23/07/14
01/08/14
27/07/14
30/07/14

x X < < < < x

x

< < < < =< =< =< =< =< x

x x

x < < < =< x

x x

x

< < < < < =< =< =< =< =<

d1
d3
dé
d13
d1
d4
d7
d13
d1
d3
dé
d13
d1
d3
d11
d18
d1
d4
d7
d1
ds
d1
d3
d5
d1
d4
d7
d12
d1
d3
d5
d12
d18
d26
d1
d3
dé
d13
d1
d3
d5
d13
d1
d4
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PL PN107  01/08/14 Y dé
PL PN109  02/08/14 Y d1
PL PN109  05/08/14 Y d4
PL PN109  07/08/14 Y dé
ETT  PN0O02 07/08/13 x d9
ETT  PNOO7  20/08/13 Y de
ETT  PNO10  27/08/13 x d5
ETT  PNO12 27/08/13 Y d2
ETT  PNO12  09/09/13 Y d13
ETT  PN0O21  10/10/13 Y d4
ETT  PN022  15/10/13 x d8
ETT  PN028  04/11/13 Y d33
ETT  PNO30  19/11/13 Y d17
ETT  PNO38 11/01/14 Y d3
ETT  PNO38 23/01/14 Y d14
ETT  PN045 11/02/14 x d8
ETT  PN045 18/02/14 x d15
ETT  PN046  11/02/14 Y d5
ETT  PN046  11/03/14 Y d34
ETT  PN046  23/03/14 Y da7
ETT  PN046  24/03/14 Y d48
ETT  PN0O49  14/02/14 Y d6
ETT  PNO50  20/02/14 x d3
ETT  PNO50  06/03/14 x d15
ETT  PNO51  05/03/14 Y d14
ETT  PNO56  13/03/14 X d14
ETT  PNO56  19/03/14 x d20
No detection
Near out of detection limits
In acceptable range
Over detection limit
>than
Respiratory Sample
Sample PN Date pathogen time IL-10 TNFa IL-12p70
in dental plaque point
SAL  PN002  30/07/13 x d1
SAL  PN002  02/08/13 x d4
SAL  PN002  05/08/13 x d7
SAL  PN004  04/08/13 x d1
SAL  PN004  09/08/13 x d5
SAL  PN0O04  11/08/13 x d7
SAL  PN004  23/08/13 X WARD
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SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL

PN004
PN004
PN004
PN004
PN004
PN007
PN007
PNO10
PNO10
PNO10
PNO12
PNO12
PNO12
PN021
PN021
PN022
PN022
PNO028
PNO028
PNO028
PNO038
PN045
PN046
PN046
PN046
PN046
PN046
PN046
PN046
PN046
PN050
PNO051
PN060
PN060
PN060
PN062
PNO79
PNO083
PNO083
PN099
PN099
PN099
PN099
PN099

26/08/13
31/08/13
04/10/13
16/05/14
22/05/14
20/08/13
22/09/13
23/08/13
25/08/13
11/09/13
30/08/13
02/09/13
09/09/13
07/10/13
09/10/13
09/10/13
12/10/13
31/10/13
03/11/13
10/11/13
13/01/14
15/02/14
06/02/14
08/02/14
10/02/14
11/02/14
18/02/14
03/03/14
18/03/14
28/03/14
18/02/14
19/02/14
12/03/14
20/03/14
27/03/14
17/03/14
21/05/14
26/05/14
29/05/14
10/07/14
12/07/14
14/07/14
21/07/14
04/08/14

x < =< X

x

x

< < < < <

< < <X < < < =< <

x

< < <X <X <X < <X < < < < =< <

WARD
WARD
WARD
d1*
de6*
d3
WARD
d1
d3
WARD
d5
ds
d15
d1
d3
d1
d4
d3
dé
d13
d4
d13
d1
d3
d5
dé
d13
d26
d41
d51
d1
d1
d3
d11
d18
d1
ds
d1
d4
d1
d3
d5
d12
d26
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SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
SAL
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Appendix IV

In vitro biofilm development analysis

Ethical approval documents for dental plaque collection from healthy
volunteers

ETT biofilm enumeration (CFU/cm?) for single and mixed species
Mixed species MIC and MBIC tabulated data:

Mixed species enumeration post CHX exposure

CFU/ml counts for aerobic and anaerobic species, and C. albicans
after exposure to CHX for 30 min, 1 h and 12 h (relation to figure 5.13,
section 5.3.5.1)

CFU/ml counts for aerobic and anaerobic species, and C. albicans
after exposure to salivary pHs (relation to figure 5.16, section 5.3.6.1)
CFU/mI counts of S. aureus inoculated CDFF biofilms after exposure
to different salivary pHs

CFU/ml counts of P. aeruginosa inoculated CDFF biofilms after
exposure to different salivary pHs
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Ethical approval documents for dental plaque collection from healthy

volunteers:
UNIVERSITY
PRIFYSGOL
(Version 3, 30" January 2015)
CONSENT FORM

EVALUATING THE EFFECTS OF RESPIRATORY PATHOGENS WITHIN
ORAL BIOFILMS

Name of Researchers: Kirsty M Sands, Professor David W Williams, Dr Melanie J Wilson,
Dr Matthew P Wise and Professor Michael AO Lewis

Sandski1@cardiff.ac.uk

Please initial

A. 1 confirm that | have read and understood the study information
sheet (Version 3, 30" January) and have had an opportunity to ask
any questions and had sufficient time to come to my decision.

B. [ give permission that the dental plaque be collected and stored —
within the Cardiff School of Dentistry only for microbial biofilm
analysis

C. lunderstand that my participation is voluntary and that | am free to
withdraw at any time prior to my samples being taken in the study
without giving any reason, without my medical care or legal rights
being affected.

D. lunderstand that results from this study may be used in
medical/scientific journals and/or publications, but donated plaque
will not be identifiable.

E. lunderstand that the sample is given as a “gift” and that | will have —
no right to a share of any profits which might arise from research
using it (e.g. as part of a new medical treatment or test).

F. lunderstand that during the collection of dental plaque there will be —
inadvertent collection of human tissue, and furthermore the storage
of human tissue. Any tissue collected will not be used in this study
and will be destroyed in the experimental process.

Name of Cardiff Uni
volunteer Date Signature

Name of Person Date Signature
taking consent
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CARDIFF
UNIVERSITY
PRIFYSGOL
(ASRDYH

Version 3, 30" January 2015

PARTICIPANT INFORMATION SHEET
Cardiff School of Dentistry

EVALUATING THE EFFECTS OF RESPIRATORY
PATHOGENS WITHIN ORAL BIOFILMS

You are being invited to take part in a research study. Before you decide it is important for
you to understand why the research is being done and what it will involve. Please take time
to read the following information carefully and discuss it with others if you wish. Ask us if
there is anything that is not clear or if you would like more information. Take time to decide
whether or not you wish to take part. Thank you for reading this.

1. What is the purpose of the study?

Dental plaque is an oral biofilm, containing aggregates of several microbial species including
both bacteria and fungi. To date over 800 bacterial species have been identified within the
oral cavity, representing one of the largest human microbiome’ alongside the gastrointestinal
tract. Studies have suggested that the dental plaque community can change to include
respiratory pathogens (not usually present in the plaque of healthy individuals) once a
patient undergoes mechanical ventilation in critical care (to assist breathing). Using an in
vitro model to recreate the microbial shift determined from the patient study (introducing
respiratory pathogens into the oral biofilm) allows the investigation into reasons behind this
significant microbial shift, and also to explore the effects of antimicrobial mouthwashes such
as Chlorhexidine.

This study will involve using pooled dental plaque (a type of mixed species or polymicrobial
biofilm) from 10 volunteers to develop oral biofilms using a constant depth film fermenter (an
in vitro biofilm model). The aim of this study is to first create complex oral biofilms using
healthy samples of dental plaque. Once biofilms have been developed a small inoculum of
respiratory pathogens (P. aeruginosa) will be added to represent the changes that occur
within the oral cavity within mechanically ventilated patients. Once the analysis and cell
counting of P. aeruginosa and oral bacteria is complete, the experiment will be repeated
changing parameters each time, including pH change, protein conditioning, adapting protein
composition within artificial saliva and the use of a clinically relevant mouthwash
(Chlorhexidine). The overall aim of this study is to evaluate the effects of certain conditions
on the numbers of respiratory pathogens within the oral biofilm. The duration of the study is
3 months. The research has been considered and accepted by the Research Ethics
Committee within the School of Dentistry. The inclusion criteria to be followed are: >18 years
of age, and the volunteer must not be taking any antibiotics.

2. Why have | been chosen?
You have been chosen as you meet the required inclusion/exclusion criteria (outlined above)
and are deemed able to readily donate a sample of dental plaque. A total of 10 individuals

will contribute to this study.

3. Do | have to take part?
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It is up to you to decide whether or not to take part. If you do decide to take part you will be
given this information sheet to keep and be asked to sign a consent form. If you decide to
take part you are still free to withdraw without giving a reason any time before the sample is
collected. After the samples have been collected, they will be pooled and anonymous and
the volunteer can no longer withdraw their sample so it must remain in the study. Deciding
not to take part or withdrawing will not affect any current or future treatment. Samples for 10
volunteers will (ideally) be collected within the same session to prevent repeated sample
freeze-thaw cycles and immediately pooled for storage.

4. What will happen to me if | take part?

One sample of dental plaque will be collected, which will take no longer than 5 minutes of
your time. Dental instruments will be used to collect the sample, performed by a dentist. This
procedure will be similar to the scraping performed in a routine dental exam.

5.  What about confidentiality?

Samples collected from a total of 10 volunteers will be pooled together. No personal
identification data will be collected or used within this study. After the study any remaining
aliquots will be destroyed via autoclaving at 121C for 15 min followed by sample incineration.
During dental plaque collection it is likely the plaque sample will be contaminated with blood
from the gums and some gingival crevicular fluid, therefore human tissue will be
inadvertently collected. Any human tissue inadvertently collected as ‘contaminant’ in this
study will be stored with the pooled dental plaque samples but will not be used within the
study. The pooled plaque will be collected via centrifugation and the supernatant autoclaved.
Only microbial species will have adequate nutrients for growth and therefore upon use of
dental plaque any human tissue will be destroyed. No personal identification will be
recorded; the dental plaque is serving as a reservoir to be inserted into liquid media to grow
microbial biofilms. Results of the study will be available at the end of the study for brief
discussion.

6. What do | have to do?

The participant will be required to donate a sample of dental plaque in the morning of sample
collection (Date to be confirmed) before lunchtime. Dental plaque from individuals will be
pooled together and further divided into aliquots allowing for multiple repetitions of
experiments. To comply with HTA guidelines aliquots of dental plaque will be stored in
the -80C freezer, 4" Floor, room 404 freezer 2.

7. Are there any risks?

There are no obvious risks to you in taking part in this study, however you may experience
some minor bleeding and pain/discomfort of the gums around the collection site. This should
however cease within a few minutes of collection

8. What will happen to the results of the research study?

Results from this study may form part of a publication (to be published at a later stage) A
copy of the publication, if successful will be available within the School of Dentistry. No
identification of individuals will occur within any written results from this study. Samples will
be used for biofilm growth and autoclaved after cell counting and biofilm imaging using both
scanning electron microscopy (SEM) and Confocal Laser Scanning Microscopy (CLSM)
coupled with molecular fluorescent probes for species identification of respiratory pathogens.
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9. Who is organising and funding the research?

This study is organised within the School of Dentistry, with Professor David Williams and Dr
Melanie Wilson as leading supervisors. The research is funded by The School of Dentistry,
Cardiff University.

10. Contact for Further Information
Miss Kirsty Sands

Sandski1@cardiff.ac.uk
Mobile: 07703467561

Any complaints can be made via contact with Dr Fiona Gagg — the Laboratory Manager
(WhiteFs@cf.ac.uk 02920742546).

383



ETT biofilm enumeration (CFU/cm?) for single species:

Single species biofilm development on ETTs:

S. aureus S. mutans P. aeruginosa C. albicans

1 1.75E+07 1.75E+07 3.26E+07 1.86E+07
2 4.78E+06 1.63E+07 1.86E+07 2.56E+07
3 3.96E+06 4. 78E+06 2.10E+07 1.52E+07
4 1.98E+07 2.33E+06 2.10E+07 1.98E+07
5 1.17E+06 2.91E+07 1.63E+07 1.75E+07
6 4 55E+06 6.41E+06 2.68E+07 1.86E+07
7 4 43E+06 2.21E+07 3.03E+07 2.21E+07
8 5.22E+06 1.12E+07 3.56E+07 1.88E+07
9 1.17E+07 2.68E+07 1.86E+07 2.68E+07
Mean 8.12E+06 1.52E+07 2.45E+07 2.03E+07
SD 6.60E+06 9.69E+06 6.97E+06 3.82E+06
SEM 2.20E+06 3.23E+06 2.32E+06 1.27E+06
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ETT biofilm enumeration (CFU/cm?) for mixed species:

S. aureus and S. mutans mixed biofilms: P. aeruginosa and S. mutans mixed biofilms:
S. aureus S. mutans S. mutans P.aeruginosa

1 7.69E+06 1.52E+06 1 2.10E+06 4.31E+06

2 3.26E+07 1.63E+06 2 2.10E+06 1.63E+07

3 5.48E+06 1.52E+06 3 1.52E+06 2.68E+07

4 2.68E+07 8.28E+06 4 8.28E+06 1.17E+06
5 2.91E+07 1.63E+07 5 1.63E+07 3.61E+07

6 8.51E+06 1.86E+07 6 1.86E+07 3.15E+07

7 2.80E+06 7.93E+05 7 1.96E+06 4 90E+06

8 8.28E+07 1.86E+07 8 1.86E+07 3.96E+07
9 8.98E+07 1.45E+07 9 1.45E+07 2.10E+07
Mean 3.17E+07 9.09E+06 Mean 9.34E+06 2.02E+07
SD 3.29E+07 7.94E+06 SD 7.67E+06 1.44E+07
SEM 1.10E+07 2.65E+06 SEM 2.56E+06 4.81E+06

S. aureus and C. albicans mixed biofilms: P. aeruginosa and C. albicans mixed biofilms:

S.aureus C.albicans P. aeruginosa C. albicans

1 3.38E+06 3.85E+06 1 3.38E+06 2.33E+06

2 9.09E+05 3.26E+06 2 5.36E+06 1.52E+07
3 1.03E+06 4.78E+06 3 7.58E+07 4.78E+06

4 8.39E+06 2.10E+06 4 7.23E+06 6.99E+06

5 2.56E+06 2.80E+06 5 2.80E+07 1.75E+07
6 2.80E+06 3.50E+06 6 3.61E+07 3.15E+07

7 3.85E+06 7.58E+05 7 2.68E+07 2.56E+07

8 2.10E+06 5.59E+06 8 2.21E+07 7.32E+06

9 8.65E+06 1.43E+06 9 8.51E+06 6.76E+06
Mean 3.74E+06 3.12E+06 Mean 2.37E+07 1.31E+07
SD 2.88E+06 1.55E+06 SD 2.28E+07 1.01E+07
SEM 9.59E+05 5.16E+05 SEM 7.59E+06 3.36E+06
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Mixed species MIC and MBIC tabulated data:

S. aureus & S. mutans

MIC MBIC
0.0000586 0.0026
2 0.0000586 0.0014
3 0.0000586 0.007
Mean 0.0000586  0.003666667
SD 8.29919E-21  0.002948446
SEM 4.79154E-21  0.001702286

P. aeruginosa & S. mutans

MIC

0.0008
0.00074
0.00078

0.000773333
3.05505E-05
1.76383E-05

MBIC
0.006
0.009
0.0086

0.007866667
0.001628906
0.000940449

S. aureus & C. albicans

P. aeruginosa & C. albicans

MIC MBIC MIC
0.0000586 0.0125 0.0007
0.0000586 0.0115 0.00075
3 0.0000586 0.012 0.00082
Mean 0.0000586 0.012 0.000756667
SD 8.29919E-21 0.0005 6.02771E-05
SEM 4.79154E-21  0.000288675  3.4801E-05

MBIC
0.009
0.011
0.012

0.010666667
0.001527525
0.000881917
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Mixed species planktonic (CFU/mI) counts following CHX exposure at sub-

MIC level in microtitre wells:

Mixed species planktonic counts

S. aureus S. mutans

1 1.30E+04 2.30E+03

2 2.60E+04 3.20E+03

3 1.90E+03 1.90E+03
Mean 1.36E+04 2.47E+03
SD 1.21E+04 6.66E+02
P. aeruginosa S. mutans

1 8.80E+04 0.00E+00

2 8.80E+04 0.00E+00

3 8.80E+04 0.00E+00
Mean 8.80E+04 0.00E+00
SD 0.00E+00 0.00E+00
S. aureus C. albicans

1 6.60E+04 1.70E+04

2 3.80E+04 2.10E+04

3 5.10E+04 3.20E+04
Mean 5.17E+04 2.33E+04
SD 1.40E+04 7.77TE+03
P. aeruginosa C. albicans

1 3.80E+04 0.00E+00

2 3.80E+04 0.00E+00

3 3.80E+04 0.00E+00
Mean 3.80E+04 0.00E+00
SD 0.00E+00 0.00E+00
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Mixed species biofilm (CFU/ml) counts following CHX exposure at sub-MIC

level in microtitre wells:

Mixed species biofilm counts

S. aureus S. mutans

1 3.90E+04 1.99E+02
2 3.90E+04 1.09E+02
3 4.20E+04 1.30E+02
Mean 4.00E+04 1.46E+02
SD 1.73E+03 4.71E+01
P. aeruginosa S. mutans

1 5.10E+05 0.00E+00

2 4.90E+05 0.00E+00

3 2.80E+05 0.00E+00
Mean 4.27E+05 0.00E+00
SD 1.27E+05 0.00E+00
S. aureus C. albicans

1 3.20E+04 1.30E+04

2 3.90E+04 2.90E+03

3 2.90E+04 9.90E+03
Mean 3.33E+04 3.93E+00
SD 5.13E+03 5.17E+03
P. aeruginosa C. albicans

1 4.50E+05 0.00E+00

2 7.88E+05 0.00E+00

3 2.90E+05 0.00E+00
Mean 5.09E+05 0.00E+00
SD 2.54E+05 0.00E+00
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Total CFU/mI counts for aerobic and anaerobic species, and C. albicans after
exposure to CHX for 30 min, 1 h and 12 h (relation to figure 5.13, section
5.3.5.1):

30 min CHX exposure

Aerobic spp. Anaerobic spp. C. albicans
1 4.61 4.79 2.68
2 4.70 4.89 2.89
3 4.88 4.95 3.04
Mean 4.73 4.88 2.87
SD 0.14 0.08 0.18
SEM 0.08 0.05 0.10

1 h CHX exposure

Aerobic spp. Anaerobic spp. C. albicans
1 4.58 4.71 2.60
2 4.70 4.00 2.83
3 4.69 4.95 2.94
Mean 4.66 4.55 279
SD 0.07 0.50 0.17
SEM 0.04 0.29 0.10

12 h CHX exposure

Aerobic spp. Anaerobic spp. C. albicans
1 3.28 3.48 2.60
2 3.26 3.65 2.45
3 3.48 3.08 2.48
Mean 3.34 3.40 2.51
SD 0.12 0.29 0.08
SEM 0.07 0.17 0.05
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Total CFU/mlI counts of CDFF biofilms after exposure to different salivary
pHs (relation to figure 5.16, section 5.3.6.1):

pH 4

Aerobic spp. Anaerobic spp. C. albicans

1 5.30E+04 3.00E+04 8.00E+02

2 2.70E+04 5.10E+04 5.00E+02

3 3.50E+04 8.10E+04 6.20E+02
Mean 3.83E+04 5.40E+04 6.40E+02
SD 1.33E+04 2.56E+04 1.51E+02
SEM 7.70E+03 1.48E+04 8.73E+01

pH 5

Aerobic spp. Anaerobic spp. C. albicans
1 2.50E+04 3.80E+04 1.20E+03
2 3.00E+04 3.90E+04 8.20E+02
3 4.90E+04 3.40E+04 7.90E+02
Mean 3.47E+04 3.70E+04 9.37E+02
SD 1.27E+04 2.65E+03 2.29E+02
SEM 7.32E+03 1.53E+03 1.32E+02

pH 6.5

Aerobic spp. Anaerobic spp. C. albicans
1 2.30E+04 7.70E+04 4.00E+02
2 1.30E+04 7.90E+04 4.20E+02
3 1.90E+04 6.10E+03 4.00E+02
Mean 1.83E+04 5.40E+04 4.07E+02
SD 5.03E+03 4.15E+04 1.15E+01
SEM 2.91E+03 2.40E+04 6.67E+00
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CFU/ml counts of S. aureus inoculated CDFF biofilms after exposure to
different salivary pHs:

pH 4 S. aureus C. albicans Aerobic sp.  Anaerobic sp.
1 0.00E+00 9.10E+07 1.30E+08 8.00E+07
2 0.00E+00 1.10E+08 8.90E+07 8.90E+07
3 0.00E+00 1.20E+08 9.90E+07 9.00E+07
4 0.00E+00 1.30E+08 1.40E+08 9.90E+07
5 0.00E+00 9.60E+07 1.50E+08 1.30E+08
6 0.00E+00 9.80E+07 1.20E+08 1.40E+08
Mean 0.00E+00 107500000 121333333.3 104666666.7
SD 0.00E+00 15254507.53 23627667.4 24459490.32
SEM 0.00E+00 6.23E+06 9.65E+06 9.99E+06
pH5 S. aureus C. albicans Aerobic sp.  Anaerobic sp.
1 3.00E+07 7.30E+07 1.20E+08 1.40E+08
2 3.30E+07 6.10E+07 9.80E+07 9.00E+07
3 3.00E+07 7.70E+07 8.10E+07 1.10E+08
4 4.50E+07 7.00E+07 9.00E+07 8.90E+07
5 3.30E+07 4.90E+07 1.10E+08 9.00E+07
6 3.00E+07 5.00E+07 1.10E+08 1.30E+08
Mean 3.35E+07 6.33E+07 1.02E+08 1.08E+08
SD 5.82E+06 1.19E+07 1.45E+07 2.25E+07
SEM 2.38E+06 4.88E+06 5.92E+06 9.17E+06
pH 6.5 S. aureus C. albicans Aerobic sp.  Anaerobic sp.
1 3.30E+09 3.00E+07 1.10E+10 1.90E+10
2 3.60E+09 4.70E+07 1.20E+10 1.10E+10
3 2.90E+09 5.90E+08 9.90E+09 1.20E+10
4 3.40E+09 5.00E+06 1.10E+10 2.00E+10
5 3.00E+09 3.80E+08 1.00E+09 1.10E+10
6 3.10E+09 4.00E+08 8.90E+09 1.20E+10
Mean 3.22E+09 2.42E+08 8.97E+09 1.42E+10
SD 2.64E+08 2.47E+08 4.05E+09 417E+09
SEM 1.08E+08 1.01E+08 1.65E+09 1.70E+09
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CFU/ml counts of P. aeruginosa inoculated CDFF biofilms after exposure to

different salivary pHs:

Aerobic
pH 4 P. aeruginosa  C. albicans spp.- Anaerobic spp.
1 8.77E+00 7.48E+00 9.28E+00 9.94E+00
2 8.80E+00 7.48E+00 9.11E+00 9.94E+00
3 8.90E+00 7.48E+00 9.18E+00 9.98E+00
4 8.78E+00 7.52E+00 9.26E+00 1.00E+01
5 8.79E+00 7.54E+00 8.96E+00 1.01E+01
6 8.76E+00 7.71E+00 9.11E+00 1.00E+01
Mean 8.80E+00 7.53E+00 9.15E+00 1.00E+01
SD 4.98E-02 8.96E-02 1.15E-01 7.65E-02
SEM 2.03E-02 3.66E-02 4.68E-02 3.12E-02
Aerobic
pH5 P. aeruginosa  C. albicans spp.- Anaerobic spp.
1 0.00E+00 7.48E+00 7.91E+00 7.63E+00
2 0.00E+00 7.57E+00 8.00E+00 8.11E+00
3 0.00E+00 7.85E+00 8.00E+00 8.08E+00
4 0.00E+00 7.56E+00 8.00E+00 8.00E+00
5 0.00E+00 7.89E+00 8.59E+00 8.08E+00
6 0.00E+00 7.89E+00 8.00E+00 7.83E+00
Mean 0.00E+00 7.70E+00 8.08E+00 7.95E+00
SD 0.00E+00 1.89E-01 2.52E-01 1.89E-01
SEM 0.00E+00 7.71E-02 1.03E-01 7.70E-02
Aerobic
pH 6.5 P. aeruginosa  C. albicans spp.- Anaerobic spp.
1 8.77E+00 7.48E+00 9.28E+00 9.94E+00
2 8.80E+00 7.48E+00 9.11E+00 9.94E+00
3 8.90E+00 7.48E+00 9.18E+00 9.98E+00
4 8.78E+00 7.52E+00 9.26E+00 1.00E+01
5 8.79E+00 7.54E+00 8.96E+00 1.01E+01
6 8.76E+00 7.71E+00 9.11E+00 1.00E+01
Mean 8.80E+00 7.53E+00 9.15E+00 1.00E+01
SD 4.98E-02 8.96E-02 1.15E-01 7.65E-02
SEM 2.03E-02 3.66E-02 4.68E-02 3.12E-02
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