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Abstract

SIRT2 is an NAD-dependent histone deacetylase (HDAC) that is involved in the regulation of
gene expression and protein function. This study aimed to evaluate SIRT2 as a salivary
biomarker for periodontitis and investigate any association between SIRT2 and the

inflammatory processes relevant to periodontitis.

Immune responses were investigated in vitro using THP1 monocytes differentiated into
macrophages using phorbol 12-myristate 13-acetate (PMA) and stimulated with TLR2 or TLR4

agonists.

Analysis using qPCR and western blotting showed there were no significant changes to SIRT2
mRNA or intracellular protein expression respectively after stimulation with TLR agonists.
Secreted SIRT2 levels measured by ELISA were significantly elevated after stimulation with
TLR2 agonists but not after stimulation with TLR4 agonists. TLR agonists had no effect on SIRT2
deacetylation activity in macrophages. Inhibition experiments in macrophages showed that
SIRT2 regulates secretion of TNFa, IL-6, IL-8, and IL-1B as measured by ELISA. Multiple
regression analysis (ANCOVA) showed that SIRT2 was significantly elevated in periodontitis
when accounting for the influence of age but SIRT2 levels did not correlate with clinical
measurements of periodontitis such as bleeding on probing and pocket depth. Receiver
operating characteristic (ROC) curve analysis showed that salivary SIRT2 could detect

periodontitis with a high degree of sensitivity and specificity (AUC 89%).

In summary, SIRT2 levels accurately represent the presence of periodontitis, but do not
correlate with clinical measures of periodontitis, which may limit its utility as a diagnostic
biomarker. We have demonstrated a novel TLR2-mediated pathway of SIRT2 secretion from
THP1-derived macrophages which may explain the elevated levels of SIRT2 present in the
saliva of patients with periodontitis but will require further investigation. We have also shown
that SIRT2 mediates the secretion of pro-inflammatory cytokines after stimulation with TLR

agonists which may be of relevance to the pathogenesis of periodontitis.
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Chapter 1. Introduction
1.1 The Pathogenesis of Periodontitis

Periodontitis is a chronic inflammatory disease affecting the connective tissues that support the
teeth. These tissues are collectively referred to as the periodontium and include the gingiva, the
periodontal ligament, and the alveolar bone (Figure 1.1). This inflammation is triggered by the
formation of plaque, bacterial biofilms on the surface of the teeth, that begin to colonise the
gingival sulcus. Traditionally, the “red complex” organisms Porphyromonas gingivalis, Treponema
denticola, and Tannerella forsythia were considered the aetiological agents of periodontitis
(Hajishengallis and Lamont 2012). However, more recent thinking leans towards polymicrobial
synergy and dysbiosis being key to the development of periodontitis. The move away from the
“red complex” organisms was partly due to the finding that these organisms are present in
healthy individuals and partly due to increasing knowledge of the oral microbiome (Hajishengallis
and Lamont 2012; Hajishengallis 2015). An analysis of periodontally healthy controls and subjects
with chronic periodontitis detected 596 known bacterial species, and 123 of these were
significantly elevated in patients with periodontitis (Griffen et al. 2012). This demonstrates the
extent of the diversity within the oral microbiome and is at least in part why less emphasis is

placed on the role of the “red complex” organisms.
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Figure 1.1. The structure of the periodontium.

Consisting of the gingiva, periodontal ligament, cementum and alveolar bone, the periodontium
provides support to the teeth. In periodontitis, the buildup of plaque leads to inflammation and
the formation of a periodontal pocket which provides more space for plaque formation.
Resorption of the alveolar bone can occur due to the chronic state of inflammation. Image
adapted in BioRender.



As the inflammation progresses, the integrity and structure of the periodontal tissues are
disrupted, leading to the formation of periodontal pockets, which provide further space for
bacterial biofilms to occupy (Trindade et al. 2014). Disruption to the homeostasis between
osteoclasts, cells that degrade bone, and osteoblasts, cells that produce bone, by cytokines such
as IL-1, TNFa and IL-6 lead to resorption of the alveolar bone (Liu et al. 2010). Additional problems
are caused by increased activity of matrix metalloproteinases (MMP), a family of enzymes that
degrade the extracellular matrix and basement membrane. These enzymes are usually involved
in tissue remodelling and wound healing and are regulated by the tissue inhibitor of matrix
metalloproteinases (TIMP) family of protease inhibitors, however, in periodontitis this regulation

of activity is disrupted (Cekici et al. 2014a).

Neutrophils (Cortes-Vieyra et al. 2016), macrophages (Nibali 2015), dendritic cells (Cury et al.
2013), fibroblasts (Scheres et al. 2011; Baek et al. 2013) and epithelial cells (Chen et al. 2014) are
central to the innate immune response that produces the inflammation seen in periodontitis.
Pattern recognition receptors (PRRs) on the surface of these cells detect the presence of
microorganisms through the recognition of pathogen-associated molecular patterns (PAMPs).
PAMPs are diverse molecules expressed by microbes and contain conserved motifs that are
recognised by PRRs. PRRs also recognise damage-associated molecular patterns (DAMPs), which
are released when an endogenous cell is damaged. When a PAMP or DAMP is recognised, the PRR
begins a signalling cascade that ultimately leads to initiation of the immune response and

recruitment of immune cells (Takeuchi and Akira 2010).

One of the key classes of PRRs are the Toll-like receptors (TLRs), a family of 13 proteins that detect
bacterial components and stimulate an immune response. TLRs 1, 2, 4, 5, 6 and 10 are found on
the surface of the cell, whilst TLRs 3, 7, 8, 9, 11, 12 and 13 are found intracellularly within the
endosome (Kawasaki and Kawai 2014). TLR2 and TLR4 are of prime importance in the
pathogenesis of periodontitis. The epithelial cells within the oral cavity primarily respond to
components of periodontopathic bacteria via TLR2 and TLR4. TLR2 and TLR4 recognise molecules
such as peptidoglycan and lipopolysaccharide respectively (AlQallaf et al. 2018). There is also
evidence that TLR2 and TLR4 expression increases in periodontitis (Rojo-Botello et al. 2012;
AlQallaf et al. 2018). Increased expression of TLR2 and TLR4 was also found to be localised to sites

of periodontal disease (Fatemi et al. 2013). Perhaps unsurprisingly, there are elevated levels of
3



TLR2 and TLR4 ligands found in the saliva of patients with periodontitis compared to healthy
individuals (Lappin et al. 2011). It may also be of importance that the cells found deeper within
the periodontium, the osteoclasts, cementoblasts and periodontal ligament fibroblasts only
express TLR2 and TLR4, whilst gingival epithelial cells express TLRs 2, 3, 4, 5, 6 and 9 (Hans and
Hans 2011), however, the cells of the innate immune system, such as macrophages, dendritic cells

and neutrophils are the cells express the most PRRs (Mogensen 2009; Riera Romo et al. 2016).

One of the key features of periodontitis is the failure of inflammation to resolve and entering a
chronic state (Cekici et al. 2014a). However, it remains unclear which mechanisms are responsible
for the failure to resolve, and the real cause is likely multifactorial. Evidence points towards
contributions from both genetic and environmental risk factors. Risk factors associated with
periodontitis include poor oral hygiene, ageing, diabetes mellitus (Preshaw et al. 2012),
polymorphisms in genes for interleukins IL-1A, IL-1B, IL-6, IL-10 and MMP-3 and 9 (da Silva et al.
2017), as well as environmental factors such as smoking (Bergstrom et al. 2000). Ultimately,
polymicrobial synergy and dysbiosis are the trigger for inflammation, whilst disease progression
is subsequently driven by continued activation of the immune system which can be influenced by

genetic and environmental factors (Hajishengallis 2014b; Nibali 2015).
1.2 Systemic Effects of Periodontitis

Patients with periodontitis also have increased systemic levels of cytokines such IFN-y, TNFa, IL-
1B, IL-2 and IL-6. Additionally, levels of C reactive protein, coagulation factor and leukocyte counts
are also elevated. It is thought that this contributes to systemic inflammation resulting in an
increased risk of developing conditions such as cardiovascular disease and diabetes (Taylor et al.
2013; Sanz et al. 2020). Whilst the reported relative risk varies, several studies have identified
increased risk of a first coronary event in patients with clinically diagnosed periodontitis (Dietrich
et al. 2013). The risk of developing periodontitis is between 2 and 3 times higher in individuals
with diabetes (Preshaw and Bissett 2019). Additionally, periodontal intervention can improve
glycaemic control for at least 3 months in patients with type 2 diabetes (Nazir 2017; Preshaw et
al. 2020). Periodontitis can also have significant effects on the patient’s quality of life. Increased
tooth mobility and tooth loss can affect an individual’s nutritional state and can also have a

psychological impact (Tonetti et al., 2017).



1.3 Economic Impact of Periodontitis

Additionally, periodontitis is a widespread disease with around 743 million people affected
worldwide, a prevalence of 11.2%, making it the sixth most common disease. Additionally,
between the years 1990 and 2010, the global burden of periodontitis increased by 57.3%.
Consequently, periodontitis has significant economic effects arising from treatment costs and lost
work hours, with the global cost being estimated at 54 billion USD/year (Kassebaum et al. 2014;
Listl et al. 2015; Jin et al. 2016b; Tonetti et al. 2017). Improvements to our ability to diagnose
periodontitis earlier and to better manage treatment for the disease could be beneficial in
increasing the efficiency with which we manage patients with periodontitis, and reduce the time

required for diagnosis (Sorsa et al. 2017; Cafiero et al. 2021).
1.4 Ageing and Periodontitis

Ageing is another important factor in periodontitis. As an individual ages there is dysregulation of
the entire immune system. This ageing of the immune system is termed immunosenescence and
leads to irregularities in the initiation and resolution of immune responses and chronic low-grade
inflammation (Franceschi et al. 2000; Deleidi et al. 2015; Ebersole et al. 2016). It is also thought
that this contributes towards the prevalence of age-related diseases such as cancer,

cardiovascular disease and autoimmune conditions (Hajishengallis 2014a; Elibol and Kilic 2018).

Numerous changes occur in both the innate and adaptive immune system with age. Ageing has
significant effects on neutrophils, including impaired chemotaxis which has an impact on
migration to and from sites of inflammation (Brubaker et al. 2013; Shaw et al. 2013). Neutrophils
from older individual also demonstrate a diminished capacity to phagocytose and reduced
lethality to phagocytosed organisms (Simell et al. 2011). Aged macrophages also show decreased
activity, it is thought that this is due to dysregulation of signalling mechanisms subsequent to TLR
stimulation such as p38 mitogen-activated protein kinases (MAPKs) and NF-kB (Helenius et al.
1996; Boehmer et al. 2005; Chelvarajan et al. 2006). Macrophages also display an age-associated
increase in IL-6 and IL-8 secretion in response to TLR5 stimulation (Qian et al. 2012). Changes to
lymphocyte populations have also been observed with age, such as decreases in the percentage
and number of both naive and regulatory T-cells and B-cells. These cells are thought to be

important for maintaining a balance between periodontal tissues and the microbiome (Ebersole
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et al. 2016). A recent study has shown that the onset of inflammation in the young and old is
similar, however, there is a severe impairment of the resolution of inflammation in the elderly.
This was found to be due to an impairment to the ability of mononuclear phagocytes, such as
monocytes and macrophages, to clear dead cells in a process known as efferocytosis. This leads
to a state of chronic inflammation. However, the inhibition of p38 was found to restore

efferocytosis capacity and lead to the resolution of inflammation (De Maeyer et al. 2020).

This dysregulation contributes towards increasing the susceptibility of older individuals to
infection and leads to mortality of infectious diseases being approximately three times higher in

aged individuals compared to their younger counterparts (Simon et al. 2015)

Resolution of inflammation is delayed in aged mice. Macrophages from aged mice were found to
have a lower ability to phagocytose apoptotic polymorphonuclear neutrophils (PMNs) than those
from young mice. Phagocytosis of PMNs is an important part of inflammation resolution, and
deficiency of this process leads to prolonged inflammation (Arnardottir et al. 2014). A more recent
study using a dermal model of acute inflammation has shown that there on the onset of
inflammation in the young and old is similar, however, there is a severe impairment of the
resolution of inflammation in the elderly. This was found to be due to an impairment to the ability
of mononuclear phagocytes, such as monocytes and macrophages, to clear dead cells in a process
known as efferocytosis. This leads to a state of chronic inflammation. However, the inhibition of
p38 was found to restore efferocytosis capacity and lead to the resolution of inflammation (De

Maeyer et al. 2020).

In a dermal excisional injury model in mice, there was decreased numbers of infiltrating
neutrophils in the first 3 days after injury in aged mice. Conversely, macrophage infiltration in
aged mice was increased compared to young mice. This was found to be caused by elevated levels
of monocyte chemoattractant protein-1 present in the wounds of aged mice. Additionally,
macrophages from aged mice were found to possess less phagocytic capacity than those from
young mice (Swift et al. 2001). Some of these features of immune senescence have been observed
when comparing older and younger patients with periodontitis, including altered neutrophil
function and increased production of pro-inflammatory cytokines (Preshaw et al. 2017). One

study reported that older patients with periodontitis demonstrated decreased neutrophil



extracellular trap (NET) formation compared to younger patients. NETs are primarily composed
of DNA with some other intracellular proteins and function to neutralise virulence factors of
invading microbes and activate complement. This makes them an important component of the
innate immune response (Hazeldine et al. 2014). In a non-human model of periodontitis, gene
expression patterns were identified to distinguish M1 (inflammatory) and M2 (anti-inflammatory)
polarised macrophage populations. This information was then used to investigate differences
between macrophage polarisation in young healthy primates, older healthy primates and older
periodontally diseased primates. M1 gene transcription patterns which included CCL13, CCL19,
CCR7 and TLR4, were found to significantly increase with age. The same increase was seen when

comparing older healthy primates to older periodontally diseased primates (Gonzalez et al. 2015).

The exact mechanisms through which immunosenescence may contribute to development of
periodontitis are currently unknown, but statistics demonstrate a clear association between
ageing and periodontitis. Individuals over 35 years of age having a significantly increased risk of
developing periodontitis. The latest Adult Dental Health Survey reported that 15% of the UK
population aged 55 or older has advanced periodontitis (White et al. 2012). Data from the Office
of National Statistics states that in the UK in 2016, 18% of people were aged 65 or over. They
project that this will increase to 23.9% of the population in 2036 (Hayter 2018). Thus, the burden

of periodontitis on the NHS is likely to increase as the growing population ages.
1.5 Macrophages in Inflammation and Resolution

Macrophages are cells of the innate immune system that are present in every tissue. These
macrophage populations can be tissue resident, derived from the yolk sac and foetal liver during
development or monocyte-derived, where circulating monocytes infiltrate the tissue and
differentiate into macrophages. Macrophages are involved in tissue homeostasis and repair, as

well as responding against pathogens and debris (Watanabe et al. 2019).

Activated macrophages have traditionally been classified into two groups based on their
phenotype. These phenotypes are referred to as M1 and M2, representing pro- and anti-
inflammatory populations respectively (Shapouri-Moghaddam et al. 2018; Sima et al. 2018). M1
macrophages are pro-inflammatory macrophages, secreting cytokines such as TNFa, IL-1B, IL-6

and chemokines including CXCL9, CXCL10, and CXCL11 (Shapouri-Moghaddam et al. 2018). M2
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macrophages possess increased phagocytic activity, along with higher expression of scavenging
receptors, and mannose and galactose receptors. Additionally, M2 macrophages also exhibit high
expression of IL-10, IL-1 receptor antagonist and IL-1 receptor type Il (Biswas and Mantovani
2010). IL-10 is an anti-inflammatory cytokine that suppresses the release of immune mediators,
antigen expression and phagocytosis by innate immune cells (Kany et al. 2019). IL-1 receptor
antagonist is a competitive inhibitor or IL-1 signalling (Palomo et al. 2015). IL-1 receptor type Il is
a decoy receptor for IL-1, meaning it can bind to IL-1, but is incapable transducing the signal as it
lacks a toll/interleukin-1 receptor (TIR) domain (Shimizu et al. 2015). Together, these features of

M2 macrophages allow them to fulfil an anti-inflammatory role.

Whilst this categorisation of macrophage polarisation is observed both in vitro and in vivo, the
reality is that rather than being two categorical polarisation states, there is a spectrum of
polarisation and any stimulus in vivo will likely result in a polarisation state that lies between the
two extremes (Mosser and Edwards 2008; Huleihel et al. 2017). However, these categorisations
are useful in a lab setting in allowing selection of appropriate stimuli and cellular responses for a

given experiment.
1.6 Macrophages in Periodontal Disease

Gingival biopsies have shown that there are a greater number of M1 macrophages present in the
gingiva of patients with periodontitis when compared against biopsies from healthy individuals,
and elevated levels of TNF-a, IFN-y, IL-6 and IL-12 were observed. Comparatively, biopsies from
patients with gingivitis had similar levels of M1 macrophages as healthy individuals, but with
elevated levels of TNFa and IL-12 (Zhou et al. 2019). This suggests there is an association between
the more severe inflammation seen in periodontitis and the number of M1 macrophages present
in the gingiva. Cytokines such as TNFa and IL-1B, produced by M1 macrophages are involved in
the mediation of osteoclastogenesis both directly and through the recruitment of osteoclast

precursors (Sima et al. 2019).

Almubarak et al. identified an elevation in the ratio of M1/M2 macrophages in periodontally
affected sites. Additionally, monocytes and M1 macrophages were found to have increased
expression of programmed death-ligand 1 (PDL1), a transmembrane protein that provides an

inhibitory signal to T-cells, regulating their activation. This has also been shown to lead to a lack
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of resolution during chronic infection. A subset of M1 macrophages were also identified which
expressed increased levels of CD47, an immunoglobulin involved in self-recognition and inhibition

of phagocytic signalling (Almubarak et al. 2020).

Macrophages are also influenced by their surrounding environment. In vitro, periodontal
ligament stem cells (PDSC) have been found to secrete extracellular vesicles after stimulation with
LPS. The extracellular vesicles induced M1 polarisation when added to macrophage cultures.
Interestingly, this effect was abolished by treatment of extracellular vesicles with DNase (Kang et
al. 2018). Co-culture of macrophages with periodontal ligament fibroblasts (PDLF) has been found
to decrease TNFa secretion from macrophages but increased their phagocytic activity.
Additionally, co-culture resulted in increased IL-6 secretion from PDLFs and induced secretion of
IL-10 (Tzach-Nahman et al. 2017). In murine models of periodontitis, induction of M2
macrophages has been found to prevent bone loss. This coincided with reduced numbers of
osteoclasts, cells which break down bone, present within the alveolar bone (Zhuang et al. 2018).
Additionally, depletion of macrophages in mice leads to decreased bone resorption during
infection with P. gingivalis, further highlighting the importance of macrophages in tissue

homeostasis and infection (Lam et al. 2014).

In a ligature-induced model of periodontitis, it was found that activated monocytes and
macrophages were able to circulate in the blood and adhere to endothelial cells within the
vasculature where they subsequently induced activation of NF-kB and upregulation vascular cell
adhesion protein 1 (VCAM-1) (Miyajima et al. 2014). Thus, it appears that macrophages and their
circulating predecessors may contribute to the systemic inflammation that can occur in patients

with periodontitis.

Macrophages are also one the major producers of the pro-inflammatory cytokine IL-1pB.
Production is typically initiated in response to PAMPs. IL-18 is first produced in an inactive form
named pro-IL-1B, it will then be cleaved into its active form by caspase-1. IL-1B causes typical
features of inflammation such as increased blood flow and leukocyte recruitment, but also
increases the expression of MMPs (Cheng et al. 2020). Additionally, IL-1B upregulates receptor
activator of nuclear factor kappa-B ligand (RANKL), leading to an increase in osteoclastogenesis,

production of osteoclasts, the cell type responsible for bone resorption (Huynh et al. 2017).



1.7 Biomarkers for Periodontitis

A biomarker has been described in joint by the US Food and Drug Administration and the National
Institutes of Health as “A defined characteristic that is measured as an indicator of normal
biological processes, pathogenic processes or responses to an exposure or intervention” (Group
2016). Whilst the World Health Organization defines a biomarker as any “any substance,
structure, or process that can be measured in the body or its products and influence or predict
the incidence of outcome or disease” (Strimbu and Tavel 2010). These definitions include
physiologic, radiographic, histologic and molecular characteristics that are associated with a
disease. There is extensive ongoing research into molecular biomarkers as they are broadly
guantitative rather than qualitative like radiographic or physiologic biomarkers, meaning there is

less room for individual interpretation.

There are distinct types of biomarker: diagnostic biomarkers are used for disease detection and
diagnosis. Monitoring biomarkers are used to assess the status of a disease.
Pharmacodynamic/response biomarkers are used to assess treatment. Predictive biomarkers are
used to predict suitable drug treatments for an individual or any susceptibility to toxicity.
Prognostic biomarkers identify the likelihood of disease progression or recurrence. Susceptibility
biomarkers are used to assess the risk of an individual developing a certain disease or condition.

(Group 2016; Califf 2018)

Currently, there is no molecular biomarker for the diagnosis of periodontitis or for the
measurement of disease severity and treatment effectiveness that has achieved widespread
clinical usage. Current methods for the diagnosis and monitoring of periodontitis rely on physical
examination of the patient (Preshaw 2015). A viable biomarker must prove its usefulness in
diagnosing the presence of periodontal disease, reflecting the severity of the disease, allow for
monitoring of disease response to treatment, and predict the prognosis/progress of the disease
(Ji and Choi 2015). A biomarker for periodontitis could potentially allow for detection of the
disease earlier than the current standard of physical examination allows. Currently, periodontitis
is diagnosed by assessment of physical parameters such as modified gingival index (MGl), probing
pocket depth (PPD), bleeding on probing (BOP), clinical attachment (CAL) loss and radiographic

assessment (Preshaw 2015). Periodontal probing involves inserting a small probe into the
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periodontal pocket and measuring its depth. Similarly, bleeding on probing is a sign of
inflammation of the periodontium. Clinical attachment loss is a measure of the loss of connective
tissue attachment to the teeth. This involves measuring the position of the soft tissues of the
gingiva relative to the cemento-enamel junction. Radiographic assessment is used to assess loss

of the alveolar bone (Taylor 2014; Preshaw 2015).

This type of assessment for the diagnosis of periodontitis has some drawbacks. Firstly, it is a time-
consuming process to gather these measurements at affected sites requires both skill and
individual interpretation. Additionally, diagnosis in this manner gives only an indication of historic
disease severity and may not be reflective of its current severity. This an area where a suitable

biomarker would help, with levels of the biomarker correlating to disease severity (Taylor 2014).

Salivary biomarkers for periodontitis are likely to be useful due to the ease with which saliva
samples can be collected from patients and its proximity to the site of disease. Saliva is produced
by the parotid, submandibular and sublingual glands and by numerous smaller glands. Saliva
composition can vary based on the gland it is produced by, however, it is consistently composed
of a high percentage of water (>90%) and contains numerous proteins and lipids, as well as
carbohydrates, salts, amino, creatine, urea and uric acid. Additionally, saliva will also include
gingival crevicular fluid, components derived from the serum, bacteria and bacterial metabolites.
There will also be epithelial cells present that have been exfoliated off the inside of the oral cavity
(Jaedicke et al. 2012; Chojnowska et al. 2018). Collection is non-invasive and saliva samples can
easily be stored or shipped to locations as needed based on analysis requirements (Kaczor-
Urbanowicz et al. 2017). Analysis of saliva could also be carried out relatively easily in a point-of-
care setting if adequate development is invested into a biosensor or some other rapid test with a

low man-power requirement (Sorsa et al. 2017; Taylor et al. 2019b).

Conversely, there are some challenges presented in the analysis saliva. Levels of any potential
analyte may be low and require high assay sensitivity for detection (Srivastava et al. 2017).
Another challenge presented is degradation of biomarkers due to proteolysis (Thomadaki et al.
2011), saliva contains numerous proteases and given time, these proteases can alter the
proteomic profile of samples (Al-Tarawneh and Bencharit 2009; Al-Tarawneh et al. 2011).

Additionally, the lack of a standardised collection method for obtaining saliva samples from
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patients can have an impact on measurements of some analytes. In a comparison of collection
methods, unstimulated whole saliva, unstimulated sublingual saliva, stimulated whole saliva,
stimulated sublingual saliva and stimulated parotid saliva it was concluded that saliva collection
methods are not interchangeable and that cross-study comparisons can only be made if the same

collection methods were used (Jasim et al. 2018).

However, there has also been some investigation into periodontal biomarkers in the blood.
Elevated levels of soluble ST2, a member of the interleukin-1 receptor family, and the
inflammation-associated C-reactive protein have been observed in the serum of patients with
periodontitis (Torrungruang et al. 2019). Elevated levels of the microRNAs hsa-miR-664a-3p, hsa-
miR-501-5p, and hsa-miR-21-3p have also been observed in the serum of patients with
periodontitis (Yoneda et al. 2019). A potential biomarker for periodontitis present in the blood or
sera of a patient presents more difficulties in obtaining samples, however, may still be of value.
Particularly if said biomarker can be used as a measure of the systemic effects of periodontal

disease (Romandini et al. 2018; Torrungruang et al. 2019).

A recent systematic review and subsequent meta-analysis has reported that MMP-8, MMP-9, IL-
1B, IL-6 and haemoglobin all demonstrated a good capability to detect periodontitis in

systemically healthy individuals (Arias-Bujanda et al., 2020).

MMP-8 has been found to be one of the most promising salivary biomarkers for periodontitis and
has been found to be elevated in the saliva of patients with chronic periodontitis (Gupta et al.
2015; Rathnayake et al. 2015; Rangbulla et al. 2017). MMP-8 is a collagenase that is produced by
neutrophils, articular chondrocytes, synovial and gingival fibroblasts, epithelial cells,
odontoblasts, plasma cells, as well monocytes and macrophages (Sorsa et al. 2006). In a recent
meta-analysis of 10 studies investigating salivary MMP-8 levels in patients with periodontitis,
MMP-8 levels were significantly higher than healthy controls in 8 of these studies (Zhang et al.
2018b). Prototype biosensors for MMP-8 have been developed utilising antibodies specific to
MMP-8 and surface acoustic wave technology to analyse saliva samples. This method for analysis
of saliva samples demonstrated comparable performance to more tradition ELISA methods in
distinguishing periodontitis from health but requires only 20 minutes to complete an assay (Taylor

et al. 2019a). A biosensor like this can be more easily applied into a clinical setting than a
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traditional assay and due to the speed and reduced labour involved, allows for a higher total

throughput.

Alkaline phosphatase is a membrane-bound glycoprotein that has also shown potential as a
biomarker for periodontitis in both saliva and gingival crevicular fluid (Malhotra et al. 2010; Dabra
and Singh 2012). It is produced by neutrophils, osteoblasts and periodontal ligament fibroblasts
and its activity has been demonstrated to reflect periodontal healing/recurrent inflammation
phases in chronic periodontitis patients (Perinetti et al. 2008). Other biomarkers that have
demonstrated effectiveness in discriminating between healthy patients include the cytokines IL-
1B, IL-6 and macrophage inflammatory protein-1a (MIP-1a) (Ebersole et al. 2015; de Lima et al.
2016).

IL-1B has also been investigated as a biomarker for periodontitis. Levels of salivary IL-1B have
been found to have a high sensitivity and specificity for diagnosing periodontitis. Additionally,
levels of IL-1B decrease after periodontal treatment meaning that it may have potential in
assessing treatment effectiveness (Sanchez et al. 2013). Other studies have confirmed elevated
levels of IL-1B in the saliva of patients with periodontitis that were found to correlate significantly
with the clinical parameters of attachment loss, probing depth, bleeding on probing, periodontal
index and gingival index (Kaushik et al. 2011). Numerous studies investigating IL-1B have been
reviewed by Jaedicke et al. and concluded that there was substantial evidence of IL-1p being a

robust biomarker for periodontitis (Jaedicke et al. 2016).

It has been suggested that using a panel of multiple biomarkers may provide the best diagnostic
accuracy that can compete with physical examination (Ji and Choi, 2015). One such suggested
panel includes measuring levels of salivary P. gingivalis in combination with MMP-8 and IL-1f to
give a full picture of disease progress (Gursoy et al., 2011, Salminen et al., 2014, Salminen et al.,
2015). Evaluation of the ratio of MMP9 to TIMP1 and the ratio of MMP8 and MMP9 to TIMP1 as
biomarkers for periodontitis, demonstrated only slightly better discriminatory ability than
individual biomarkers (Bostanci et al., 2021). Thus, whilst there may be some benefit to using a
panel of biomarkers, diagnostic ability will still be limited by the chosen biomarkers, and benefit

can be gained by identifying additional biomarkers for periodontitis.
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1.8 Proteomic Analysis to Identify Novel Biomarkers in Periodontitis

Previous work in our group has identified SIRT2 as a candidate biomarker in periodontitis. In this
study, saliva was collected from 15 periodontally healthy volunteers and 15 patients with
untreated periodontitis. Ninety-two inflammation related proteins were quantified in all saliva
samples by proximity extension assays (Olink Proteomics, Uppsala, Sweden) in order to identify
candidate biomarkers for periodontitis. The relative levels of individual proteins between health
and disease were analysed using Welches t-test adjusted for multiple testing using the False
Discovery Rate method. Seventeen of the 92 proteins were found to be significantly elevated in
periodontitis (adjusted P value < 0.05) and SIRT2 exhibited the highest relative levels between
health and disease (fold change 4.42, adjusted P value 6.28 x 10™). It is reasonable to hypothesise
that SIRT2 may represent a novel candidate biomarker in periodontitis, but further work is needed

to qualify this protein as a biomarker by identifying any possible role in disease pathogenesis.

1.9 The Sirtuin Family of Histone Deacetylases

The acetylation and deacetylation of proteins are important post-translational modifications that
can have significant effects on protein interactions and functionality (Duan and Walther 2015).
Histone deacetylases (HDACs) are a class of enzymes that remove acetyl groups from e-N-acetyl
lysine amino acid residues. Despite their name, HDACs also exhibit deacetylase activity against
non-histone proteins (Harting and Knoll 2010). The acetylation and deacetylation of proteins
plays an important role in fine tuning many biological processes. HDACs are divided into
subclasses and present in various areas intracellularly (Table 1.1). HDACs of classes |, lIA, IIB and
IV are acetyl coenzyme A dependent, whilst class Il HDACs are nicotine adenine dinucleotide
(NAD)* dependent and as such, link metabolism and the post-translational modification of

proteins (Drazic et al. 2016).
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Class Member Location Reference
HDAC1 Nucleus
HDAC2 Nucleus
(de Ruijter et al. 2003)
HDAC3 Nucleus
HDACS8 Nucleus
HDAC4 Nucleus and cytoplasm
HDAC5 Nucleus and cytoplasm
A (de Ruijter et al. 2003)
HDAC7 Nucleus and cytoplasm
HDAC9 Nucleus and cytoplasm
HDAC6 Cytoplasm
1B (de Ruijter et al. 2003)
HDAC10 Nucleus and cytoplasm
SIRT1 Nucleus and cytoplasm (Tanno et al. 2007)
SIRT2 Nucleus and cytoplasm (Vaquero et al. 2006)
SIRT3 Mitochondria
SIRT4 Mitochondria (Huang et al. 2010)
1
SIRTS Mitochondria
(Mostoslavsky et al.
SIRT6 Nucleus
2006)
SIRT7 Nucleolus (Ford et al. 2006)
v HDAC11 Nucleus (de Ruijter et al. 2003)

Table 1.1. List of mammalian histone deacetylases.

The mammalian HDACs, sorted by class, and their intracellular locations.
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1.10 The Biological Function of Histone Deacetylases

Deacetylation of histones is an epigenetic modification and is one mechanism through which gene
expression can be regulated. Histones are the proteins which organise DNA into structural units,
referred to as nucleosomes. These nucleosomes then assemble into chains and form defined
chromatin structures. Deacetylation of histones can cause condensation of the chromatin
structure which prevents transcription factors and RNA polymerase lI-complexes from interacting
with the DNA, resulting in a reduction in gene expression (Cantley et al. 2016; Drazic et al. 2016).
Epigenetic modifications are dynamic and can be influenced by environmental factors, including
stressors and nutrition (lons et al. 2013; Moosavi and Motevalizadeh Ardekani 2016). Epigenetic
changes occur under normal physiological conditions and are involved in the regulation of
immune homeostasis (Obata et al. 2015), however they can also contribute to disease, with some
evidence suggesting they may affect bone resorption in periodontitis (Cantley et al. 2011; Cantley

et al. 2016).

The acetylation state of non-histone proteins can have effects on localisation, as is the case with
forkhead box protein O1 (Daitoku et al. 2011), a transcription factor which is important in insulin-
signalling, gluconeogenesis and apoptosis. Acetylation state can also affect activity and
interaction affinity, as with the immune response regulator, NF-kB (Quivy and Van Lint 2004).
Acetylation state of cytoskeletal proteins, such as a-, B-, and y-actin, and also a-tubulin can alter

their stability and have an effect on cell motility (Hubbert et al. 2002; Zencheck et al. 2012).

1.11 The Sirtuin Family and NAD

All HDAC classes, with the exception of class Ill, are zinc dependent. The class Ill HDACs are a
family NAD-dependent enzymes known as sirtuins. The sirtuin family is composed of seven
members that are classified into four groups (I-IV). Sirtuins deacetylate lysine residues,
transferring the acetyl group onto ADP-ribose, producing O-acetyl-ADP-ribose and releasing
nicotinamide (NAM) as a by-product, which is also a non-competitive inhibitor of sirtuins. As
sirtuins are NAD-dependent, they provide a link between the metabolic state of the cell and the
posttranslational modification of proteins and are involved in various biological processes

including DNA repair, lipid metabolism and inflammation (Dang 2014).
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Nicotinamide phosphoribosyltransferase (NAMPT) is involved in the maintenance of intracellular
NAD levels by catalysing the reaction of NAM with 5-phosphoribosyl pyrophosphate to form
nicotinamide mononucleotide (NMN) which is then adenylated by nicotinamide mononucleotide
adenylyltransferases (NMNATSs) to synthesise NAD (Garten et al. 2015; Lin et al. 2016). NAMPT
expression can also have effects on cellular function, potentially through regulation of sirtuins.
MRNA expression of NAMPT is higher in M1 macrophages than in M2, however, there are higher
levels of NAMPT in the supernatant of M2 macrophages. Neutralising extracellular NAMPT, where
it is termed visfatin, through the use of specific antibodies has been shown to reduce M2
macrophage polarization levels (Zhang et al. 2018a). Visfatin is also found extracellularly within
the circulation (Friebe et al. 2011; Zhang et al. 2018a). Visfatin has been shown to increase the
phagocytic activity of THP1-derived macrophages (Yun et al. 2014) and is elevated in the plasma
and synovial fluid of patients with rheumatoid arthritis (Nowell et al. 2006; Otero et al. 2006).

Thus, there appears to be some relationship between NAMPT/visfatin and immune regulation.

1.12 SIRT2 Biological Function

SIRT2 is predominantly localised within the cytosol but translocates to the nucleus in the G2/M
phase of the cell cycle where it regulates chromosomal condensation (Vaquero et al. 2006). There
are three isoforms for SIRT2 which all exhibit deacetylase activity against a-tubulin (Maxwell et
al. 2011; Zhang et al. 2021a) and contain multiple phosphorylation sites (Nahhas et al. 2007). As
SIRT2 is NAD-dependent deacetylase, its activity is regulated in part by the availability of NAD,
which is in turn regulated by the activity of NAMPT (Figure 1.2). SIRT2 can also be regulated by
phosphorylation and acetylation by p300, acetylation leading to reduced activity (Han et al. 2008;
Liu et al. 2019b). During mitosis, the deacetylase activity of SIRT2 preferentially targets histone 4,
lysine 16 (H4K16) over other histones. It should be noted that the deacetylation activity of SIRT2
is not limited to histones. Key targets of SIRT2 deacetylation include the p65 subunit of NF-kB
(Rothgiesser et al. 2010b), the transcription factors FOXO1 (Jing et al. 2007) and 3 (Wang et al.

2007), and a-tubulin (Skoge et al. 2014) with numerous others previously identified (Table 1.2).
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Figure 1.2. Diagram of SIRT2 and its key targets.

SIRT2 activity is limited by NAD availability, which is catalysed from NAM into NMN by the enzyme
NAMPT. NMN is then catalysed into NAD by the enzyme NMNAT. SIRT2 utilises NAD to remove
acetyl groups from lysine residues within proteins to regulate activity or function.
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Substrates Site Functions Reference

(Xu et al. 2014)

PGAM2 K100 Oxidative stress
AKT - Inactivates GSK-3p (Dan et al. 2012)
G6PD K403 Oxidative stress (Wang et al. 2014)
MPK-1 - I/R injury (Wang et al. 2017)
MEK - Drug resistance (Bajpe et al. 2015)
G;3RP K126 Hepatic glucose uptake (Watanabe et al. 2018)
BubR1 K668 Lifespan (North et al. 2014)
NRF2 K506, K508 Iron homeostasis (Yang et al. 2017)
HIF-1a K 709 Hypoxic response (Seo et al. 2015)

NF-kB-dependent gene (Rothgiesser et al.

K31
Pes 310 expression 2010b)
CNK1 K414 ERK signalling (Fischer et al. 2017)
FOXO1 - Adipocyte (Jing et al. 2007)
differentiation
FOXO3a - Oxidative stress (Wang et al. 2007)
Keratin 8 K207 Filament organization (Snider et al. 2013)
TUG K549 Insulin sensitivity (Belman et al. 2015)
ATG5 - Mitophagy (Liu et al. 2017a)
a-tubulin K40 _ (North et al. 2003b)
(Das et al. 2009;
i K56 ; Eskandarian et al.
Histone3
K18 Bacterial infection 2013)
Histone4 K16 Mitosis regulation (Vaquero et al. 2006)

Table 1.2. Important substrates of SIRT2.

A list of notable targets of SIRT2 deacetylation activity and the subsequently regulated biological
function. Modified from (Wang et al. 2019).
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NF-kB is a particularly relevant target of SIRT2, as they are transcription factors that are involved
in modulating the expression of immune-related genes that are relevant to periodontitis
(Ghafouri-Fard et al. 2022), and NF-kB has long been known to be involved in the regulation of
inflammation by controlling expression of cytokines and genes that control leukocyte recruitment

(Lawrence 2009; Tornatore et al. 2012).

There is currently little published information on SIRT2 in the context of periodontal disease,
however, from the currently published literature SIRT2 has been shown to be involved in the
regulation of immune function and inflammation (Rothgiesser et al. 2010b; Ciarlo et al. 2017,
Zandi et al. 2018). Deficiency of SIRT2 has been found to lead to an increase in the phagocytic
activity of macrophages (Ciarlo et al. 2017). Knockdown of SIRT2 in macrophages has been found
to lead to lower levels of lipopolysaccharide (LPS)-induced nitric oxide (NO), inducible nitric oxide
synthase (iNOS) and reactive oxygen species (ROS) (Lee et al. 2014b). NO and ROS are important
components of the immune response, with NO acting as a signalling molecule for both the innate
and the adaptive immune response and as an antimicrobial and antiviral effector (Bogdan 2015),
whilst ROS has been identified as having a role in secondary signalling after ligation of LPS with

TLR4 alongside antimicrobial activity (Kohchi et al. 2009).

SIRT2-mediated deacetylation of NF-kB p65 regulates expression of genes such as IL-6 and MMP-
9 (Rothgiesser et al. 2010b), both of which have associations with periodontitis (Franco et al.
2017a; Pan et al. 2019a). Macrophages from SIRT2 knockout mice were shown to express lower
levels of CD86 when stimulated with IFN-y than their wild-type counterparts (Lee et al. 2014b).
CD86 is expressed by antigen-presenting cells and provides a costimulatory signal to T cells
required for their activation and survival (Chen and Flies 2013). In a mouse model of collagen-
induced arthritis, SIRT2 deficiency was found to cause an increase in the levels of pro-
inflammatory cytokines such as IL-1B, IL-6, TNFa, IL-17, IL-33 and monocyte chemoattractant
protein 1 (MCP-1) in the serum of arthritic mice (Lin et al. 2013b). SIRT2 gene expression has been
found to be increased in the gastric epithelium of gastritis patients with Helicobacter pylori
infection (Zandi et al. 2018). As H. pylori is also a gram-negative, and therefore LPS-expressing
bacteria, there may be a similar effect occurring in periodontitis due to the presence of gram-

negative bacteria in the mouth (Noiri et al. 2001; Pollanen et al. 2013). Thus, from the published
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literature discussed here, there is clear evidence for the involvement of SIRT2 in the modulation

of the immune response.

With the evidence discussed here that SIRT2 can influence immune system-regulating
transcription factors (Fan et al. 2010; Tornatore et al. 2012), and regulates functional aspects of
the immune response such as phagocytosis (Ciarlo et al. 2017), there is potential for involvement
of SIRT2 in the mechanisms responsible for the development of periodontitis. There is currently
a lack of published research investigating any potential involvement of SIRT2 in periodontitis,
both direct involvement and how SIRT2 may influence macrophage function relevant to
periodontitis. Understanding the how cytokines and the immune response are regulated in
periodontitis and in health is of primary importance for development of intervention and new

methods of diagnosis.

For this reason, we aim to investigate if SIRT2 could be involved in the immunological processes

relevant to periodontitis and if it may qualify as a biomarker for periodontitis.
1.13 Aims

1. To determine whether SIRT2 mRNA and protein expression is regulated by TLR signalling.
a. gPCR was used to quantify SIRT2 mRNA expression, whilst western blotting was

used quantify SIRT2 protein expression.

2. To determine if SIRT2 is present extracellularly in THP1-derived macrophage culture
supernatants and is regulated by TLR signalling.
a. SIRT2 ELISAs were used to analyse macrophage culture supernatants after
stimulation TLR2 or TLR4 agonists.

b. TLR2 and TLR4 inhibitors were used to ensure specificity of our TLR agonists.

3. To assess SIRT2-mediated deacetylation acetylation activity and how it may be regulated
by TLR signalling.
a. Western blotting was used to assess acetylation of the SIRT2 target a-tubulin in

THP1-derived macrophages after stimulation TLR2 and TLR4 agonists.
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. To assess how SIRT2 may regulate secretion of pro-inflammatory cytokines in response to
TLR signalling.

a. SIRT2 inhibitors were utilised to interrogate the role of SIRT2 in regulating the
secretion of the pro-inflammatory cytokines TNFa, IL-1pB, IL-6, IL-8, and IL-12 after
stimulation with TLR2 or TLR4 agonists.

. To further our understanding of the relationship between SIRT2 and periodontitis to
determine if SIRT2 may be a viable salivary biomarker for periodontitis.

a. Analysis of saliva samples to measure SIRT2 levels in the saliva of healthy
individuals and patients with periodontitis.

b. Statistical analysis SIRT2 levels in saliva to determine the ability of SIRT2 levels to
discriminate between healthy cases and periodontitis and identify correlations

between SIRT2 levels in saliva and periodontal parameters.
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Chapter 2. Methods

2.1 Cell culture, Differentiation, and Stimulation
2.1.1 THP1 monocyte culture

THP1 monocytes (European Collection of Authenticated Cell Cultures, Porton Down, UK) were
recovered from liquid nitrogen storage and seeded into T75 culture flasks containing 20 ml of
RPMI-1640 media (Sigma Aldrich, Gillingham, UK), supplemented with 10% foetal bovine serum
(FBS, Sigma Aldrich), 100 U/ml penicillin and 100 pg/ml (Sigma Aldrich). The flasks were then
incubated at 37°C, 5% CO..

To passage THP1 monocytes, cultures were transferred into sterile 50 ml Falcon tubes (Greiner
Bio One, Stonehouse, UK) and centrifuged at 168 g for 5 minutes at 37°C to form a pellet. The
supernatant was then discarded, and the pellet was re-suspended in 10 ml of RPMI-1640, before
the cell number was then counted using a haemocytometer. An appropriate volume of THP1
suspension, to produce a density of 3.5 x 10° cells/ml, was then added into a T75 culture flask
containing 40 ml RPMI-1640. All experiments were conducted using cultures from passage 4 to

10.

23



Figure 2.1. THP1 monocytes and THP1-derived macrophages.

(A) THP1 monocytes in their native state prior to differentiation. (B) THP-1 derived macrophages
48 hours after addition of PMA (10 ng/ml). THP1 monocytes grow in suspension and are circular
in shape, whilst THP1-derived macrophages become adherent to the bottom of the plate, become

more granular, display less regular shape and may become more spindle-like.
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2.1.2 Differentiation of THP1 monocytes into macrophages using phorbol 12-myristate 13-acetate

(PMA)

THP1 monocytes were counted and seeded at a density of 1 x 108 cells per well into 12 well plates
containing 2 of serum-free RPMI-1640 in each well (Figure 2.1A). Phorbol 12-myristate 13-acetate
(PMA, Sigma Aldrich) was added to each well to produce a concentration of 10 ng/ml and left for
48 hours (Figure 2.1B) before the media was replaced with fresh RPMI-1640. Successful
differentiation of THP1 monocytes into macrophages can is characterised by changes to cell

morphology (Figure 2.1).
2.1.3 Stimulation with E. coli and P. gingivalis lipopolysaccharide

Lyophilised ultrapure lipopolysaccharide (LPS) from E. coli K12 (ATCC 10798) and P. gingivalis
(ATCC 33277) preparations (InvivoGen, Toulouse, France) were reconstituted in endotoxin free
water to a concentration of 1 mg/ml. Ultrapure preparations are certified as being free from
contamination with TLR2-activating lipopeptide. Aliquots of these stocks were further diluted

prior to use and added into individual wells to give a final concentration of 100 ng/ml.
2.1.4 Stimulation with Pam2CSK4

Lyophilised Pam2CSK4 (InvivoGen) was reconstituted in endotoxin free water to a concentration
of 1 mg/ml. Aliquots of these stocks were further diluted prior to use and added into individual

wells to give a final concentration of 10 ng/ml.
2.1.5 Stimulation with B. subtilis lipoteichoic acid

Lyophilised lipoteichoic acid (LTA) from B. subtilis (InvivoGen) was reconstituted in endotoxin free
water to a concentration of 2.5 mg/ml. Aliquots of these stocks were further diluted prior to use

and added into individual wells to give a final concentration of 100 ng/ml.
2.1.6 Cell lysis for gPCR and western blotting

Media was removed and wells were washed with PBS which was then aspirated. For gPCR, 250 pl
of lysis solution supplied in the GenElute™ Mammalian Total RNA Miniprep Kit was added to each
well. Wells were then scraped before the contents of the well was aspirated and stored at -80°C

until use. For western blotting, 100 ul of ice cold RIPA buffer (Sigma Aldrich) was added into each
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well. The plate was then left on ice for 5 minutes before wells were scraped and the contents

then aspirated and stored at -80°C until use.
2.2 ELISA Techniques
2.2.1 DuoSet ELISA for TNFa

TNFa secretion by THP1-derived macrophages was quantified using a TNFa DuoSet ELISA kit (Bio-
techne, Abingdon, UK). Supernatants were collected from cultures and centrifuged at 15,000 g
for 5 minutes at 4°C to remove any debris, then frozen at either -20°C for short term storage or -
80°C for long term storage before use. The DuoSet kits were prepared according to the
manufacturer’s instructions. 96 well plates (R&D Systems) were coated overnight at room
temperature with anti-TNFa capture antibody (4 pg/ml). The following day, capture antibody was
aspirated and the plate was washed three times in an ELx50 plate washer (BioTek, Swindon, UK)
with wash buffer (0.05% Tween20 in PBS). The wells were then blocked with 1% BSA (Sigma
Aldrich) in PBS for 1 hour at room temperature before being washed as before. A two-fold serial
dilution ranging from 1000 pg/ml to 15.6 pg/ml was prepared using recombinant TNFa standard
(supplied in kit), with 1% BSA in PBS as a blank. Standards, blanks and undiluted macrophage
culture supernatants were added to the plate in duplicate and incubated for 2 hours at room
temperature. The wells were then washed as before and TNFa detection antibody was added (50
ng/ml) and incubated for 2 hours at room temperature before being washed once again.
Streptavidin horseradish peroxidase (HRP) was then diluted 1:40 in 1% BSA in PBS and added into
each well and left to incubate for 20 minutes in darkness. The wash step was then performed
once again, and substrate solution was added and incubated for 20 minutes in darkness. Stop
solution (2N H2S04) was then added and the optical density was then measured at a wavelength

of 450 nm and 550 nm in a SynergyHT microplate reader (BioTek).

Readings at 550 nm were subtracted from the 450 nm readings. The mean readings of the
duplicate standards and blanks were then used to produce a four-parameter blank-corrected
logistic curve fit using the curve-fitting algorithms in the Gen5 1.11 software (BioTek) used to
operate the plate reader. Sample concentrations were determined from this curve and then the

mean of each set of duplicates was calculated.
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2.2.2 SimpleStep ELISA for SIRT2

Human SIRT2 SimpleStep ELISA Kits (Abcam, Cambridge, UK) were used according to
manufacturer instructions to analyse macrophage culture supernatants. A two-fold serial dilution
ranging from 1000 pg/ml to 15.6 pg/ml was prepared using recombinant SIRT2 supplied in the kit.
Samples and standards were then added into wells in duplicate, then antibody cocktail was added
and left to incubate for an hour. Wells were then aspirated and washed three times with Wash
Buffer PT (supplied in kit) and aspirated once more. TMB Substrate was then added to each well
and left to incubate for 10 minutes in the dark on a shaker at 400 rpm. Stop solution was then
added to each well and agitated briefly before the OD was measured at 450 nm in a SynergyHT

microplate reader (BioTek).

The mean readings of the duplicate standards and blanks were then used to produce a four-
parameter logistic curve fit. Sample concentrations were determined from this curve and then

the mean of each set of duplicates was calculated.

Spike/recovery experiments were conducted using the previously established method to ensure
good performance when analysing saliva samples (Jaedicke et al., 2012). The recombinant protein
standard supplied with the kit was used to spike saliva samples. Recovery was calculated with the

following equation:

Recovery % = spiked sample — unspiked sample x 100

amount spiked
2.3 Reverse Transcription Quantitative PCR
2.3.1 RNA extraction and reverse transcription

All equipment and work areas were decontaminated using RNaseZap spray (Applied Biosystems,
Paisley, UK) before work began. RNA was isolated using GenElute Mammalian Total RNA Miniprep
Kit (Sigma Aldrich). The media was removed from cultures of adherent, THP1-derived
macrophages in 12 well plates and cells washed with PBS, then aspirated. Two hundred and fifty
microliters of lysis buffer, containing 2-mercaptothanol (1% v/v), was added to each well and
agitated to achieve full coverage. This was then left for 2 minutes before being scraped with a
disposable cell scraper (Greiner Bio One) and the contents of the well then transferred to sterile
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micro-centrifuge tubes and frozen at -80°C until ready for further processing. This lysate was then
thawed on ice and transferred into a filtration column, supplied in the GenElute Mammalian Total
RNA Miniprep Kit, and processed according to the manufacturer’s instructions. RNA was then

frozen at -80°C until use.

RNA was reverse transcribed into cDNA using a Precision nanoScript 2 Reverse transcription kit
(Primerdesign, Chandler's Ford, UK). The reverse transcription master mix was prepared
according to the manufacturer’s instructions. The resulting cDNA was then quantified using a
QuantiFluor ssDNA quantification kit (Promega, Southampton, UK) according to the

manufacturer’s instructions.
2.3.2 Quantitative PCR

Primers for PCR amplification were sourced from the literature (Table 2.1). RT-qPCR was carried
out using PowerUp SYBR Green Master Mix (Applied Biosystems). DNA (1 ng) was added to each
reaction and primers were added at a concentration of 400 nM. The tubes were then sealed,
vortexed and centrifuged at 3000 rpm for 30 seconds. The contents of the tubes were transferred
to a 96 well MicroAmp optical microplate (Applied Biosystems) and placed in a QuantStudio 3
thermal cycler (Thermo Fisher Scientific) set for 95°C for 10 minutes, then 95°C for 15 seconds
and 60°C for 1 minute, repeated for 40 cycles. Controls containing nuclease free water instead of
cDNA were prepared in the same manner and used to ensure there was no contamination present

within reactions.

To select the optimal reference genes, we determined their stability within our experimental
conditions. To do this, samples were collected from stimulation experiments and the CT values of
control and stimulated samples were compared. There was no significant change to the Ct values
for GNB2L1 and RPL32 after stimulation with TLR agonists, meaning they were suitable for use in

our experiments.
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Gene Primer Sequences (5’ — 3’) Sequence Source

Fwd: CCT CGC CTG CTC ATCAACA
SIRT2 (McGlynn et al. 2009)
Rev: TCC TCC GAG GCC CAT AATC

Fwd: GGT CAC TCC CAC TTT GTT AG (Del Vecchio et al.
GNB2L1

Rev: AGA AGC GGA CAC AAG ACA 2009)

Fwd: TGA CCT TGA TTT ATT TTG CAT
HPRT1 ACC (Storch et al. 2017)

Rev: CGA GCA AGA CGTTCAGTCCT

Fwd: GAA GTT CCT GGT CCA CAA CG
RPL32 (Manukyan et al. 2015)
Rev: GCG ATC TCG GCA CAGTAAG

Fwd: TGT GGG CAT CAATGG ATT TGG
GAPDH (Wang et al. 2016)
Rev: ACA CCATGT ATT CCG GGT CAAT

Table 2.1. Primer sequences used in RT-gPCR experiments.
All primers were sourced from the literature and purchased from Thermo Fisher.

To help ensure the validity of our results, all primer sets for reference genes and SIRT2 underwent
a melt curve cycle. In this process amplified DNA undergoes a cycle where the temperature from
is raised from 65°C to 95°C. As SYBR Green is a dye that only fluoresces when it is intercalated to
double stranded DNA, the increasing temperature in the melt cure cycle will cause double
stranded amplification products to dissociate, preventing the SYBR Green dye from fluorescing.
Different sized amplification products will dissociate at different temperatures, by measuring the
fluorescence as the temperature changes, this can be plotted as a graph showing fluorescence
against temperature. If only a single peak is present on this graph this is indicative of only one
amplification product being present, demonstrating that the amplification was specific (Ririe et

al. 1997).
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Additionally, amplified products were run down an agarose gel to assess amplification of a single
product. A 2% agarose gel was made by dissolving 2g of agarose in 100 ml of Tris-acetate-EDTA
(TAE) buffer (40 mM Tris base, 20 mM acetic acid, 1 mM EDTA sodium salt dehydrate) and
microwaving until boiling. The agarose solution was then left to cool. GelRed (Cambridge
BioScience, Cambridge, UK) was added to a final dilution of 1:10,000. The agarose gel was then
poured into a gel tray with a comb in place. The gel was then left to set at room temperature for
30 minutes until completely solidified. The gel was then placed into the electrophoresis unit which
was filled with TAE buffer until the gel was covered. 5 ul of Hyperladder IV DNA ladder (Bioline,
London, UK) was loaded into the first well before 5 pl volume of samples were loaded into the
subsequent wells. The gel was then run at 120V until the dye front is approximately 80% of the
way down the gel. The gel was then visualised in a G:BOX gel documentation system (Syngene,
Cambridge, UK), if a single band at the appropriate position, as indicated by the ladder, is present

then specific amplification was achieved (Lee et al., 2012).

The results are presented as fold-change in gene expression of SIRT2 mRNA relative to the
reference gene GNB2L1 and RPL32 mRNA * SD, calculated from threshold cycle (Ct) using 2-25¢t

analysis (Livak and Schmittgen 2001). To do this, the following equation was used:

AACt = (CtGene of interest — CtHousekeeping gene) — (ACtsample — ACtcontrol average)

This was then transformed to fold-change gene expression using the following equation:

Fold-change gene expression = 2/-(8ACH
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2.4 Bicinchoninic Acid Assay

A bicinchoninic acid assay (BCA) was carried out using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific). Working reagent was first prepared, mixing BCA reagent A and BCA reagent B
in a 50:1 ratio. A seven-point protein standard curve was then prepared, ranging from 4000 ug/ml
— 125 ng/ml. 25 pl of these protein standards, blanks and samples were then added into a flat-
bottomed 96 well plate (Greiner Bio One) before 175 ul of working reagent was added. This was
then left to incubate for 30 minutes at 37°C. Absorbance was then measured at 562nm in a plate
reader (BioTek). A four-parameter blank-corrected standard curve was then constructed using
the curve-fitting algorithms in the Gen5 1.11 software and sample concentrations were calculated

from this curve.
2.5 Western Blotting
2.5.1 SDS-PAGE

Polyacrylamide gels (12%) were cast. Separating gel (12% v/v bis/acrylamide (Sigma Aldrich),
350mM Tris-base pH 8.8, 0.1% w/v SDS, 0.2% w/v ammonium persulphate (APS, Sigma Aldrich),
3% v/v tetramethylethylenediamine (TEMED, Sigma Aldrich) was prepared and allowed to set.
Stacking gel (4.5% v/v bis/acrylamide, 125 mM Tris-base pH 6.8, 0.1% w/v SDS, 0.1% APS, 2% v/v
TEMED) was then prepared and poured on top of the separating gel and a comb inserted. Once
the gel had set, gels were placed in a tank (Mini-PROTEAN Tetra Cell system, Bio-Rad, Watford,
UK) and submerged in running buffer (25 mM Tris-base, 200 mM glycine, 1 % w/v SDS). The comb
was then removed and 4 pl Chameleon Duo Pre-stained Protein Ladder (LI-COR Biotechnology,
Cambridge, UK) loaded. Samples were loaded into the gel to give 30 pg of protein, diluted in equal
volumes of loading buffer and boiled at 100 °C for 5 minutes. Electrophoresis was then conducted

at 120 V until the blur dye front had run off the bottom of the gel.
2.5.2 Blotting and detection

The protein was then transferred from SDS-PAGE gels onto Odyssey nitrocellulose membrane (LI-
COR Biotechnology) using a Trans-Blot Turbo Transfer System (Bio-Rad) according to
manufacturer’s instructions. The standard 30-minute semi-dry transfer protocol was used for

transfer. Membranes were then stained with REVERT Total Protein Stain (LI-COR Biotechnology)
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and washed according to manufacturer’s instructions. Images of membranes were then captured
using the 700 nm channel on the Odyssey Fc Imaging System (LI-COR Biotechnology). Membranes
were then blocked with Odyssey PBS blocking buffer (LI-COR Biotechnology) for 1 hour. Next,
membranes were incubated for 1 hour in primary antibody at the indicated dilutions, (see Table
2.2), in Odyssey PBS blocking buffer with 0.2% Tween20. Membranes were then washed 4 times
for 5 minutes each in PBS-Tween20 (0.1%) with agitation. Then membranes were incubated IRDye
680LT Donkey (polyclonal) anti-mouse IgG and IRDye 800CW Goat (polyclonal) anti-Rabbit IgG
secondary antibodies (LI-COR Biotechnology) diluted in Odyssey PBS blocking buffer with 0.2%
Tween20. After this, membranes were washed again as before, and images were captured using

the 700 nm and 800 nm channels on the Odyssey Fc Imaging System (LI-COR Biotechnology).

Target Dilution Manufacturer
SIRT2 1:500 Abcam
GNB2L1 1:1000 Santa Cruz
B-actin 1:50000 Proteintech
a-tubulin 1:5000 Abcam
Acetyl (K40) a-tubulin 1:1000 Abcam
NF-kB p65 1:1000 Cell Signalling Technology
Acetyl (K310) NF-kB p65 1:400 Abcam

Table 2.2. Antibodies used for western blotting.

All antibodies were used at dilutions within the range recommended by their manufacturer.
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2.5.3 Determination of linear range

Before experimental use, the linear range of detection was determined for each antibody (Figure
2.2). This is the range in which the measured signal from a given antibody scales linearly with the
amount of protein originally loaded into the SDS gel. To do this, seven samples were prepared
with final amounts of protein ranging from 30 ug down to 0.47 ug and electrophoresed using SDS-
PAGE and transferred to nitrocellulose membranes using the previously established method. The
signal was then quantified for each band and this value was plotted against protein loaded on a
scatter graph. R? values were then calculated for each graph. Any concentration range with R?

values above 0.97 have been deemed suitably linear (Koch et al. 2018).
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Figure 2.2. Representative plot for determination of linear range of antibodies used in western

blot experiments.

R? values are shown for both the linear range, where the signals are directly proportional to the
concentration of the analyte, and the dynamic range, the range where the response changes

when the analyte concentration is changed but the relationship may be non-linear.

33



2.5.4 Loading normalisation against total protein stain

Signal from REVERT Total Protein Stain was then used to calculate a lane normalisation factor for

each lane to correct for variations to protein loading. This was done using the following equation:

Total protein stain signal

Lane normalisation factor = - -
Highest signal value

Lane normalisation factors were then used to calculate normalised signal for their corresponding

lanes with the following equation:

Target protein signal

Normalised signal = —
Lane normalisation factor

For western blots analysing the acetylation of a-tubulin, signals were normalised using the
method above, then expressed as a relative ratio or acetyl a-tubulin to total a-tubulin with the

controls normalised to 1.
2.6 MTT Assay

MTT Cell Proliferation Assay kit (Trevigen, Gaithersburg, MD, USA) was used to measure any
change to cell viability or proliferation. Macrophages were differentiated as described previously,
media was removed wells and 0.9 ml of fresh culture medium was added into each well. 100 pl
of MTT reagent was then added into each well and the plate was returned to the incubator for 4
hours. 1 ml of detergent reagent was then added into each well and was left in the dark overnight.
The next day the absorbance in each well was measured at 570 nm in a SynergyHT microplate

reader (BioTek).
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2.7 Chemical Inhibitors

Prior to use, all inhibitors were evaluated using MTT assays to ensure no cytotoxic effects were

present at experimental concentrations.
2.7.1 TLR inhibitors

Inhibitors of TLR2 and TLR4 were used to confirm specificity of TLR agonists. Cells were pre-
treated with the TLR2 inhibitor C29 (Abcam) for 0.5 hours at 50 uM in normal growth medium or
with the TLR4 inhibitor C34 (Bio-Techne) for 0.5 hours at 10 uM in normal growth medium. Media
was replaced with normal growth medium prior to addition of TLR agonists as described

previously (Section 2.1).
2.7.2 SIRT2 inhibitors

Inhibitors of SIRT2 activity were used to determine the role of SIRT2 in the regulation of cytokine
secretion. FK866 is an inhibitor of NAMPT, leading to reduced levels of NAD and therefore
reduced activity of NAD-dependent HDACs. Cells were treated FK866 (Sigma Aldrich) for 24 hours
at a concentration of 2 uM in normal growth medium. AK1 is a SIRT2 inhibitor this is cell
permeable and targets the nicotinamide binding site of SIRT2. Cells were treated with AK1
(Abcam) for 24 hours at a concentration of 10 uM in normal growth medium. Media was then

replaced with normal growth medium before experiments were conducted.
2.8 Collection of Saliva Samples

Three subject groups were recruited as part of this study: patients with chronic periodontitis
(N=65), patients with gingivitis (N=47), and periodontally healthy volunteers (N =56).
Participants were males or females aged between 18 and 65 and had a minimum of 20 natural
teeth (excluding 3rd molars) and were non-smokers. The diagnostic criteria were as follows:
healthy participants had mean PPD of < 3 mm in all sites, no sites with interproximal attachment
loss, mean modified gingival index (MGI) scores of > 2.0 in < 10% of sites and % BOP scores of <
10%; gingivitis patients had MGI of > 3.0 in > 30% of sites, no sites of interproximal attachment
loss, PPD >4 mm and % BOP scores of > 10%,; periodontitis patients had interproximal mean PPD

of 25 mm at 2 8 teeth and %BOP scores of = 30%.
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Subjects provided written informed consent, the study was conducted at the Dental Clinical
Research Facility of Newcastle Dental Hospital (Newcastle upon Tyne Hospitals NHS Foundation
Trust) and was fully approved by the National Research Ethics Service North East Newcastle and
North Tyneside 1 committee (Ref: 12/NE/0396). Methods were performed in accordance with the
relevant guidelines and regulations. Subjects with evidence of infectious or systemic disease,
currently undergoing treatment with antibiotics or immunosuppressants were excluded from the

study, along with subjects who had smoked within the last 2 years.

Full mouth periodontal clinical indices were recorded, and saliva samples were collected at month
0 (all subjects), 3 months post-treatment (gingivitis and periodontitis patients), and 6 months
(periodontitis patients). Periodontal clinical indices were recorded at 6 sites per tooth and
included MGI, PPD, gingival recession, CAL and % BOP. PISA and PESA were calculated as

previously published (Nesse et al. 2008).

Unstimulated saliva samples (3—5 ml) were collected by expectoration into a plastic centrifuge
tube and placed on ice immediately after collection, before centrifugation for 15 minutes at

1500 g and at 4 °C. Aliquots were frozen in liquid nitrogen and stored at —80 °C until analysis.

2.9 Statistical Analysis

Normality of data was evaluated using the Shapiro-Wilk test and Levene’s test for homogeneity
of variance. Normally distributed data was analysed by either Student’s t test or ANOVA. Non-
normally distributed data was analysed by Mann-Whitney U. Before analysis of saliva samples
began, advice was obtained from Dr Kim Pearce, Senior Statistician at Newcastle University
Faculty of Medical Sciences. Mann-Whitney U test was used to identify differences to measured
periodontal parameters in healthy and periodontitis groups. Kendall’s tau b was used to evaluate
correlations between SIRT2 and periodontal parameters. ANCOVA was used to interrogate the
effect of age on the relationship between SIRT2 levels and periodontitis. Receiver operating
characteristic (ROC) curve analysis was used to evaluate the ability of SIRT2 to discriminate
between cases of health and cases of periodontitis. All statistical analyses, with the exception of

ROC curve analysis, were carried out using SPSS version 24.0.0 (IBM, Portsmouth, UK). P values
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of <0.05 were considered statistically significant. ROC curve analysis was carried out using

SigmaPlot (Sy stat Software Inc., Berkshire, UK).
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Chapter 3. Expression of SIRT2 in THP1-derived Macrophages Stimulated with
TLR Agonists

3.1 Introduction

Periodontitis is a chronic inflammatory disease that is triggered by the formation of bacterial
biofilms on the surface of the teeth. These bacterial biofilms can elicit a response from the innate
immune system by activating TLRs on the surface of host (llango et al. 2016; Song et al. 2017) .
TLRs recognise certain microbial components (Hans and Hans 2011), leading to the activation of
signalling pathways that ultimately lead to secretion proinflammatory cytokines such as IL-1

(Leifer and Medvedev 2016) and TNFa (Kawasaki and Kawai 2014).

TLR2 and TLR4 agonists were selected as these receptors have been found to be crucial in
periodontitis, initiating the immune response upon detection of bacterial components derived
from biofilms on the teeth (Mahanonda and Pichyangkul 2007; Cekici et al. 2014b). Activation of
TLR2 and TLR4 have been shown to cause secretion of TNFa in THP1-derived macrophages (Inoue
et al. 2018; Liu et al. 2018). Given its role as a pro-inflammatory cytokine involved in the
immunological processes of periodontitis (Khosravi et al. 2013; Pan et al. 2019a), TNFo was

selected as a readout to confirm successful stimulation with TLR2 and TLR4 agonists.

LPS is an endotoxin that can be derived from the outer membrane of most Gram-negative
bacteria. LPSis one of the most widely used TLR4 agonists (Okuda et al. 2016). LTA is a component
of the cell wall of Gram-positive bacteria (Percy and Grundling 2014) that activates TLR2 (Schroder

et al. 2003; Oliveira-Nascimento et al. 2012).

For these experiments, ultrapure preparations of E. coli LPS were purchased. These ultrapure
preparations are certified as free from contaminating lipopeptides that would result in activation
of TLR2. As there was no ultrapure preparation of B. subtilis LTA available for purchase and the
only assurances made by the manufacturer are that the level of endotoxin present is under 10
EU/mg, we also purchased a synthetic TLR2 agonist, Pam2CSK4. As Pam2CSK4 is synthetic, it is
much less likely to contain any contaminating bacterial components and would allow us to
confirm that any effect of our TLR2 agonists was genuine and not caused by any contaminant left

over from the purification process.
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Macrophages are a critical component of the innate immune system and are important in
periodontitis, with evidence suggesting there is disruption to the homeostasis of macrophage
populations in areas of the mouth affected by periodontitis (Almubarak et al. 2020). Macrophages
are involved in the activation of the adaptive immune system and sustained inflammation seen
in periodontitis (Sima et al. 2018). For my experiments, | utilised a model where THP1 monocytes
are differentiated into macrophages using PMA (Park et al. 2007a; Daigneault et al. 2010). THP1
monocytes are a monocyte-like cell line, derived from the peripheral blood of a patient suffering
from acute monocytic leukaemia (Bosshart and Heinzelmann 2016). This cell line has been widely
used in research as a model for monocytes and macrophages (Starr et al. 2018), providing a
method for generating macrophages that do not exhibit the variation seen in macrophages
derived from primary human monocytes and are more easily obtained (Forrester et al. 2018).
PMA activates protein kinase C to initiate the differentiation process which subsequently triggers
signalling cascades and results in adoption of a macrophage phenotype (Tsai et al. 2016). The
duration of differentiation and PMA concentration were selected based on published literature
which identified a 48 hour differentiation period with 10 ng/ml of PMA as significantly altering
macrophage phenotype (Park et al. 2007b; Lund et al. 2016) .

SIRT2 is the most highly expressed sirtuin in macrophages (Ciarlo et al. 2017) and whilst there are
numerous studies investigating the role of SIRT2 in immune function (Lo Sasso et al. 2014; Ciarlo
et al. 2017), there is little research on how SIRT2 itself is affected by TLR agonists and even less
on any potential role of SIRT2 in periodontitis. There is currently no published research
investigating the specific effect of TLR agonists on SIRT2 mRNA or protein expression in human
macrophages. The currently published research has utilised either animal models, or models of
bacterial infection where cells are exposed to whole bacteria. For this reason, and because of the
elevated levels of SIRT2 we observed in the saliva of patients with periodontitis, we began by
investigating the effect of TLR signalling on the mRNA and protein expression of SIRT2 in THP1-
derived macrophages. ELISAs for TNF were used to confirm successful stimulation with E. coli LPS,
B. subtilis LTA or Pam2CSK4. qPCR was then used to quantify SIRT2 mRNA expression and western

blotting was used to quantify SIRT2 protein expression.
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3.2 TNF-a Secretion by THP1-derived Macrophages Stimulated with TLR Agonists

To understand the effect of pro-inflammatory signals on SIRT2 mRNA and protein expression in
macrophages, experiments were conducted to confirm that the macrophages would respond to
the chosen TLR agonists. This was determined by measuring the levels of secreted TNFa
compared to control using ELISA. To optimise the stimulation of THP1-derived macrophages with
E. coli LPS, Pam2CSK4 and B. subtilis LTA, a series of time course experiments were conducted.
The short time course consisted of time points at 0.5 hours, 1 hour and 2 hours, whilst the long

time course consisted of time points at 4 hours, 8 hours and 24 hours.

A time course experiment was first conducted to assess TNFa secretion from THP1-derived
macrophages stimulated with E. coli LPS for 0.5 hours, 1 hour or 2 hours (Figure 3.1). TNFa
secretion was significantly increased at all time points compared with controls, with the largest
increase at the 2-hour time point (p<0.001). Smaller, but still significant, increases were seen at

the 0.5-hour and 1-hour time points (p=0.016 and 0.004 respectively).
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Figure 3.1. Short time course of TNFa secretion from LPS-stimulated macrophages.

TNFa measured by ELISA in supernatants of THP1-derived macrophage cultures stimulated for 0.5
hours, 1 hour or 2 hours with E. coli LPS (100 ng/ml). Controls were unstimulated. The data shown
represents the mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3). * 0.016,

**0.004, *** <0.001 calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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Next, a time course experiment was conducted to assess TNFa secretion from THP1-derived
macrophages stimulated Pam2CSK4 at time points of 0.5 hours, 1 hour and 2 hours (Figure 3.2).
TNFa secretion was significantly increased at the 2-hour time point (p=0.0015) compared with

controls, whilst no significant change was detected at the 0.5- and 1-hour time points.
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Figure 3.2. Short time course of TNFa secretion from Pam2CSK4-stimulated macrophages.

TNFo measured by ELISA in supernatants of THP1-derived macrophage cultures stimulated for 0.5
hours, 1 hour or 2 hours with Pam2CSK4 (10 ng/ml). Controls were unstimulated. The data shown
represents the mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3). ** 0.0015

calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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Another time course experiment was then conducted to assess TNFa secretion from THP1-
derived macrophages stimulated B. subtilis LTA at time points of 0.5 hours, 1 hour and 2 hours
(Figure 3.3). TNFa secretion was significantly increased at the 2-hour time point (p=0.0029)

compared with controls, whilst no significant change was detected at the 0.5- and 1-hour time

points.
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Figure 3.3. Short time course of TNFa secretion from LTA-stimulated macrophages.

TNFa measured by ELISA in supernatants of THP1-derived macrophage cultures stimulated for 0.5
hours, 1 hour or 2 hours with B. subtilis LTA (100 ng/ml). Controls were unstimulated. The data
shown represents the mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3).

**0.0029, calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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Next, time course experiment was conducted to assess TNFa secretion from THP1-derived
macrophages stimulated E. coli LPS at time points of 4 hours, 8 hours, and 24 hours (Figure 3.4)
was conducted. TNFa was most significantly elevated as compared to controls after 4 hours of
stimulation (p<0.001), with slightly lower levels at 8 hours (p<0.001). Twenty-four hours of
stimulation produced a smaller, but still significant, increase in TNFa (p=0.002). MTT assays were
conducted and confirmed that there was no cytotoxic effect of E. coli LPS causing the less

significant increase in TNFa secretion at 24 hours (see Chapter 3.3).
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Figure 3.4. Long time course of TNFa secretion from LPS-stimulated macrophages.

TNFa measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours, 8
hours or 24 hours with E. coli LPS (100 ng/ml). Controls were unstimulated. The data shown
represents the mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3). ** 0.002,

**%* <0.001 calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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A time course experiment was conducted to assess TNFa secretion from THP1-derived
macrophages stimulated Pam2CSK4 at time points of 4 hours, 8 hours, and 24 hours (Figure
3.5). TNFa was significantly elevated as compared to controls at all time points. Four hours and
8 hours of stimulation produced the most significant increase (both p<0.001), with a lesser, but

still statistically significant increase seen at 24 hours (p=0.0017).
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Figure 3.5. Long time course of TNFa secretion from Pam2CSK4-stimulated macrophages.

TNFo measured by ELISA in supernatants of THP1-derived macrophage cultures stimulated for 4
hours, 8 hours or 24 hours with Pam2CSK4 (10 ng/ml). Controls were unstimulated. The data shown
represents the mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3). **

0.0017, *** <0.001 calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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An additional time course experiment was then conducted to assess TNFa secretion from THP1-
derived macrophages stimulated LTA at time points of 4 hours, 8 hours, and 24 hours (Figure 3.6).
TNFa was significantly elevated compared to controls at 4, 8 and 24 hours (p<0.01, p<0.01 and

p<0.001 respectively).
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Figure 3.6. Long time course of TNFa secretion from LTA-stimulated macrophages.

TNFa measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours, 8
hours or 24 hours with B. subtilis LTA (100 ng/ml). Controls were unstimulated. The data shown
represents the mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3). ** <0.01,

*** <0.001 calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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In the next series of experiments, the secretion of TNFa from THP1-deriverd macrophages was
examined after 4 hours of stimulation with TLR2 and TLR4 agonists (Figure 3.7). All three stimuli
acted to increase TNFa secretion compared with control macrophages. Stimulation of
macrophages with E. coli LPS produced a statistically significant increase (p=0.002) in TNFa
secretion when compared with controls. Pam2CSK4, and B. subtilis LTA, also produced statistically

significant increases (both p<0.001) in TNFa secretion compared with controls.
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Figure 3.7. TNFa secretion from macrophages stimulated with TLR agonists for 4 hours.

TNFa measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with
E. coli LPS (100 ng/ml), Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml. Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained

in 3 separate experiments (N=9). ** p=0.002 *** p<0.001, calculated by one-way ANOVA, followed

by Tukey’s post-hoc test.
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Next, the secretion of TNFa from macrophages was examined after 24 hours of stimulation with
TLR2 and TLR4 agonists. E. coli LPS, Pam2CKS4 and B. subtilis LTA acted to increase TNFa secretion
from THP1-derived macrophages as compared with control macrophages (Figure 3.8). Stimulation
with E. coli LPS produced a statistically significant increase (p=0.004) in TNFa secretion when
compared with controls. Pam2CSK4 and B. subtilis LTA produced even greater statistically

significant increases (both p<0.001) in TNFa secretion compared with controls.
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Figure 3.8. TNFa secretion from macrophages stimulated with TLR agonists for 24 hours.

TNFa measured by ELISA in supernatant of THP1-derived macrophages stimulated for 24 hours with
E. coli LPS (100 ng/ml), Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml. Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained

in 3 separate experiments (N=9). ** p=0.004 *** p<0.001, calculated by one-way ANOVA, followed

by Tukey’s post-hoc test.
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From these experiments it was determined that THP1-derived macrophages could be successfully
stimulated with E. coli LPS, Pam2CSK4 or B. subtilis LTA and the subsequent TNFa response could
be measured by ELISA. This informed the time points selected for the experiments analysing SIRT2
MRNA expression. The format of experiments in Figures 3.7 and 3.8 was utilised to confirm
successful stimulation THP1-derived macrophages in subsequent experiments. Next, the effects
of TLR agonists on the viability THP1-derived macrophages were investigated to ensure that there

were no toxic or mitogenic effects.
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3.3 Viability of THP1-derived Macrophages After Exposure to TLR Agonists

MTT assays were used to determine if the selected TLR agonists had any effect on cell viability.
THP1-derived macrophages were stimulated with TLR agonists before being incubated with MTT
to produce formazan crystals which were then dissolved, and absorbance is measured. This was
compared to a standard curve generated by culturing varying numbers of cells and incubating
them with MTT. From this, the number of viable cells in the TLR agonist-stimulated cultures could
be calculated.

Stimulation of THP1-derived macrophages with E. coli LPS, Pam2CSK4 or B. subtilis LTA for 4 hours

(Figure 3.9) had no statistically significant effect on cell viability.
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Figure 3.9. Cell number determined by MTT assay with macrophages stimulated with TLR agonists
for 4 hours.

THP1-derived macrophages stimulated for 4 hours with E. coli LPS (100 ng/ml), Pam2CSK4 (10
ng/ml) or B. subtilis LTA (100 ng/ml. Controls were unstimulated. The data shown represents the
mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3). Analysed using one-way

ANOVA.
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Stimulation of THP1-derived macrophages with E. coli LPS, Pam2CSK4 or B. subtilis LTA for 24
hours (Figure 3.10) had no statistically significant effect on cell viability. After determining that
the selected TLR agonists had no significant effect cell viability, their effect on SIRT2 mRNA

expression could be investigated.
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Figure 3.10. Cell number determined by MTT assay with macrophages stimulated with TLR

agonists for 24 hours.

THP1-derived macrophages stimulated for 24 hours with E. coli LPS (100 ng/ml), Pam2CSK4 (10
ng/ml) or B. subtilis LTA (100 ng/ml. Controls were unstimulated. The data shown represents the

mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3). Analysed using one-way

ANOVA.
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3.4 SIRT2 mRNA Expression by THP1-derived Macrophages Stimulated with TLR agonists

To determine the effect of TLR2 and TLR4 agonists on SIRT2 mRNA expression, RNA was extracted
from THP1-derived macrophages that had been stimulated or left as controls. ELISAs for TNFa
were carried out on supernatants to confirm successful stimulation. The RNA samples were then

reverse transcribed into cDNA and used in gPCR experiments.

In order to maximise the chance of detecting any change to SIRT2 mRNA expression we selected
3 different stimulation durations. The stimulation duration investigated was 0.5 hours with the
selected TLR agonists. Stimulation of THP1-derived macrophages with E. coli LPS, Pam2CSK4 or B.
subtilis LTA for 0.5 hours (Figure 3.11) had no significant effect on SIRT2 mRNA expression

compared with unstimulated controls.
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Figure 3.11. SIRT2 mRNA expression in macrophages stimulated with TLR agonists for 0.5 hours.
SIRT2 mRNA expression THP1-derived macrophages stimulated with E. coli LPS (100 ng/ml),
Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml) for 0.5 hours. Cells were lysed and cDNA was
generated using reverse transcription. gPCR was then used to assess SIRT2 mRNA expression using
285CT against the geometric mean of reference genes GNB2L1 and RPL32. The data shown
represents the mean fold change + SD of 3 cultures for each condition obtained in 1 experiment

(N=3). Analysed using one-way ANOVA.
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The next experiments utilised a 4-hour stimulation duration. This is the time point at which E. coli
LPS had the most significant effect on TNFa secretion. gPCR was used on cDNA generated from
RNA samples collected from THP1-derived macrophages after 4 hours of stimulation with TLR2 or

TLR4 agonists.

Stimulation of THP1-derived macrophages with E. coli LPS, Pam2CSK4 or B. subtilis LTA for 4 hours
(Figure 3.12) had no significant effect on SIRT2 mRNA expression compared with unstimulated

controls.
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Figure 3.12. SIRT2 mRNA expression in macrophages stimulated with TLR agonists for 4 hours.

SIRT2 mRNA expression THP1-derived macrophages stimulated with E. coli LPS (100 ng/ml),
Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml) for 4 hours. Cells were lysed and cDNA was
generated using reverse transcription. gPCR was then used to assess SIRT2 mRNA expression using
288CT 3gainst the geometric mean of reference genes GNB2L1 and RPL32. The data shown
represents the mean fold change + SD of 3 cultures for each condition obtained in 3 separate

experiments (N=9). Analysed using one-way ANOVA.
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The next time point selected was a 24-hour stimulation duration. gPCR was again used on cDNA
generated from RNA samples collected from THP1-derived macrophages after 24 hours of

stimulation with TLR2 or TLR4 agonists.

Stimulation of THP1-derived macrophages with E. coli LPS, Pam2CSK4 or B. subtilis LTA for 24
hours (Figure 3.13) had no significant effect on SIRT2 mRNA expression compared with

unstimulated controls.
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Figure 3.13. SIRT2 mRNA expression in macrophages stimulated with TLR agonists for 24 hours.

SIRT2 mRNA expression THP1-derived macrophages stimulated with E. coli LPS (100 ng/ml),
Pam2CSK4 (10 ng/ml), or B. subtilis LTA (100 ng/ml) for 24 hours. Cells were lysed and cDNA was
generated using reverse transcription. gPCR was then used to assess SIRT2 mRNA expression using
285CT 3gainst the geometric mean of reference genes GNB2L1 and RPL32. The data shown
represents the mean fold change + SD of 3 cultures for each condition obtained in 3 separate

experiments (N=9). Analysed using one-way ANOVA.
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It was concluded from these experiments that SIRT2 mRNA expression is not affected by
stimulation with E. coli LPS, Pam2CSK4 or B. subtilis LTA in THP1-derived macrophages. This
finding was consistent across stimulation durations of 0.5 hours, 4 hours, and 24 hours. The next
experiments aimed to measure the effects of TLR 2 and TLR 4 agonists on SIRT2 protein

expression.

3.5 Optimisation of SIRT2 Protein Detection by Western Blot — Determination of the Linear

Range

To investigate if pro-inflammatory stimuli had any effect on SIRT2 protein expression, we used
guantitative western blotting with fluorescently labelled antibodies. In order to accurately
guantify proteins using western blotting, the linear range must first be determined for each
protein. This is the range in which the measured signal correlates linearly with the amount of
protein loaded into the gel; this can be determined by performing western blotting on serial
dilutions of sample and calculating the coefficient of determination, denoted as R2. This describes
the proportion of the variance in the dependent variable that can be predicted from the
independent variable. An R? value of >0.97 was deemed suitable for this purpose (Koch et al.
2018). Thus, the linear range for SIRT2 detection in cell lysate was determined as between 3.25
ug and 15 pg of total protein with a R? value of 0.999 (Figure 3.14). SIRT2 remained detectable
even with only 0.47 pg of total protein loaded. With 30 pg of total protein loaded there was a

significant reduction in the ratio of signal to protein loaded.
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Figure 3.14. Determination of linear range of SIRT2 protein detection.

Western blot to determine linear range for detection of SIRT2. Cell lysate of THP1-derived
macrophages was diluted in Laemmli loading buffer to generate a seven-point, two-fold serial
dilution of total protein ranging from 30 ugto 0.47 ug. These samples were electrophoresed using
SDS-PAGE and transferred to nitrocellulose membranes (section 2.5). The signal at 800 nm was
then quantified for each band and this value was plotted against total protein loaded on a scatter
graph. The coefficient of determination, denoted as R?, was then calculated. This describes the
range in which the measured signal correlates linearly with the amount of protein loaded into the
gel. The data shown represents 1 sample for each plotted point, generated from 3 pooled cultures

obtained in 1 experiment (N=1).
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3.6 SIRT2 Protein Expression After Stimulation with TLR Agonists

SIRT2 protein expression in THP1-derived macrophages was analysed using quantitative western
blotting. THP1-derived macrophages were stimulated with E. coli LPS or B. subtilis LTA for 4 hours
or left untreated as controls, as confirmed by ELISA. Samples that had been treated with
Pam2CSK4 were not included in these experiments due to the limitation of the number of lanes
available for sample loading in the SDS-PAGE gel and as the behaviour of B. subtilis LTA and

Pam2CSK4 had been comparable thus far, this was deemed acceptable.

Stimulation of THP1-derived macrophages with E. coli LPS or B. subtilis LTA for 4 hours (Figure

3.15) had no significant effect on SIRT2 protein expression compared with unstimulated controls.
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Figure 3.15. SIRT2 protein expression in macrophages stimulated with TLR agonists for 4 hours.

SIRT2 protein expression in THP1-derived macrophages stimulated with B. subtilis LTA (100 ng/ml)
or E. coli LPS (100 ng/ml) for 4 hours. Cell lysates were collected before being used in SDS-PAGE
and immunoblotted with a SIRT2-specific antibody. Signals were normalised against a total

protein stain to correct for variations in protein loading. Analysed using one-way ANOVA.
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Stimulation of THP1-derived macrophages with E. coli LPS or B. subtilis LTA for 24 hours (Figure

3.16) had no significant effect on SIRT2 protein expression compared with unstimulated controls.
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Figure 3.16. SIRT2 protein expression in macrophages stimulated with TLR agonists for 24 hours.

SIRT2 protein expression in THP1-derived macrophages stimulated with E. coli LPS (100 ng/ml) or
B. subtilis LTA (100 ng/ml) for 24 hours. Cell lysates were collected before being used in SDS-PAGE
and immunoblotted with a SIRT2-specific antibody. Signal (800 nm) was normalised against a total

protein stain to correct for variations in protein loading. Analysed using one-way ANOVA.
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From these experiments it was concluded from these experiments that SIRT2 protein expression
is not affected by stimulation with E. coli LPS or B. subtilis LTA in THP1-derived macrophages. This

finding was consistent across stimulation durations of 4 hours, and 24 hours.

3.7 Discussion

My first experiments aimed to determine the duration of exposure to E. coli LPS required to
produce an increase in TNFa in the supernatant of THP1-derived macrophages at levels that
would be detectable by ELISA. Experiments were carried out analysing culture supernatant
samples from THP1-derived macrophages that had been stimulated for 0.5, 1 or 2 hours with E.
coli LPS, Pam2CSK4 or B. subtilis LTA (Figures 3.1, 3.2 and 3.3) and 4, 8 or 24 hours (Figures 3.4,
3.5and 3.6). There is a smaller increase to TNFa levels seen at the 24-hour time point (Figure 3.4),
which may be due to endotoxin tolerance, the process by which the cellular response to an
endotoxin, such as LPS, becomes diminished (Widdrington et al. 2018; Liu et al. 2019a). It is
thought that this phenomenon exists as a control mechanism to prevent excess inflammation (Liu
et al. 2019a). This response has been observed in THP1 monocytes (Widdrington et al. 2018) and
THP1-derived macrophages (Foey and Crean 2013), although typically after repeated exposures
rather than one. Whilst we cannot say with certainty that this is the explanation, MTT assays
showed that there were no cytotoxic effects of LPS at 4 or 24 hours of stimulation (Appendix A),

meaning that cytotoxicity can be ruled out as the cause for the lower levels of TNFa.

Once we had established the time span at which we could detect changes to TNFa in the
supernatant, we tested the TLR2 agonists Pam2CSK4 and B. subtilis LTA at the chosen time points
of 4 hours (Figure 3.7) and 24 hours (Figure 3.8). These TLR2 agonists proved to be more potent

than E. coli LPS in their ability to stimulate TNFa secretion at these two time points.

TLR2 forms heterodimeric pairs with TLR1 or TLR6, with TLR2/1 complexes detecting triacylated
peptides and TLR2/6 complexes detecting diacylated peptides. Pam2CSK4 is diacylated and as
such acts upon TLR2/6 (Kang et al. 2009). There are conflicting reports as to which of these
receptor complexes LTA acts upon. It has been reported that LTA acts upon TLR2, with partial
dependency on both TLR1, TLR6 and CD14 (Cot et al. 2011). Others have reported LTA acts upon
TLR2/6 with the required involvement of CD36 (Long et al. 2009). Due to LTA being diacylated

(Long et al. 2009), it seems that TLR2/6 is likely the main receptor complex involved in detection.
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Within the literature there are numerous studies that utilise knockout (Lin et al. 2013b; Lo Sasso
et al. 2014) or knockdown (Pereira et al. 2018) of SIRT2 to investigate its role, but to my
knowledge there are currently no published studies that have looked at how SIRT2 mRNA
expression is affected by the TLR signalling pathways. In a mouse model of M. tuberculosis
infection there was an increase in the expression of SIRT2 was observed in peritoneal
macrophages, but this study did not investigate if TLR activation was involved (Bhaskar et al.
2020). Changes to SIRT2 mRNA expression have been observed in patients with active rheumatoid
arthritis and whilst there is no TLR involvement (Kara et al. 2017), it raises the question if there is
some other component of the inflammatory response that is responsible for these changes. This

guestion may provide an avenue of research that could be pursued in the future.

We ensured the robustness of western blotting by first determining the linear range of detection
where the band intensity of the target protein scales linearly with the amount of total protein
loaded (Biosciences 2015; Pillai-Kastoori et al. 2020). We used fluorescently labelled secondary
antibodies which offer advantages over the more traditional chemiluminescence method of
detection as the fluorescent signal is stable and not affected by enzyme/substrate kinetics in the
way that chemiluminescent detection is (Ghosh et al. 2014). The fluorescent signal from the
secondary antibody is normalised against a fluorescent total protein stain, as this is more resistant
to variability than a normalising against a single housekeeping protein (Eaton et al. 2013;
Biosciences 2015; Kirshner and Gibbs 2018). A digital imager was used to detect the fluorescent
signals, providing higher sensitivity than traditional film-based methods of visualisation (Khoury

et al. 2010; Biosciences 2015).

Using western blotting, we observed no change to SIRT2 protein expression after 4 or 24 hours of
stimulation with E. coli LPS or B. subtilis LTA (Figures 3.15 and 3.16). Samples that had been
treated with Pam2CSK4 were not included in these experiments due to the limitation of the
number of lanes available for sample loading in the SDS-PAGE gel and as the behaviour of B.
subtilis LTA and Pam2CSK4 had been comparable thus far, this was deemed acceptable. There is
little published research looking at the effect TLR activation has on SIRT2 protein expression, but
one study did find that 2 days after injection of LPS, SIRT2 protein expression was significantly
reduced in the cerebral cortex of mice (Pais et al. 2013). Whilst changes in SIRT2 protein

expression after stimulation with LPS was not detected, the findings of Pais et al. are not
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necessarily inconsistent due to the differences between the live mouse model they utilised and

the human macrophage model.

There are significant differences between human and murine models of disease. This extends
beyond the fact that human models of disease will typically be in vitro and utilise only one cell
type, whilst murine models of disease able to assess a whole organism (Guvva et al. 2017). In
addition to this, one study found significant differences in gene expression when comparing
multiple human and murine tissues types. In fact, greater gene expression similarities were
observed between all examined tissue types in one species than that observed when comparing
the same tissue type of humans and mice (Lin et al. 2014). There are also differences between
the human murine immune system, including B cells, T cells and TLRs, with an absence of TLR7/8
and TLR4 responses in mouse classical monocytes (Mestas and Hughes 2004; Bjornson-Hooper et
al. 2019). More broadly, a systematic review conducted by Leenaars et al. reviewed 121 published
studies to evaluate the range of animal-to-human translational success rates. The reported
translational success rates ranged between 0% and 100%. As these 121 studies included a wide
array of research areas, such as sepsis, oncology, drug toxicity and pharmacokinetics studies, it is
perhaps not surprising that the range of success rates is so large. Additionally, the included studies
utilised numerous different animal species, which may further increase the range of success rates.
Whilst the authors also acknowledge that this systematic review has many limitations due to the
quality and quantity of currently published, it still provides an interesting overview of animal-to-
human translation success rates (Leenaars et al. 2019). Ultimately, these differences do not mean
that mouse models of disease should be avoided, but any subsequent findings should not have

their translational significance overstated.

The THP1-derived macrophages used in my experiments do not provide a perfect representation
of macrophages derived from primary monocytes, but nonetheless this model is generally
considered to be a useful tool in translational research. THP1-derived macrophages provide many
benefits over their counterparts derived from primary monocytes. They provide a more
consistent model for experimentation due to their origin in one individual (Bosshart and
Heinzelmann 2016) and they are easily obtainable, particularly when greater quantities are
needed (Forrester et al. 2018). There are however some downsides to the use of THP1-derived

macrophages. Firstly, the process of differentiation from monocyte to macrophage is sensitive to
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culture condition such as confluency (Aldo et al. 2013), as well as the duration of the
differentiation (Daigneault et al. 2010). It has been observed that THP1-derived macrophages
display lower phagocytic activity (Tedesco et al. 2018), and numerous differences have been
observed when comparing the surface markers present on THP1-derived macrophages against
those on primary monocyte-derived macrophages (Forrester et al. 2018; Tedesco et al. 2018).
PMA treatment of THP1 monocytes induces expression of several genes which expressed by
macrophages derived from primary monocytes, but not monocytes themselves. This includes
apolipoprotein-E, MMP9 and a2 macroglobulin (Kohro et al. 2004). Although it should be noted
that conversely, IL-1B gene expression was decreased. In a study investigating Mycobacterium
tuberculosis infection it was found that the bacterial uptake and host response in THP1-derived
macrophages and primary monocyte-derived macrophages were comparable (Madhvi et al.
2019), with no significant difference between mRNA expression of TNFa, IL-1B and IFNy. Overall,
THP1-derived macrophages are useful tool in research, as long as care is taken in the protocol for

differentiation and their limitations are acknowledged.
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Chapter 4. Secretion of SIRT2 by Macrophages
4.1 Introduction

Saliva is an excellent source of candidate biomarkers for periodontitis due to the ease with which
it can be collected and because its components reflect the overall state of inflammation in the
mouth. Gingival crevicular fluid (GCF), a serum exudate into the gingival crevice, has previously
been investigated for many candidate biomarkers for periodontitis due to its high protein
concentration, however, biomarker levels in GCF are typically only representative of disease
activity at that specific site, meaning GCF would have to be sampled from multiple sites in order
to accurately represent overall disease activity (Yoshizawa et al. 2013; Taylor 2014). Additionally,
the molecular content of the GCF can enter the saliva where it can be detected (Tsuchida et al.
2012). Due to our preliminary finding that SIRT2 was elevated in the saliva of patients with
periodontitis (Chapter 6, Figure 6.1) we hypothesised that elevated salivary SIRT2 might reflect
immune cell activity in the periodontium. Thus, we investigated if SIRT2 could be secreted by
macrophages stimulated with TLR agonists, as activation of these TLR signalling pathways leads
to the secretion of numerous effector proteins during immune responses to pathogens (Inoue,
Niki et al. 2018, Liu, Yin et al. 2018). This would help determine if the elevated levels of SIRT2 in
the saliva of patients with periodontitis could be caused by TLR activation of macrophages in the
oral tissues including the periodontium. To achieve this, we utilised ELISAs to analyse SIRT2 levels
in the supernatants of THP1-derived macrophages stimulated with TLR agonists. ELISA was

chosen to due to its sensitivity and high throughput.

The TLR2 agonists Pam2CSK4 and B. subtilis LTA and the TLR4 agonist E. coli LPS were again
utilised to model different TLR signalling pathways due to the importance of these pathways in

the pathogenesis of periodontitis (Cekici et al. 2014a).

The primary TLR4 agonist of relevance in periodontitis is LPS derived from Gram-negative
bacteria, such as P. gingivalis and T. forsythia. Common TLR2 agonists relevant in periodontitis
include LTA and peptidoglycan. LTA is found in the cell wall of Gram-positive bacteria, such as
Staphylococcus aureus (Fritschi et al. 2008) and Fusobacterium nucleatum (Han et al. 2005), whilst
peptidoglycan is found in both Gram-negative and Gram-positive bacteria. Whilst the selected

TLR4 agonist, E. coli LPS and the selected TLR2 agonists, Pam2CSK4 and B. subtilis LTA, are not
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derived from sources relevant to periodontitis they still allow for investigation into the TLR2 and

TLR4 pathways that are highly relevant to periodontitis.

Macrophage activation leads to the production of pro-inflammatory cytokines and mediators
(Mosser and Edwards 2008; El-Zayat et al. 2019). TLR2 and TLR4 have been found to be
particularly important in periodontitis, initiating the immune response upon detection of
bacterial components derived from biofilms on the teeth (Mahanonda and Pichyangkul 2007;
Cekici et al. 2014a). It is well established that activation of TLR2 and TLR4 signalling pathways
cause secretion of TNFa in THP1-derived macrophages (Foster et al. 2005), and the sensitivity of
macrophages to TLR agonists makes them an ideal cell type for investigations into TLR signalling
(Kawasaki and Kawai 2014). Macrophages are involved in the activation of the adaptive immune
system and act to sustain the inflammation seen in periodontitis (Sima et al. 2018) and there is
also evidence suggesting that there is disruption to the homeostasis of macrophage populations

in areas of the mouth affected by periodontitis (Almubarak et al. 2020).

Previous findings in the literature show that visfatin, the same enzyme that is involved in
intracellular NAD production, is found extracellularly and is elevated in the plasma and synovial
fluid of patients with rheumatoid arthritis (Nowell et al. 2006; Otero et al. 2006), and has been

linked to macrophage polarisation (Zhang et al. 2018a).

| next aimed to determine if SIRT2 might also be present extracellularly, and the effect TLR
signalling may have on any extracellular SIRT2, as a potential pathway that may explain the
elevated levels of SIRT2 identified in the saliva of patients in our preliminary data. To do this,
SIRT2 ELISAs were used to analyse the supernatants of THP1-derived macrophages after
stimulation with LPS, LTA or Pam2CSK4. TLR inhibitors were then used to ensure specificity of the

TLR agonists against their corresponding receptors.
4.2 SIRT2 Secretion in Response to Stimulation with TLR agonists

As preliminary data showed that SIRT2 was elevated in the saliva of patients with periodontitis,
the culture supernatants of THP1-derived macrophages were analysed using ELISA to determine
if SIRT2 was present. THP1-derived macrophages were stimulated with the TLR 4 agonist E. coli
LPS, or the TLR2 agonists Pam2CSK4 and B. subtilis LTA for 4 hours and 24 hours. Successful
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stimulation of macrophages was confirmed in every culture experiment by TNFa ELISA as in the

previous chapter (Chapter 1, Figures 1.7 and 1.8).

After 4 hours of stimulation, ELISA for TNFa confirmed statistically significant increases in the E.
coli LPS, Pam2CSK4 and B. subtilis LTA treated samples (see appendix B). ELISA for SIRT2 (Figure
4.1) showed there was no SIRT2 detectable in the supernatants of the control or E. coli LPS-
stimulated samples. There was a statistically significant increase in SIRT2 in the supernatants of

the Pam2CSK4- and B. subtilis LTA-stimulated samples (p<0.001) when compared with controls.

180

. fekdk
160 .

140 -

120 A

——
——

100 -

80 +

SIRT2 (pg/ml)

60
40 4

20

ND ND

0 T T T T
Control E. coliLPS Pam2CSK4 B. subfilis LTA

Figure 4.1. SIRT2 secretion from macrophages stimulated with TLR agonists for 4 hours.

SIRT2 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with
E. coli LPS (100 ng/ml), Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml. Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained
in 2 separate experiments (N=6). *** p<0.001, calculated by one-way ANOVA, followed by Tukey’s

post-hoc test. ND = no data.
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After 24 hours of stimulation (Figure 4.2), levels of SIRT2 were detectable in the control and E.
coli LPS-stimulated samples. Once again, there was a statistically significant increase in SIRT2 in

the Pam2CSK4 and B. subtilis LTA-stimulated samples (p<0.001) when compared with controls.
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Figure 4.2. SIRT2 secretion from macrophages stimulated with TLR agonists for 24 hours.

SIRT2 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 24 hours with
E. coli LPS (100 ng/ml), Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml. Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained
in 2 separate experiments (N=6). *** p<0.001, calculated by one-way ANOVA, followed by Tukey’s

post-hoc test.
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In these experiments it was demonstrated that the stimulation of THP1-derived macrophages
with TLR2 agonists leads to a significant increase of SIRT2 levels in the supernatant. The next

experiments aimed to confirm that TLR2 signalling was responsible for this effect.
4.3 SIRT2 Secretion in the Presence of TLR2 Inhibitors

Specific small molecule TLR inhibitors were used to determine if the secretion of SIRT2 from THP1-
derived macrophages was indeed due to intra-cellular signalling by TLR2 agonists via the canonical
TLR2 pathway. First, due to similarities between the subsequent signalling pathways downstream
of TLR2 and TLR4 activation, a TLR4 inhibitor was used to ensure there were no off-target effects
from the chosen preparations TLR2 agonists. LPS contamination of preparations of other bacterial
macromolecules has been known to occur and can result in erroneous data and conclusions

(Nerurkar et al. 2005; Yang et al. 2006; Schwarz et al. 2014)

To confirm the selected TLR inhibitors were specifically preventing activation of their
corresponding TLRs, THP1-derived macrophages were pre-treated with the TLR4 inhibitor, C34,
or left in standard growth medium for 30 minutes before removal of the growth medium and
addition of media containing E. coli LPS, B. subtilis LTA or Pam2CSK4 (see Figure 4.3 for

experimental timeline). Controls were left untreated (Figure 4.4).
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Figure 4.3. Method for differentiation of THP1 monocytes, treated with TLR inhibitors and

addition of TLR agonists.

THP1 monocytes were treated with PMA for 48 hours in order to induce differentiation into
macrophages. These THP1-derived macrophages then had the growth medium changed to either
standard growth media, growth media with the addition of TLR of the described TLR inhibitor for
0.5 hours. The growth media was then changed once more to media containing the described TLR

agonist or standard growth media for controls.

Stimulation of macrophages with E. coli LPS, B. subtilis LTA and Pam2CSK4 (Figure 4.4) resulted in
a statistically significant increase in TNFo secretion compared with unstimulated controls
(p<0.001). In the samples stimulated with E. coli LPS, pre-treatment with C34 lead to significantly
lower TNFa secretion between the two groups (p<0.001). In the samples stimulated with B.
subtilis LTA and Pam2CSK4, pre-treatment with C34 had no effect on TNFa secretion, confirming
that there is no non-specific inhibition of the TLR2 pathway from the C34 TLR4 inhibitor.
Additionally, treatment of macrophages with C34 alone had no effect on TNFa secretion

compared with controls.
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Figure 4.4. TNFa secretion from macrophages stimulated with TLR agonists for 4 hours with or
without treatment with a TLR4 inhibitor.

TNFo measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml.), with or without the TLR4 inhibitor C34 (10 uM
pre-treatment for 0.5 hours). Controls were unstimulated. The data shown represents the mean +
SD of 3 cultures for each condition obtained in 2 separate experiments (N=6). *** p<0.001,

calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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Next, THP1-derived macrophages were pre-treated with the TLR2 inhibitor, C29, or left in
standard growth medium for 30 minutes before removal of the growth medium and addition of
media containing E. coli LPS, B. subtilis LTA or Pam2CSK4 (see Figure 4.3 for experimental
timeline). Controls were left untreated (Figure 4.5). E. coli LPS was included in these experiments
to ensure the specificity of the chosen TLR2 inhibitor. Stimulation of macrophages with B. subtilis
LTA and Pam2CSK4 resulted in a statistically significant increase in TNFa secretion compared with
unstimulated controls (p<0.001). However, in samples pre-treated with C29, the secreted TNFa
levels were significantly lower than in the samples without pre-treatment (p<0.001). Treatment

of macrophages with C29 alone had no effect on TNFa secretion compared with controls.
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Figure 4.5. TNFa secretion from macrophages stimulated with TLR agonists for 4 hours with or

without treatment with a TLR2 inhibitor.

TNFa measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with
B. subtilis LTA (100 ng/ml.) or Pam2CSK4 (10 ng/ml), with or without the TLR2 inhibitor C29 (50 uM
pre-treatment for 0.5 hours). Controls were unstimulated. The data shown represents the mean +
SD of 3 cultures for each condition obtained in 2 separate experiments (N=6). *** p<0.001,

calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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MTT assays were used to determine if the selected TLR inhibitors had any effect on cell viability.
As before, THP1-derived macrophages were treated with TLR inhibitors before being incubated
with MTT to produce formazan crystals which were then dissolved, and absorbance is measured.
By comparing this to a standard curve generated by culturing varying numbers of cells and
incubating them with MTT (see Methods 2.7). From this, the number of viable cells could be
calculated. Treatment with the TLR4 inhibitor, C34, and the TLR2 inhibitor, C29, for 0.5 hours, in
concordance with experimental conditions, had no significant effect on cell viability compared to
controls (Figure 4.6). This allowed for the next experiments to take place, utilising these TLR

inhibitors to determine if the secretion of SIRT2 could be abrogated.
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Figure 4.6. Cell number determined by MTT assay with macrophages stimulated with TLR

inhibitors for 0.5 hours.

THP1-derived macrophages stimulated for 0.5 hours with the TLR4 inhibitor C34 (10 uM pre-
treatment for 0.5 hours) or the TLR2 inhibitor C29 (50 uM pre-treatment for 0.5 hours). Controls
were unstimulated. The data shown represents the mean * SD of 3 cultures for each condition

obtained in 1 experiment (N=3). Analysed using one-way ANOVA.
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ELISAs were used to measure SIRT2 in the culture supernatant of THP1-derived macrophages that
had been treated with the TLR agonists, E. coli LPS, B. subtilis LTA and Pam2CSK4 with and without
the addition of the TLR2 inhibitor C29 (Figure 4.7). No SIRT2 was detected in the supernatant of
the control, C29, E. coli LPS or E. coli LPS+C29 treated macrophages. The supernatant from B.
subtilis LTA and Pam2CSK4-treated macrophages had significantly elevated SIRT2 levels
compared to controls (p<0.001 for both). Pre-treatment of macrophages with C29 resulted in a
statistically significantly lower levels of SIRT2 to the levels of SIRT2 following stimulation B. subtilis

LTA and Pam2CSK4 as compared to cultures without inhibitor (p<0.01).
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Figure 4.7. SIRT2 secretion from macrophages stimulated with TLR agonists for 4 hours with or

without treatment with a TLR2 inhibitor.

SIRT2 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with
E. coli LPS (100 ng/ml), Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml), with or without the TLR2
inhibitor C29 (50 uM pre-treatment for 0.5 hours). Controls were unstimulated. The data shown
represents the mean * SD of 3 cultures for each condition obtained in 2 separate experiments (N=6).

** p<0.01, calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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ELISAs were then used to measure SIRT2 in the culture supernatant of THP1-derived macrophages
that had been treated with the TLR agonists, E. coli LPS, B. subtilis LTA and Pam2CSK4 with and
without the addition of the TLR4 inhibitor C34 (Figure 4.8). SIRT2 was detected in samples
stimulated with LTA and Pam2CSK4. Addition of C34 had no effect on SIRT2 levels. No SIRT2 was

detected in the supernatant of control or LPS-stimulated macrophages.

These experiments confirmed that stimulation of THP1-derived macrophages with TLR2 agonists
results in increased levels of SIRT2 in the supernatant and that the release of SIRT2 into the

supernatant was dependent on TLR2 signalling pathways.
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Figure 4.8. SIRT2 secretion from macrophages stimulated with TLR agonists for 4 hours with or

without treatment with a TLR4 inhibitor.

SIRT2 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with
E. coli LPS (100 ng/ml), Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml), with or without the TLR4
inhibitor C34 (10 uM pre-treatment for 0.5 hours). Controls were unstimulated. The data shown
represents the mean + SD of 3 cultures for each condition obtained in 2 separate experiments (N=6).

Analysed using one-way ANOVA.
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4.4 Discussion

The first experiments shown here (Figure 4.1 and Figure 4.2) aimed to measure SIRT2 in the
supernatant of THP1-derived macrophages after stimulation with TLR agonists and in
unstimulated controls. After 4 hours of stimulation with TLR2 and TLR4 agonists, there was a
statistically significant increase to SIRT2 levels present in the supernatant of B. subtilis LTA- and
Pam2CSK4-stimulated macrophages, whilst no change was observed to the levels of SIRT2 in the
supernatant of E. coli LPS-stimulated macrophages (Figure 4.1). The same effect was seen after
24 hours of stimulation with TLR2 and TLR4 agonists, a statistically significant increase in the levels
of SIRT2 present in the supernatant of B. subtilis LTA- and Pam2CSK4-stimulated macrophages,
with no change was observed to the levels of SIRT2 in the supernatant of E. coli LPS-stimulated

macrophages (Figure 4.2).

The secretion of SIRT2 by macrophages is a novel finding, with no published information on any
extracellular function of SIRT2, and no published studies have investigated this. Thus, there is no
published information on any potential extracellular targets of SIRT2. SIRT2 is known to be largely
located within the cytosol where it acts to deacetylate proteins including a-tubulin, transcription
factor FOXO1 and NF-xB p65, it also translocates to the nucleus during mitosis (Dryden et al. 2003;
Wang et al. 2019). There is evidence of involvement of SIRT2 in inhibiting the loading and release
of extracellular vesicles, with knockout of SIRT2 leading to increased release of extracellular
vesicles (Lee et al. 2019), which are important in immune signalling and inflammation by
transporting micro RNAs, cytokines and chemokines into the extracellular environment (Buzas et

al. 2014; Andres et al. 2020).

SIRT2 has been found to be elevated in the serum of patients with rheumatoid arthritis who were
also suffering from periodontal disease compared to those who were periodontally healthy
(Panezai et al. 2020), but there was no further investigation into its function or how it came to be
present in the serum. Additionally, the enzymatic activity of SIRT2 is NAD-dependent and there is
some evidence that NAD is present in the extracellular space (Koch-Nolte et al. 2011; Adriouch et
al. 2012) suggesting that SIRT2 in these compartments may be biologically active, providing there
are sufficient levels of this co-factor. There is no published information on NAD levels present in
saliva, but levels in the plasma can range from levels below 1 uM up to 10 uM (Kulikova et al.

2019), and as the GCF is a serum exudate that has passed through blood vessel walls into the
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crevicular space (Taylor 2014; Taylor and Preshaw 2016; Bostanci and Belibasakis 2018), levels of
NAD present in the GCF may be similar to that found in the plasma. The GCF can then mix with
the saliva and can be the source of certain molecules that may be detected (Tsuchida et al. 2012).
There is also evidence obtained from experiments in mice that NAD is elevated during acute
inflammation (Adriouch et al. 2007). Again, there is little published information regarding the NAD
levels required for SIRT2 function, however, in vitro 100 nM NAD is sufficient to activate

deacetylation activity in SIRT2 (Nielsen et al. 2021).

The enzyme nicotinamide phosphoribosyltransferase (NAMPT) is responsible for NAD production
intracellularly but can also be found extracellularly where it acts as an adipokine and plays a role
in pre—B cell colony formation (Brentano et al. 2007; Park et al. 2017). Extracellular NAMPT (also
known as visfatin) is contained within extracellular vesicles and is internalised into cells

whereupon it increases NAD synthesis (Yoshida et al. 2019a).

Visfatin levels are elevated in the plasma and synovial fluid of patients with rheumatoid arthritis
(Nowell et al. 2006; Otero et al. 2006). In vitro experiments have shown levels of IL-6 and TNFa
are elevated in the culture supernatants of human primary monocytes after stimulation with
visfatin (Brentano et al. 2007), and levels of IL-1B, IL-1Ra, IL-6, IL-10, and TNFa were found to be
elevated in the supernatants of peripheral blood mononuclear cells (PBMCs) (Moschen et al.
2007). Additionally, there is a report the stimulation of THP1-derived macrophages with visfatin
induced production of MMP-9 (Fan et al. 2011), one of the most abundant MMPs in periodontal
tissue (Franco et al. 2017b). Visfatin was also found to increase CD36 expression and increase the

phagocytic activity of THP1-derived macrophages (Yun et al. 2014).

Published data also shows mRNA and protein expression of NAMPT, the intracellular form of
visfatin, is upregulated in monocytes after stimulation with LPS (Schilling et al. 2012). There is
evidence that visfatin levels are elevated in the gingival crevicular fluid and saliva of patients with
periodontitis and gingivitis (Tabari et al. 2014; Ozcan et al. 2015; Tirer et al. 2016) suggesting
perhaps that visfatin contributes in some way to the inflammation seen in periodontitis, which
may impact NAD levels and subsequently SIRT2 deacetylation activity. Intracellularly, SIRT2 is
known to regulate NF-kB-dependent gene expression through deacetylation of p65 K310

(Rothgiesser et al. 2010a) and ameliorate inflammation in collagen-induced arthritis in mice (Lin
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et al. 2013a) and after LPS-stimulation of macrophages (Lee et al. 2014a), potentially explaining

one way in which visfatin levels contribute to inflammation.

We also determined that secretion of SIRT2 from macrophages is mediated by TLR2 signalling.
The use of TLR2 and TLR4 inhibitors confirmed that the secretion of SIRT2 is mediated by TLR2,
with no involvement of TLR4. This use of inhibitors demonstrated the specificity of the TLR2 and
TLR4 agonists to act upon their intended receptors (Figures 4.4 and 4.5). As previously mentioned,
LPS contamination has been known to occur and can result in erroneous data and conclusions
(Nerurkar et al. 2005; Schwarz et al. 2014). By stimulating macrophages that have been pre-
treated with a TLR4 inhibitor with TLR2 agonists (Figure 4.4), we have shown that if there was any
low-level LPS contamination on the selected agonists, it had no significant effect on my findings.
Additionally, lipopeptide contamination has led to erroneous findings, most notably the
controversial report of P. gingivalis LPS acting on TLR2, with more recent findings suggesting that
in reality P. gingivalis LPS only acts on TLR4 and activation of TLR2 was due to contaminating

lipopeptides (Nativel et al. 2017).

It is interesting that the secretion of SIRT2 into the supernatant was only observed in
macrophages stimulated with TLR2 agonists and not those stimulated with TLR4 agonists, as the
signalling pathways involved share many similarities (see Figure 4.9). Activation of TLR2 in both
of its heterodimeric forms, TLR2/1 and TLR2/6, leads to activation of the signalling protein
myeloid differentiation primary response 88 (MyD88). Activation of TLR4 also activates MyD88,
along with TIR-domain-containing adapter-inducing interferon-B (TRIF). Ultimately both
pathways can lead to activation of transcription factors NF-xB and interferon regulatory factors
(IRFs) and transcription of numerous genes controlling expression of cytokines and chemokines
(Liu et al. 2017c; Song et al. 2017). It would be interesting to repeat this experiment and utilise
TRIF inhibitors to further interrogate the pathways involved. Perhaps the activation of TRIF

signalling in conjunction with MyD88 signalling somehow prevents secretion of SIRT2.
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Figure 4.9. TLR2 and TLR4 signalling pathways.

Activation of TLR2/1 and TLR2/6 subsequently activates MyD88, leading to activation of NF-kB.
Activation of TLR4 activates both MyD88 and TRIF signalling pathways. Both pathways can lead to
activation of transcription factors NF-kB and interferon regulatory factors (IRFs) and transcription of
numerous genes controlling expression of cytokines such as IL-1, IL-6, TNFa, and type | interferons

(IFNs), chemokines and adhesion molecules (Liu et al. 2017c).
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We previously utilised MTT assays to determine if there was any toxic effect associated with
stimulation with TLR2 agonists (Results chapter 1, figures 9 and 10), so it was clear that the finding
of increased SIRT2 in the supernatant of macrophages stimulated with TLR2 agonists was not due

to cytotoxicity.

A limitation of this study arises from our preliminary analysis of saliva samples. As previously
mentioned, the screening was limited to 15 saliva samples from patients with periodontitis and
15 saliva samples from healthy controls, numbers which clearly have limited statistical power.
Also, the screening that identified SIRT2 as being elevated in the saliva of patients with
periodontitis was relativistic, meaning the levels of SIRT2 were elevated when compared against
the levels in saliva from healthy volunteers, with no absolute quantity being determined. This
means it is currently unclear if secretion of SIRT2 from macrophages alone would explain the
elevated levels of SIRT2 seen in the saliva of patients with periodontitis. These concerns are
addressed in subsequent experiments relating to the quantitative analysis SIRT2 is presented in

the Chapter 6.
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Chapter 5. Regulation of Cytokine Secretion by SIRT2 in Macrophages

5.1 Introduction

SIRT2 is a NAD-dependent HDAC that removes acetyl groups from lysine residues within proteins
(Vaquero et al. 2006). SIRT2 has numerous protein targets and SIRT2 deacetylase activity can be
determined by measuring the acetylation of one of these targets. As the targets of SIRT2
deacetylase activity are numerous and varied, changes to the acetylation state of a protein can
have significant biological consequences, with SIRT2 having been demonstrated to be involved in
the regulation of phagocytosis (Ciarlo et al. 2017), the expression of iNOS and ROS (Lee et al.
2014b), as well as NF-kB-dependent gene expression (Rothgiesser et al. 2010b).

Notable targets of SIRT2 include the transcription factors NF-kB p65 (Rothgiesser et al. 2010b),
FOXO1 (Jing et al. 2007) and FOXO3 (Wang et al. 2007). Another target of SIRT2 is a-tubulin (Skoge
et al. 2014), which we selected as a measure of SIRT2 deacetylase activity. The acetylation of a-
tubulin is facilitated by a-tubulin N-acetyltransferase and NAD levels have been shown to affect
the acetylation of a-tubulin by regulating activity of NAD-dependent HDACs (Skoge et al. 2014).
SIRT2 can remove acetyl groups from histones and has been show to deacetylate H3K27ac (Jin et
al. 2016a), a histone modification which has been found to be predictive of gene expression in
CD4+ T cells (Karlic et al. 2010). Reports suggest that somewhere between 2% and 22% of
transcriptionally active genes are regulated by histone acetylation (Peart et al. 2005; Rigby et al.
2012), whilst proteomic analyses have shown that acetylation of non-histone proteins constitutes
a major portion of the acetylome in mammalian cells (Narita et al. 2019), thus, understanding the
role and the mechanisms that regulate the acetylation of proteins may provide further insight

into biological and pathological systems.

We previously observed no changes to the mRNA (Chapter 3.3) or protein (Chapter 3.5)
expression of SIRT2 in macrophages stimulated with TLR agonists. However, as the deacetylation
of proteins by SIRT2 is an enzymatic reaction, changes to the activity of SIRT2 could arguably be

as impactful as changes to mRNA or protein expression would be.

There is evidence that SIRT2 is involved in regulating expression of iNOS and ROS in macrophages
after stimulation with LPS, with SIRT2 knockout cells showing suppressed nitric oxide and ROS

production (Lee et al. 2014b). Lee et al. also found that SIRT2 knockout cells showed decreased
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NF-kB activation after stimulation with LPS. However, there is little within the current literature
on the role of SIRT2 in regulation of cytokine secretion after TLR activation, with most information
coming from murine models, and there is no published information on the effect of TLR activation
of SIRT2 deacetylase activity. Whilst the use of animal models is invaluable in translational
research (Barré-Sinoussi and Montagutelli 2015), there can be major differences between murine

models and human models, despite phylogenetic similarities (Perlman 2016).

Cytokines are powerful regulators of the immune response, and as such are associated with
numerous inflammatory conditions, including periodontitis. Key cytokines in the progression of
periodontitis include TNFa, IL-1B, (Pan et al. 2019a; Pan et al. 2019b), IL-6 (Ramadan et al. 2020),
IL-8 (Finoti et al. 2017), and IL-12 (Issaranggun Na Ayuthaya et al. 2018). IL-1B has been found to
drive inflammation in periodontitis, increasing immune cell chemotaxis and enhancing alveolar
bone resorption. IL-6 impairs osteoblast function and increases formation of osteoclasts derived
from cells of the monocyte/macrophage family (Tjoa et al. 2008). IL-18 influences T-helper cell
differentiation, regulating the balance of Th1l and Th2 T cells, and with Th1 cells being associated
with bone loss and Th2 cells being considered as protective. TNFa is a crucial proinflammatory
cytokine that contributes to periodontitis by regulating apoptosis of gingival fibroblasts and
epithelial cells, as well as inhibiting extracellular matrix production in gingival fibroblasts (Pan et
al. 2019a). IL-6 is elevated in the GCF of patients with periodontitis (Stadler et al. 2016) and has
been found to involved in bone homeostasis through regulation of RANKL, which can
subsequently interact with osteoprotegrin (Wu et al. 2017). IL-8 acts as a chemoattractant and
activator of neutrophils (Finoti et al. 2017). IL-12 is associated with Th1 cells and has been linked
to bone resorption in periodontitis (Ramadan et al. 2020). The above findings demonstrate the
major role cytokines play in regulating inflammation in periodontitis and how they contribute to

pathological processes such as bone resorption.

Understanding the regulation of cytokines that drive the progression of periodontitis may provide
better insight into the underlying mechanisms of these diseases (Kany et al. 2019) and from the
literature we know that many cytokines are regulated by acetylation either directly or indirectly

through changes to acetylation of transcription factors and histones (Villagra et al. 2010).
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We therefore aimed to assess the role of SIRT2-mediated deacetylation in regulating the secretion
of pro-inflammatory cytokines relevant to periodontitis. To achieve this aim, we developed a
western blotting method to assess the acetylation of SIRT2 target proteins, a-tubulin K40 and NF-
kB p65. This acted as a readout for SIRT2 activity, which allowed us to assess how TLR2 and TLR4
signalling may affect SIRT2 activity. We then optimised the use of the NAMPT inhibitor FK866 and
the SIRT2 inhibitor AK1 to abrogate SIRT2 deacetylase activity. Next, we stimulated THP1-derived
macrophages with TLR2 and TLR4 agonists, with or without the SIRT2 inhibitor AK1, allowing us
to evaluate a-tubulin acetylation. We could then subsequently collect culture supernatants and

assess cytokine secretion by ELISA to gain insight into the role of SIRT2 in regulating expression.
5.2 Optimisation of the Detection of a-tubulin Acetylation by Western Blotting

To assess the potential effect of TLR2 and TLR4 signalling on SIRT2 activity, a western blotting
method to measure the acetylation state of SIRT2 target a-tubulin K40 was developed.
Quantitative western blotting with primary antibodies against total a-tubulin and acetyl-a-tubulin
K40 (Ac-a-tubulin), and fluorescently labelled secondary antibodies were used (Chapter 2.5). For
accurate relative quantification of protein acetylation with this method, the linear range of
detection was first determined for both antibodies. This is the range in which the measured
fluorescent target signal correlates linearly with the amount of protein loaded into the gel. This
was determined by blotting serially diluted samples and calculating the coefficient of
determination, denoted as R2. An R2 value of >0.97 was deemed suitable (Koch et al. 2018). The
linear range of detection for total a-tubulin was determined to be between 2.5 ug and 20 pg of
total protein, with an R2 of 0.9821 (Figure 5.1). The dynamic range, the range of total protein
loading at which total a-tubulin could be detected, lay outside the bounds of protein loaded in

this assay.
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Figure 5.1. Determination of linear range of a-tubulin protein detection.

(A) Western blot to determine linear range for detection of a-tubulin (700 nm). A seven-point,
two-fold serial dilution of cell lysate ranging from 20 ug to 2.5 ug was generated (section 2.5).
Molecular weight ladder labelled “M” indicates weight in kDa. Predicted molecular weight 52 kDa.
(B) Graph showing fluorescent target signal at 700 nm quantified for each band plotted against
total protein loaded on a scatter graph. The coefficient of determination was then calculated
(R>=0.9821). The data shown represents 1 sample for each plotted point, generated from 3 pooled

cultures obtained in 1 experiment (N=1).
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Next, the linear range of detection for Ac-a-tubulin was determined. The linear range of detection
for Ac-a-tubulin was found to be between 7.5 ug and 20 pg of total protein, with an R? of 0.9903

(Figure 5.2). The dynamic range, the range of total protein loading for Ac-a-tubulin was from 2.5

ug to 20 pg.
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Figure 5.2. Determination of linear range of Ac-a-tubulin protein detection.

(A) Western blot to determine linear range for detection of Ac-a-tubulin (800 nm). A seven-point,
two-fold serial dilution of cell lysate ranging from 20 ug to 2.5 ug was generated (section 2.5).
Molecular weight ladder labelled “M” indicates weight in kDa. Predicted molecular weight 52 kDa.
(B) Graph showing fluorescent target signal at 800 nm quantified for each band plotted against
total protein loaded on a scatter graph. The coefficient of determination was then calculated
(R?=0.9903). The data shown represents 1 sample for each plotted point, generated from 3 pooled

cultures obtained in 1 experiment (N=1).
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From this it was determined that total protein amounts ranging from 7.5 pug to 20 pg could be
used for accurate quantitation. This allows for the use of both antibodies simultaneously in
western blotting, allowing the ratio of Ac-a-tubulin to total a-tubulin to be calculated from the

measured fluorescent target signals using the following:

Ratio of a-tubulin acetylation = Ac-a-tubulin
Total a-tubulin

The acetylation of a-tubulin was used as a measure of SIRT2 deacetylase activity in THP1-derived
macrophages. The acetylation of a-tubulin at lysine 40 was measured using quantitative western
blotting with a specific antibody to Ac-a-tubulin K40 and an antibody against total a-tubulin.
Fluorescent target signal was normalised against a total protein stain (Methods chapter 2.5.3).
The normalised signal (to correct for variations in protein loading) was then used to calculate the
ratio of a-tubulin acetylation. The ratio of a-tubulin acetylation in controls was then normalised
to 1 and ratio of a-tubulin acetylation in the test groups are plotted relative to this. Data from all

western blots for a-tubulin acetylation were processed in the same manner.

THP1-derived macrophages were treated with the NAMPT inhibitor FK866 for 24 hours, in order
to deplete intracellular NAD and as a result, reduce NAD-dependent deacetylase activity.
Inhibition of NAD-dependent HDACs has been shown to lead to increased acetylation of a-tubulin,
whilst inhibition of class | and class 1| HDACs had no effect (North et al. 2003a). It was also
demonstrated that SIRT2 is the only NAD-dependent HDAC that is able to target a-tubulin (North
et al. 2003a). Thus, FK866 was used to establish if changes to the acetylation of a-tubulin could
be detected using the quantitative western blot method. To determine FK866 demonstrated any

cytotoxic effects, an MTT assay was first carried out.

Treatment of THP1-derived with FK866 for 24 hours resulted in no significant effect of cell viability
(Figure 5.3).
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Figure 5.3. Cell number determined by MTT assay with macrophages with the SIRT2 inhibitor
FK866 for 24 hours.

THP1-derived macrophages treated for 24 hours with FK866. Controls were unstimulated. The data

shown represents the mean + SD of 3 cultures for each condition obtained in 1 experiment (N=3).

Analysed by independent T-Test.

86



52

Treatment of THP1-derived macrophages with FK866 for 24 hours (Figure 5.4) led to a significant
increase of Ac-a-tubulin K40 when compared to untreated controls.
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Figure 5.4. Acetylation of a-tubulin in macrophages treated with FK866 for 24 hours.

(A) Representative western blot for a-tubulin (700 nm) and acetyl-a-tubulin K40 (800 nm) in THP1-
derived macrophages treated with FK866 (2 uM) for 24 hours. Each lane represents protein lysate
from 1 independent culture. Lanes labelled as “C” indicate controls. Molecular weight ladder
labelled “M” indicates weight in kDa. Predicted molecular weight 52 kDa. (B) Ratio of acetyl-a-
tubulin to total a-tubulin in control cultures and FK866-treated cultures. The data shown represents
the mean * SD of 3 cultures for each condition obtained in 2 separate experiments (N=6). ***
p<0.001 calculated using independent T-Test.
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We next utilised the SIRT2 inhibitor, AK1, to confirm that SIRT2 alone was responsible for any
change to acetylation and there was no involvement from any other sirtuin family members. AK1
inhibits SIRT2 activity by interacting with the nicotinamide binding site which also participates in

NAD+ binding (Avalos et al. 2005; Outeiro et al. 2007).

THP1-derived macrophages were treated with AK1 for 24 hours before cell lysates were collected
and analysed using the previously established western blotting method with antibodies for total

a-tubulin and Ac-a-tubulin to determine the ratio of a-tubulin acetylation.

To determine if AK1 demonstrated any cytotoxic effects, an MTT assay was first carried out.

Treatment of THP1-derived with AK1 for 24 hours resulted in no significant effect of cell viability

(Figure 5.5).
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Figure 5.5. Cell number determined by MTT assay with macrophages with the SIRT2 inhibitor AK1
for 24 hours.

THP1-derived macrophages treated for 24 hours with AK1 (10 uM). Controls were unstimulated.
The data shown represents the mean + SD of 3 cultures for each condition obtained in 1 experiment

(N=3). Analysed by Student’s t-test.
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Treatment of THP1-derived macrophages with AK1 for 24 hours (Figure 5.6) led to a statistically
significant increase in the ratio of Ac-a-tubulin to total a-tubulin (p=0.007). Confirming that

inhibition of SIRT2 leads to increased acetylation of a-tubulin at lysine 40.
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Figure 5.6. Acetylation of a-tubulin in macrophages treated with AK1 for 24 hours.

(A) Representative western blot for a-tubulin (700 nm) and acetyl-a-tubulin K40 (800 nm) in THP1-
derived macrophages stimulated with AK1 (10 uM) for 24 hours. Each lane represents protein lysate
from 1 independent culture. Molecular weight ladder labelled “M” indicates weight in kDa.
Predicted molecular weight 52 kDa. (B) Fluorescent target signals were normalised against a total
protein stain to correct for variations in protein loading, and the ratio of acetyl-a-tubulin to total a-
tubulin was calculated. The data shown represents the mean £ SD of 3 cultures for each condition

obtained in 2 separate experiments (N=6). ** p=0.007 calculated using Student’s t-test.
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5.3 The Influence of TLR2 and TLR4 Agonists on a-tubulin Acetylation

Next, Ac-a-tubulin K40 was measured in THP1-derived macrophages after stimulation with TLR2
and TLR4 agonists for 4 hours. Quantitative western blotting was again used, with an antibody
against Ac-a-tubulin K40 and an antibody against total a-tubulin. The fluorescent target signal
was normalised against a total protein stain. THP1-derived macrophages were stimulated with E.
coli LPS or B. subtilis LTA for 4 and 24 hours or left untreated as controls. As a matter of routine,

stimulation of macrophages with TLR agonists was confirmed by ELISA for TNFa (see chapter 2.3).

Stimulation with B. subtilis LTA or E. coli LPS for 4 hours (Figure 5.7) led to no statistically
significant changes to the ratio of acetyl-a-tubulin K40 to total a-tubulin when compared to

unstimulated controls.
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Figure 5.7. Acetylation of a-tubulin in macrophages stimulated with B. subtilis LTA or E. coli LPS
for 4 hours.

(A) Representative western blot for a-tubulin (700 nm) and acetyl-a-tubulin K40 (800 nm) in THP1-
derived macrophages stimulated B. subtilis LTA (100 ng/ml) or E. coli LPS (100 ng/ml) for 4 hours.
Each lane represents protein lysate from 1 independent culture. Molecular weight ladder labelled
“M” indicates weight in kDa. Predicted molecular weight 52 kDa. (B) Fluorescent target signals were
normalised against a total protein stain to correct for variations in protein loading, and the ratio of
acetyl-a-tubulin to total a-tubulin was calculated. The data shown represents the mean + SD of 3
cultures for each condition obtained in 2 separate experiments (N=6). Analysed using one-way

ANOVA.

92



Stimulation with B. subtilis LTA or E. coli LPS for 24 hours (Figure 5.8) also resulted in no
statistically significant changes to the ratio of a-tubulin acetylation at K40 compared to

unstimulated controls.
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Figure 5.8. Acetylation of a-tubulin in macrophages stimulated with B. subtilis LTA or E. coli LPS
for 24 hours.

(A) Representative western blot for a-tubulin (700 nm) and acetyl-a-tubulin K40 (800 nm) in THP1-
derived macrophages stimulated B. subtilis LTA (100 ng/ml) or E. coli LPS (100 ng/ml) for 24 hours.
Each lane represents protein lysate from 1 independent culture. Molecular weight ladder labelled
“M” indicates weight in kDa. Predicted molecular weight 52 kDa. (B) Fluorescent target signals were
normalised against a total protein stain to correct for variations in protein loading, and the ratio of
acetyl-a-tubulin to total a-tubulin was calculated. The data shown represents the mean + SD of 3
cultures for each condition obtained in 2 separate experiments (N=6). Analysed using one-way

ANOVA.
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5.4 Optimisation of Western Blotting to Measure NF-kB p65 Acetylation

We next utilised antibodies specific against total NF-kB p65 and NF-kB p65 acetylated at lysine
310 (referred to as Ac-NF-kB p65), a target of SIRT2 deacetylation. No other sirtuin family member
deacetylates NF-kB p65 at lysine 310 (Rothgiesser et al. 2010b). NF-kB is a transcription factor
that regulates expression of numerous cytokines, including IL-1, IL-6, IL-8, and TNFa, as well as
adhesion molecules and chemokines (Liu et al. 2017b). NF-kB p65 is one subunit of the NF-«kB
transcription factor and increased activation of NF-kB p65 has been associated with many chronic
diseases, such as rheumatoid arthritis (Giridharan and Srinivasan 2018).

In order to understand how SIRT2 regulates the acetylation of NF- kB p65, we first attempted to
develop a western blotting method to quantify acetylation levels in p65. THP1-derived
macrophages were treated with the NAMPT inhibitor FK866 for 24 hours before collecting cell
lysates and conducting western blotting to analyse levels of p65 acetylation.

Western blotting of the lysate of THP1-derived macrophages treated with FK866 (Figure 5.9) using
antibodies against Ac-NF-kB p65 and total NF-kB p65 failed to produce single bands at the
expected molecular weight of 65 kDa on every use. The total NF-kB p65 antibody produced a
strong band at approximately 110 kDa and indistinguishable bands at lower molecular weights.
The Ac-NF-kB p65 antibody produced 7 bands at varying above and below the predicted
molecular weight of 65 kDa. Given the inability of the selected antibodies to produce single bands

that could be quantified, NF-kB p65 acetylation was not investigated further.
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Figure 5.9. Acetylation of NF-kB p65 in macrophages treated with FK866 for 24 hours.

Representative western blot for NF-kB p65 (700 nm) and acetyl- NF-kB p65 (800 nm) in THP1-
derived macrophages treated with FK866 (2 uM) for 24 hours. Each lane represents 1
independent culture. Molecular weight ladder labelled “M” indicates weight in kDa. Predicted

molecular weight of NF-kB p65 is 65 kDa.
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5.5 The Role of SIRT2 in the Regulation of Cytokine Secretion

To investigate the role SIRT2 in the cytokine response to TLR agonists, the SIRT2 inhibitor AK1 was
used to abrogate SIRT2 deacetylase activity (Figure 5.6). Culture supernatants could then be
analysed by ELISA for proinflammatory cytokines to determine if inhibition of SIRT2 had any effect
on cytokine secretion. The cytokines being measured were selected due to their relevance to
inflammatory processes and periodontitis and included TNFa, IL-1B, IL-6, IL-8, and IL-12 (Lagdive
etal. 2013; Pan et al. 2019a).

In order to confirm inhibition of acetylation by AK1 in macrophages stimulated by TLR agonists,
cells were pre-treated with AK1, or left in standard growth medium for 24 hours before removal
of the growth medium and addition of media containing E. coli LPS (100 ng/ml) or B. subtilis LTA
(100 ng/ml) for 0.5, 4 and 24 hours, while controls were left untreated followed by analysis of
acetylation of a-tubulin by western blotting (Figures 5.10-5.12). In samples pre-treated with AK1
before stimulation with E. coli LPS, a significant increase to the acetylation of a-tubulin was
observed at the 0.5 hour, 4 hour and 24 hour time points compared to E. coli LPS-stimulated
samples that did not receive pre-treatment with AK1 (p <0.05). Samples pre-treated with AK1
before stimulation with B. subtilis LTA showed a significant increase in the acetylation of a-tubulin
was at the 0.5 hour, 4 hour and 24 hour time points compared to samples that did not receive
pre-treatment with AK1 (p <0.05). There was no significant difference between control and TLR
agonist-stimulated samples, indicating that the effect of AK1 is independent of TLR signalling, with

the exception of the 24 hour cultures.
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Figure 5.10. Acetylation of a-tubulin in macrophages stimulated with TLR agonists for 0.5 hours
with or without AK1 pre-treatment.

(A) Representative western blot for a-tubulin (700 nm) and acetyl-a-tubulin K40 (800 nm) in THP1-
derived macrophages stimulated E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) for 0.5 hours,
with (labelled LPS+, LTA+ and AK1) or without AK1 pre-treatment (10 uM) for 24 hours. Each lane
represents protein lysate from 1 independent culture. Molecular weight ladder labelled “M”
indicates weight in kDa. Predicted molecular weight 52 kDa. (B) Fluorescent target signals were
normalised against a total protein stain to correct for variations in protein loading. The data shown
represents the mean + SD of 2 cultures for each condition obtained in 3 separate experiments (N=6).

* p<0.05 calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
98

(B)



a-tubulin Acetyl-a-tubulin

M M
BY . — — ——— —————— I .
s| - |+ ]+ | -]-]- PS| - |+ |+ | - |-
mal - | - | - |+ | + | - Al - | - | - | + | +
AK1| - -+l -+ |+ AK1] - -+ - T+ ]+
M Merged
EHl - ==
L I I N I M
LTA| - - - + + -
AK1| - - |+ -+ |+ (A)

2.0

—t—

15 L

I m

0.5

Ac-o-tubulin/total a-tubulin
(ratio of normalised signald at 700 nm and 800 nm)

0.0

Figure 5.11. Acetylation of a-tubulin in macrophages stimulated with TLR agonists for 4 hours with
or without AK1 pre-treatment.
(A) Representative western blot for a-tubulin (700 nm) and acetyl-a-tubulin K40 (800 nm) in THP1-

derived macrophages stimulated E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) for 4 hours,
with (labelled LPS+, LTA+ and AK1) or without AK1 pre-treatment (10 uM) for 24 hours. Each lane
represents protein lysate from 1 independent culture. (B) Fluorescent target signals were
normalised against a total protein stain to correct for variations in protein loading. The data shown
represents the mean + SD of 2 cultures for each condition obtained in 3 separate experiments (N=6).

* p<0.05 calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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Figure 5.12. Acetylation of a-tubulin in macrophages stimulated with TLR agonists for 24 hours
with or without AK1 pre-treatment.

(A) Representative western blot for a-tubulin (700 nm) and acetyl-a-tubulin K40 (800 nm) in THP1-
derived macrophages stimulated E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) for 24 hours,
with or without AK1 pre-treatment (10 uM) for 24 hours. Each lane represents protein lysate from
1 independent culture. (B) Fluorescent target signals were normalised against a total protein stain
to correct for variations in protein loading. The data shown represents the mean + SD of 2 cultures
for each condition obtained in 3 separate experiments (N=6). * p<0.04 calculated by one-way
ANOVA, followed by Tukey’s post-hoc test.
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To investigate the role of SIRT2 in the cytokine response to TLR agonists, the SIRT2 inhibitor AK1
was used to abrogate SIRT2 deacetylase activity and measure the effect on cytokine secretion
using ELISA (Chapter 2.2). The TLR4 agonist, E. coli LPS, and the TLR2 agonist, B. subtilis LTA were
utilised once again for these experiments. Inhibition of SIRT2 was confirmed using the previously
established western blot method to measure the acetylation of a-tubulin before ELISA analysis of

supernatants was carried out.

Stimulation of macrophages with E. coli LPS or B. subtilis LTA for 0.5 hours (Figure 5.13), 4 hours
(Figure 5.14) and 24 hours (Figures 5.15) resulted in a statistically significant increase in TNFa
secretion compared with unstimulated controls (p<0.001). Samples treated with pre-treated with
AK1 prior to stimulation with E. coli LPS or B. subtilis LTA for 0.5 hours or 4 hours showed
significantly reduced levels of TNFa compared to samples without pre-treatment (p<0.001). No
change was caused by treatment with AK1 followed by 24 hours of stimulation with E. coli LPS or
B. subtilis LTA. Treatment of macrophages with AK1 alone had no effect on TNFa secretion

compared with controls.
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Figure 5.13. TNFa secretion from macrophages stimulated with TLR agonists for 0.5 hours.

TNFa measured by ELISA in supernatant of THP1-derived macrophages stimulated for 0.5 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 2 cultures for each condition obtained
in 3 separate experiments (N=6). + indicates p<0.05 compared to control, *** indicates p<0.001,

calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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Figure 5.14. TNFa secretion from macrophages stimulated with TLR agonists for 4 hours.

TNFo measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained
in 2 separate experiments (N=6). + indicates p<0.05 compared to control, *** p<0.001, calculated

by one-way ANOVA, followed by Tukey’s post-hoc test.
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Figure 5.15. TNFa secretion from macrophages stimulated with TLR agonists for 24 hours.

TNFa measured by ELISA in supernatant of THP1-derived macrophages stimulated for 24 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained

in 2 separate experiments (N=6). *** p<0.001, calculated by one-way ANOVA, followed by Tukey’s

post-hoc test.
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At the 0.5-hour and 4-hour time points, no IL-1B was detected in any sample (data not shown).
Stimulation of macrophages with E. coli LPS and B. subtilis LTA for 24 hours (Figure 5.16) resulted
in a statistically significant increase in IL-1B secretion compared with unstimulated controls
(p<0.005 and p<0.008 respectively). Pre-treatment with AK1 led to a statistically significant
increase in IL-1 B after stimulation with E. coli LPS and B. subtilis LTA (p<0.01 for both). No IL-1B
was detectable in the supernatant of control macrophages. Low levels of IL-1B were detected in
the supernatant of macrophages treated with AK1 alone, however the concentration bordered

the limit of detection for this assay.

180

160 ~

140 -

120

100 *%

|

60 -

IL-1B (pg/ml)

HH
li

40 -

20 +

Figure 5.16. IL-1f secretion from macrophages stimulated with TLR agonists for 24 hours.

IL-1B measured by ELISA in supernatant of THP1-derived macrophages stimulated for 24 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained
in 2 separate experiments (N=6). ** p<0.01, calculated by one-way ANOVA, followed by Tukey’s

post-hoc test.
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Stimulation of macrophages with E. coli LPS for 0.5 hours, with or without pre-treatment with AK1
(Figure 5.17) resulted in detectable but low levels of IL-6. Pre-treatment with AK1 resulted in no
statistically significant change to IL-6 levels and the measured levels were close to the lower limit
of detection for this assay. No IL-6 was detected in control, B. subtilis LTA, B. subtilis LTA + AK1 or
AK1 treated samples. At 4 hours (Figure 5.18) and 24 hours (Figure 5.19), IL-6 was detected in all
samples. Stimulation with E. coli LPS led to statistically significant increase in IL-6 compared to
controls. Pre-treatment with AK1 before stimulation with E. coli LPS resulted in significantly lower
levels of secreted IL-6 (p<0.001). There was no statistically significant change to IL-6 levels in

samples stimulated with B. subtilis LTA, B. subtilis LTA + AK1, or AK1 alone when compared with

controls.
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Figure 5.17. IL-6 secretion from macrophages stimulated with TLR agonists for 0.5 hours.

IL-6 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 0.5 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained

in 2 separate experiments (N=6). Analysed by one-way ANOVA.
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Figure 5.18. IL-6 secretion from macrophages stimulated with TLR agonists for 4 hours.

IL-6 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with E.
coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained
in 2 separate experiments (N=6). + indicates p<0.05 compared to control, *** p<0.001, calculated

by one-way ANOVA, followed by Tukey’s post-hoc test.
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Figure 5.19. IL-6 secretion from macrophages stimulated with TLR agonists for 24 hours.

IL-6 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 24 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained
in 2 separate experiments (N=6). + indicates p<0.05 compared to control, *** p<0.001, calculated

by one-way ANOVA, followed by Tukey’s post-hoc test.
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There was no detectable IL-8 in the supernatants of macrophages stimulated with E. coli LPS or
B. subtilis LTA for 0.5 hours, with or without pre-treatment with AK1 and controls. At 4 hours
(Figure 5.20) IL-8 was detectable in samples treated with E. coli LPS or B. subtilis LTA.
Macrophages pre-treated with AK1 before stimulation with E. coli LPS or B. subtilis LTA produced
significantly lower levels of IL-8 (p=0.04 for both). No IL-8 was detected in controls and samples
treated with AK1 alone. At 24 hours (Figure 5.21), IL-8 was detectable in all samples. Stimulation
with E. coli LPS or B. subtilis LTA led to statistically significant increase in IL-8 compared to
controls. Pre-treatment with AK1 before stimulation with E. coli LPS or B. subtilis LTA resulted in

comparably lower levels of secreted IL-8 (p=0.009 and p=0.043 respectively).
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Figure 5.20. IL-8 secretion from macrophages stimulated with TLR agonists for 4 hours.

IL-8 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with E.
coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained
in 2 separate experiments (N=6). * p=0.04, calculated by one-way ANOVA, followed by Tukey’s post-

hoc test.
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Figure 5.21. IL-8 secretion from macrophages stimulated with TLR agonists for 24 hours.

IL-8 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 24 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained
in 2 separate experiments (N=6). + indicates p<0.05 compared to control, ** p=0.009, * p=0.043

calculated by one-way ANOVA, followed by Tukey’s post-hoc test.
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There was no detectable IL-12 in the supernatants of macrophages stimulated with E. coli LPS or
B. subtilis LTA for 0.5 hours, with or without pre-treatment with AK1 and controls. Stimulation of
macrophages with E. coli LPS and B. subtilis LTA for 4 hours, with or without pre-treatment with
AK1 (Figure 5.22) resulted in detectable levels of IL-12. Pre-treatment with AK1 had no significant
effect on IL-12 secretion when compared to macrophages that were not treated with AK1. No IL-
12 was detected in the supernatant of macrophages with treated with AK1 alone or controls.
Twenty-four hours of stimulation with E. coli LPS and B. subtilis LTA with and without pre-
treatment with AK1 (Figure 5.23) resulted in a statistically significant increase in IL-12 secretion
compared with unstimulated controls (p<0.001). Pre-treatment with AK1 had no significant effect
on IL-12 secretion when compared to macrophages that were not treated with AK1. Treatment

of macrophages with AK1 alone had no effect on IL-12 secretion compared with controls.
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Figure 5.22. IL-12 secretion from macrophages stimulated with TLR agonists for 4 hours.
IL-12 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 4 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained

in 2 separate experiments (N=6). Analysed by one-way ANOVA.
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Figure 5.23. IL-12 secretion from macrophages stimulated with TLR agonists for 24 hours.

IL-12 measured by ELISA in supernatant of THP1-derived macrophages stimulated for 24 hours with
E. coli LPS (100 ng/ml) or B. subtilis LTA (100 ng/ml) with or without AK1 (10 uM). Controls were
unstimulated. The data shown represents the mean + SD of 3 cultures for each condition obtained

in 2 separate experiments (N=6). *** p<0.001 calculated by one-way ANOVA, followed by Tukey’s

post-hoc test.
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5.6 Discussion

We have shown that changes to a-tubulin acetylation can be analysed using quantitative western
blotting and that the acetylation of a-tubulin K40 is altered after inhibition of NAMPT using the
inhibitor FK866 (Figures 5.4). Thus, FK866 indirectly inhibits SIRT2 activity through depletion of
NAMPT-derived NAD (Skoge et al. 2014). a-tubulin acetylation is also reduced after direct
inhibition of SIRT2 with AK1 (Figures 5.6). Western blotting is a method that has been widely used
to assess protein acetylation (North et al. 2003a; Rothgiesser et al. 2010b; Rigby et al. 2012). With
this method, we were subsequently able to show that a-tubulin acetylation was not affected by
the TLR2 agonist B. subtilis LTA or the TLR4 agonist E. coli LPS after 4 hours of stimulation (Figure
5.7) or 24 hours of stimulation (Figure 5.8). This may indicate that SIRT2 activity is unaffected by
TLR2 and TLR4 activation. Whilst the histone deacetylase HDAC6 can also target acetyl-a-tubulin
K40 for deacetylation, it has been demonstrated that HDAC6 has a preference for free tubulin
dimers that have not yet assembled into a microtubule structure (Skultetyova et al. 2017) and
there is evidence that during inflammasome activation in murine macrophages, SIRT2 and not
HDACEG is responsible a-tubulin deacetylation (Misawa et al. 2013). Acetyl-a-tubulin K40 has been
used in many other studies as a measure of SIRT2 activity (North et al. 2003a; Spiegelman et al.
2018). There is little in the published literature regarding the effect of TLR2 and TLR4 signalling
on SIRT2 activity, however, one study did find that SIRT2 deacetylation of tumour suppressor
protein p53 was elevated in extracted rat heart homogenate after administration of LPS,
indicating reduced activity of SIRT2. However, this study used a high concentration of LPS, with

12.5 pg/kg/day being administered for 14 days (Katare et al. 2020).

We intended to assess changes to acetylation of NF-kB p65, another target of SIRT2 (Yuan, Xu et
al. 2016), however we were unable to obtain antibodies that produced single bands, meaning we
could not reliably quantify NF-kB p65 (Figure 5.9). The multiple bands observed may be due to
the structure of the NF-kB proteins. The NF-kB family of proteins has five members, all of which
share a Rel homology domain (Oeckinghaus and Ghosh 2009) and combine into 15 different
dimers, which could explain why we observed multiple bands in western blots targeting NF-kB
p65, although, as all samples were boiled 100 °C for 5 minutes before being loaded into the SDS
gel, the dimerisation should have been disrupted. Optimisation of sample boiling, and trials of

alternative antibodies may have allowed us to develop a method suitable for the detection of NF-
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KB p65, however, as we already had a workable readout of SIRT2 activity in the form of acetyl-a-

tubulin K40, it was decided that this would not be pursued further.

We next investigated the role of SIRT2 in regulating the secretion of proinflammatory cytokines
in response to TLR agonists. To achieve this, we utilised the SIRT2-specific inhibitor AK1 to reduce
SIRT2 deacetylase activity (as shown in Figure 5.6), allowing us to measure the effect of SIRT2
inhibition on cytokine secretion in response TLR2 and TLR4 activation. Western blotting was used
to confirm significant differences in the acetylation levels of a-tubulin K40 in controls and
macrophages stimulated with LPS or LTA for 0.5, 4, or 24 hours with or without AK1 pre-treatment
(Figures 5.10, 5.11 and 5.12). Pre-treatment with AK1 caused a statistically significant increase to
a-tubulin K40 acetylation, indicating that the deacetylation activity is not altered by TLR2 or TLR4
agonists. Samples that were treated with AK1 alone and left in plain growth medium for 24 hours
(Figure 5.12) showed no significant change to a-tubulin acetylation. It is unclear why no change
to a-tubulin acetylation was observed in the 24-hour AK1 alone samples, as significant changes
occurred at the 0.5 hour or 4 hour time points. AK1 was selected instead of FK866 due its
specificity for SIRT2, as depletion of cellular of cellular NAD+ through the use of FK866 may have

resulted in additional unwanted effects within the cell.

My results suggest that SIRT2 is involved in regulating the cytokine response of THP1-derived
macrophages to TLR2 and TLR4 agonists. SIRT2 regulates the secretion of TNFa, IL-1B and IL-6
upon TLR2 and TLR4 activation and the secretion of IL-8 upon TLR4 activation. We have also
shown that SIRT2 is not involved in regulating the secretion of IL-12 upon activation of TLR2 or

TLRA.

Inhibition of SIRT2 (and therefore increased acetylation of its cellular targets) resulted in
significantly lower levels of secreted TNFa in response to TLR2 and TLR4 agonists (Figures 5.13
and 5.14), indicating that SIRT2 is involved in regulating the synthesis or secretion of TNFa. After
24 hours of stimulation, SIRT2 inhibition had no effect on TNFa (Figure 5.15) despite measuring
increased levels of acetylated a-tubulin K40 in these samples. TNFa is a pro-inflammatory
cytokine produced readily by monocytes and macrophages during inflammation where it leads to
activation of transcription factors and protein kinases, as well as many other proteins (ldriss and

Naismith 2000). TNFa is also able to induce osteoclastic activity and suppress osteoblastic activity,
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as well as promote secretion of other pro-inflammatory cytokines (Bostrom et al. 1998; Noh et
al. 2013; Pan et al. 2019a) and as such is a contributing factor to bone resorption (Zhao 2017).
Activation of TLR2 and TLR4 is widely known to induce TNFa secretion (Inoue et al. 2018; Vargas-

Hernandez et al. 2020).

The mechanism through which SIRT2 regulates the secretion of TNFa is not apparent from these
experiments. Transcription of TNFa is regulated on numerous levels and can vary depending upon
the triggering stimuli. Interestingly, acetylation of histone H3 and histone H4 at the TNFa
promoter region has been correlated with TNFa transcription in monocytes, macrophages, and
the T cell lineage (Falvo et al. 2010). Additionally, inhibition of non-sirtuin HDACs leads to globally
increased acetylation of histones, along with an increased ability to produce TNFa, demonstrating
epigenetic regulation of TNFa expression (Sullivan et al. 2007). LPS stimulation has been found to
increase acetylation of histone 4 at the TNFa promoter and enhancer regions, and histone 3
acetylation at the TNFa enhancer regions (Sullivan et al. 2007). This may be relevant as certain
lysine residues within histones 3 and 4 can be deacetylated by SIRT2, however, the study in
guestion did not determine if these changes to acetylation occurred on residues which may be
targeted by SIRT2. A study in a mouse model of obesity found that acetylation of histone 3 lysine
18, a target of SIRT2, and acetylation of histone 3 lysine 9 was elevated at the TNFA gene in obese
mice (Mikula et al. 2014). As my findings have demonstrated that inhibition of SIRT2, and
therefore increased acetylation, led to decreased TNFa secretion, it may not be the action of
SIRT2 of on histone acetylation that is regulating TNFa secretion as the literature discussed here

suggests that we would see increased secretion.

NF-kB signalling can also lead to TNFa transcription (Collart et al. 1990; Page et al. 2018;
Rothschild et al. 2018). As SIRT2 can deacetylate NF-kB p65 at lysine 310, this is another possible
method for regulation TNFa secretion. SIRT2 deficiency was found to regulate NF-kB-dependent
gene expression in mouse embryonic fibroblasts, demonstrating that SIRT2-mediated changes to
acetylation of NF-kB p65 at lysine 310 can regulate gene expression (Rothgiesser et al. 2010b),
but it remains unclear if this includes TNFa. Acetylation of NF-kB p65 at lysine 310 is required for
full transcriptional activity of p65, but does not affect its affinity for DNA binding or the NF-kB-
inhibiting protein IkBa (Yeung et al. 2004; Calao et al. 2008).
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Ultimately, the exact mechanism through which inhibition of SIRT2 reduces TNFa secretion
remains unclear, however, the specificity of the chosen SIRT2 inhibitor and experiments to
confirm there was no cytotoxicity (Figure 5.5) support the finding that SIRT2 does regulate
secretion of TNFa after stimulation with TLR2 and TLR4 agonists and that this is mediated by

acetylation of target proteins.

In contrast to the data for TNFa (as well as IL-6 and IL-8), inhibition of SIRT2 resulted in
significantly elevated levels of secreted IL-1B in response to TLR2 and TLR4 agonists after 24 hours
(Figure 5.16). IL-1B is a major pro-inflammatory cytokine which is transcriptionally regulated by
NF-kB p65, cJUN, ATF2 and IRF5 (Cohen 2014). IL-1B acts to induce secretion of other pro-
inflammatory cytokines and induce the expansion of Thl and Th2 T-helper cells (Ben-Sasson et al.
2009) and IL-1B levels are elevated in in the GCF of patients with periodontitis (Gilowski et al.
2014). Whilst we have shown that SIRT2 regulates the secretion of IL-1B, the exact mechanism

cannot be determined from the experiments we have conducted here.

In a mouse model of collagen-induced arthritis, SIRT2 was found to regulate expression of IL-13
at the mRNA and protein level through deacetylation of NF-kB p65 lysine 310 and SIRT2 knockout
mice displayed increased IL-13 mRNA and protein levels in mice immunised with collagen (Lin et
al. 2013b), which is consistent with my finding that SIRT2 is a negative regulator of IL-1B

expression.

Hyperacetylation of histones induced by the HDAC inhibitor suberoylanilide hydroxamic acid has
been found to lead to increased IL-1B expression in macrophages after stimulation with LPS and
IFN-y (Dong et al. 2020). Although suberoylanilide hydroxamic acid does not act upon the sirtuin
family of enzymes (only class I, Il and IV HDACs), these findings do suggest that IL-1p expression
can be regulated at the epigenetic level by increasing acetylation and that there are enzymes in

addition to SIRT2 that can facilitate this.

The regulation of IL-1f is also complicated by IL-1B being present in the cytosol in its inactive
form, termed pro-IL-1B (Netea et al. 2010), meaning changes to secretion could be due to
increased activation of pro-IL-1B or changes to transcription. One study utilising the non-sirtuin
HDAC inhibitor suberoylanilide hydroxamic acid and its derivative ITF2357 found that these

inhibitors did not affect the synthesis and intracellular localisation of IL-1B but prevented
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exocytosis of secretory lysosomes containing IL-1B by causing disruption to the network of
intracellular microtubules (Carta et al. 2006). The inhibitors used did not act upon any of the
sirtuin family of enzymes, but still demonstrates that secretion of IL-1B can be regulated by the
deacetylation of microtubules, something SIRT2 is capable of (North et al. 2003a), and may be

worthy of further investigation.

We found that stimulation with LPS led to increased secretion of IL-6, with lower levels of
secretion observed upon inhibition of SIRT2, whilst stimulation with LTA caused no change to IL-
6 secretion compared to controls (Figures 5.18 and 5.19), indicating the SIRT2 is involved in
regulating expression of IL-6. IL-6 is a pro-inflammatory cytokine which can activate T and B cells
and has been associated with multiple autoimmune diseases (Tanaka et al. 2014) and is elevated
in the GCF of patients with periodontitis (Pan et al. 2019a). It has been reported that stimulation
of THP1 monocytes with TLR2 agonists leads to increased secretion of IL-6 (Flynn et al. 2019). We
did not observe this effect in THP1-derived macrophages, which may be due to differences caused
by the differentiation process or alternatively by the different agonists being used, with Flynn,
Garbers et al. utilising heat killed Listeria monocytogenes as a TLR2 agonist. This method of
activating TLR2 is potentially not as specific as utilising a synthetic or purified agonist, as the heat
killed L. monocytogenes will also contain other components that may activate additional TLRs and

other receptors.

SIRT2 has been found to regulate IL-6 expression in mouse embryonic fibroblasts (MEFs). MEFs
deficient in SIRT2 were found to express elevated levels of IL-6 mRNA after stimulation with TNFa
compared with controls (Rothgiesser et al. 2010b). A mouse model of collagen-induced arthritis
utilised SIRT2-knockout mice and determined that knockout of SIRT2 led to increased IL-6
secretion (Lin et al. 2013b). Trichostatin A, an inhibitor of non-sirtuin HDACs has been found to
increase NF-kB p65 acetylation at lysine 310 (Sato et al. 2013). NF-kB p65 K310 can also be
targeted for deacetylation by SIRT2, meaning there is potential for SIRT2 to also regulate IL-6
secretion via this mechanism, however, my results showed that reduced activity of SIRT2 led to

reduced IL-6 secretion, so it is unclear if this is the case.

Secretion of IL-8 from THP1-derived macrophages was found to be regulated by SIRT2 after

stimulation with TLR2 and TLR4 agonists, with inhibition of SIRT2 leading to lower levels of IL-8
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(Figures 5.20 and 5.21) indicating the SIRT2 is involved in regulating expression of IL-8. IL-8 is
elevated in the GCF of patients with periodontitis, with clinical parameters correlating with IL-8
levels (Lagdive et al. 2013), and has been shown to facilitate the transit of neutrophils from the
gingival tissue into the gingival crevice (Tonetti et al. 1998). Both TLR2 and TLR4 stimulation have
previously been shown to lead to secretion of IL-8 (Hirao et al. 2000; He et al. 2013). Changes to
histone acetylation have been found to regulate IL-8 expression (Gilmour et al. 2003; Angrisano
et al. 2010). IL-8 expression can also be regulated by NF-kB, including the p65 subunit (Jundi and
Greene 2015). There are reports in the published literature that suggest IL-8 levels increase when
acetylation of histone 3 and histone 4 is elevated (Gilmour et al. 2003; Angrisano et al. 2010). This
is somewhat contradictory to my finding that inhibition of SIRT2, and therefore increased
acetylation, led to reduced secretion of IL-8. Again, due to the differences between my work and
the published literature including differing cell types, agonists, and my focus on SIRT2 alone, mean

that we cannot draw firm conclusions.

Stimulation with TLR2 and TLR4 agonists resulted in significantly increased levels of secreted IL-
12, with inhibition of SIRT2 causing no change to this (Figures 5.22 and 5.23). IL-12 is significantly
elevated in periodontitis (Sanchez-Hernandez et al. 2011) and while its exact role remains unclear,
it has also been associated with rheumatoid arthritis, another disease displaying inflammation-
induced bone loss (Issaranggun Na Ayuthaya et al. 2018). Whilst IL-12 is involved in the
differentiation of naive T helper cells into the Th1 type (Trinchieri 2003), IL-12 has also been found
to induce expression of indoleamine-pyrrole 2,3-dioxygenase (IDO) which reduces T cell
functionality (Nelp et al. 2018). Levels of IL-12 are significantly higher in the GCF of patients with
periodontitis than patients with gingivitis or healthy individuals (Tsai et al. 2005), thus it seems
that IL-12 may be involved in balancing the immune response in periodontitis. We observed no
changes to IL-12 expression after inhibition of SIRT2, however, findings obtained in SIRT2
knockout mice indicate that IL-12 production after stimulation with LPS is lower than controls
(Jung et al. 2015). NF-kB p65 is involved in transcription of IL-12 (Sanjabi et al. 2000; Liu et al.
2005) and it has also been established that IL-12 expression can be regulated by histone
acetylation mediated by p300 or HDAC1 (Lu et al. 2005). Therefore, it is possible that SIRT2 is
involved in the secretion of IL-12 after stimulation with TLR2 or TLR4 agonists, but this is not

reflected in my findings and further investigation is required.
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My results show that SIRT2 is involved in regulating the secretion of IL-1B, IL-8 and TNFa after
TLR2 and TLR4 activation and the secretion of IL-6 after TLR2 activation. Despite the similarities
between the TLR2 and TLR4 signalling pathways, activation of these pathways can result in
different effects, as demonstrated by my results, and supported by the literature (Jones et al.

2001; Varadaradjalou et al. 2003; Grassin-Delyle et al. 2020).

The majority of studies looking at the role of SIRT2 suggest that it acts to limit cytokine secretion,
however, there is also evidence to the contrary, where inhibition of SIRT2 decreased the severity
of “cytokine storms” in a mouse model of septic shock (Zhao et al. 2015; Li et al. 2018). Much
more investigation is required to fully understand the role of SIRT2 and clarify some of the
conflicting findings that exist within the literature, however, the role of SIRT2 in regulating the

secretion of proinflammatory cytokines is undoubtedly worthy of further research.

Another consideration is the regulation of secretory pathways by SIRT2. There is evidence that
SIRT2 interacts with proteins involved in membrane trafficking and secretory processes, with
subsequent knockdown of SIRT2 causing changes to the expression of proteins involved in
membrane trafficking and the extracellular matrix protein, tenascin (Budayeva and Cristea 2016).
More recently, evidence has been published that SIRT2 regulates cargo-loading and release of
extracellular vesicles, with knockout of SIRT2 leading to an increase in the number of extracellular

vesicles (Lee et al. 2019).

Many of the findings within the currently published literature that have investigated the role of
SIRT2 in the regulation of cytokine expression and secretion have utilised SIRT2 knockout animals
or cell lines. The process of generating a SIRT2 knockout animal or cell line is undoubtedly useful
in research, however, it is much more drastic than chemically inhibiting SIRT2 as we have done.
Whilst it is relatively simple to determine if the correct gene has been knocked out, the process
of generating a knockout strain can also introduce flanking gene effects and genetic background
effects (Wolfer et al. 2002; Eisener-Dorman et al. 2009). The exact mechanisms of these effects
are beyond the scope of discussion here, but put simply, can cause an observable phenotype due
to genetic remnants of the knockout generation process (Wolfer et al. 2002). Additionally,
knockout animal or cell line will have developed with no functioning SIRT2 which may have

unknown consequences. SIRT2 knockout mice have been shown to spontaneously develop
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tumours (Kim et al. 2011) and to suffer from cardiac hypertrophy due to disruption to the
transcription factor nuclear factor of activated T-cells (NFAT) (Sarikhani et al. 2018). Conversely,
the THP1-derived macrophages used in my experiments may not behave in the exact same
manner as primary human or murine macrophages. The THP1 cell line is best considered as a
simplified model of primary human macrophages that is useful experimentally but may not be
entirely representative (Bosshart and Heinzelmann 2016; Tedesco et al. 2018). Ultimately,
research will require the use of both animal and cellular models to fully understand the role of

SIRT2.
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Chapter 6. Evaluation of SIRT2 as a Salivary Biomarker for Periodontitis
6.1 Introduction

Preliminary analysis of saliva samples from healthy individuals and patients with periodontitis
showed that there were higher levels of SIRT2 in samples from patients with periodontitis. Fifteen
saliva samples from healthy individuals and 15 saliva samples from patients with periodontitis
were sent to Olink® Proteomics who analysed the samples using proximity extension analysis
(PEA) for a panel of 92 inflammation related proteins. Of these 92 proteins, SIRT2 was the most

highly elevated in periodontitis.

SIRT2 is known to be involved in the regulation of aspects of the immune response such as
phagocytosis (Ciarlo et al. 2017), regulation of NF-kB p65-mediated pro-inflammatory gene
expression (Rothgiesser et al. 2010b), macrophage polarisation (Lo Sasso et al. 2014) and
regulation of microvascular inflammation in sepsis (Buechler et al. 2017). | have also shown SIRT2
is involved in the regulation of cytokine secretion after stimulation with TLR2 and TLR4 agonists
(Chapter 5.5), with the secretion of TNFa, IL-1pB, IL-6, and IL-8 being regulated by SIRT2, and these
cytokines are known to be relevant to periodontitis (Lagdive et al. 2013; Pan et al. 2019a). | have
demonstrated a novel pathway of SIRT2 secretion after stimulation with TLR2 agonists (Chapter
4.2) and whilst it is not yet clear if this pathway is present in other cell types, it may provide an

explanation for the elevated levels of SIRT2 observed in the saliva of patients with periodontitis.

PEA has previously been successfully used to analyse saliva samples of patients with oral
squamous cell carcinoma and precancerous lesions (Scholtz et al. 2020) as well as saliva samples
from patients with inflammatory bowel disease (Majster et al. 2020). SIRT2 has been analysed by
PEA in the serum of patients with systemic lupus erythematosus (Petrackova et al. 2017) and
those with rheumatoid arthritis (Panezai et al. 2020), and was found to be elevated in both
diseases which are characterised by inflammation and an immune response targeted against self-
antigens, leading to tissue damage and destruction. SIRT2 has been considered as a potential
biomarker sepsis and septic shock, where SIRT2 mRNA levels in PBMCs are significantly lower
than healthy individuals (Xu et al. 2020). Using PEA, SIRT2 in the serum of patients with
periodontitis has also been found to correlate with periodontal parameters (Panezai et al. 2017).

In a very recent study, SIRT2 has also been measured in the saliva of patients with periodontitis
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using ELISA. Comparison of SIRT2 levels in the saliva of 16 patients with aggressive periodontitis
compared against a healthy control group containing 43 individuals showed that SIRT2 was
elevated in the saliva of patients with periodontitis, however, there are some caveats regarding
the validity of this study that will be discussed later (Kluknavska et al. 2021). Levels of visfatin, the
enzyme responsible for NAD production, which subsequently fuels SIRT2 activity, are also
elevated in the saliva of patients with periodontitis although the biological significance of this
finding and how it may relate to SIRT2 levels in saliva remains unclear (Tabari et al. 2014). Taken
with the previously discussed findings, it is clear that SIRT2 is involved in regulation of the immune
response, but until very recently there was no published evidence directly linking SIRT2 with
periodontitis and no studies on the possible role of SIRT2 as a diagnostic biomarker for

periodontitis.

Thus, | began with the aim of furthering our understanding of the relationship between SIRT2 and
periodontitis to determine if SIRT2 may be a viable salivary biomarker for periodontitis. Our
preliminary data had already shown that relative levels of SIRT2 were higher in the saliva of

patients with periodontitis, and led to the following aims:

e Evaluate the performance of SIRT2 ELISA kits when analysing saliva samples to determine
if this method would allow us to confirm the findings obtained by PEA and obtain absolute
guantities of SIRT2 present in saliva.

e Use established ELISA method to expand my investigations to include additional saliva
samples from healthy individuals and patients with periodontitis, allowing us to increase
the sample number and determine the absolute quantities present in those samples as
PEA only measured relative levels of proteins.

e Utilise statistical methods to conduct a more robust analysis of the relationship of SIRT2
and periodontitis to evaluate if SIRT2 levels in saliva are significantly higher in patients
with periodontitis whilst controlling for the effect of age.

e Evaluate the diagnostic ability of SIRT2 levels to distinguish between patients with
periodontitis and healthy individuals and to investigate the relationship between SIRT2
levels in saliva and periodontal parameters in patients, to identify how SIRT2 levels may
relate to clinical measures of disease progress that are currently used for the diagnosis of

periodontitis.
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6.2 Preliminary Analysis of Salivary SIRT2 Levels in Health and Periodontitis

Prior to the beginning of the study, saliva samples were collected from 56 healthy individuals and
65 patients with periodontitis. All participants were adult males or females aged between 18 and
65 with a minimum of 20 natural teeth (excluding 3rd molars) and were non-smokers. Details of
the clinical studies and full methods for saliva collection are described in Methods section 2.8. At
the time of saliva collection, clinical measures of periodontal health were also obtained including

mean BOP, mean MGI, mean PPD, mean CAL, PESA and PISA, along with participant age.

Fifteen of these saliva samples from the healthy group and 15 saliva samples from the
periodontitis group were sent to Olink® Proteomics (olink.com) who analysed these 92
inflammation-related proteins using PEA (Appendix C). The protein targets included in this panel
are listed in Appendix C, Table 1. This preliminary study aimed to identify novel candidate
biomarkers that may exhibit altered levels in the saliva of patients with periodontitis. PEA is a
multiplex assay that provides relative quantification of proteins presented in the log2-
transformed arbitrary unit normalised protein expression, meaning normalised protein

expression values for different targets cannot be directly compared (Appendix C).

PEA analysis found that from the 92 inflammation-related proteins quantified, SIRT2 was the most
highly elevated in saliva samples from periodontitis patients in comparison to similar samples

form healthy individuals. Statistical analysis of SIRT2 normalised protein expression showed that

SIRT2 was significantly higher (p<0.001) in the saliva of patients with periodontitis (Figure 6.1).
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Figure 6.1. SIRT2 normalised protein expression obtained from saliva.

Saliva samples from 15 healthy individuals and 15 patients with periodontitis were analysed for
92 different inflammation-related proteins by proximity extension assay, with SIRT2 being the

most highly elevated. *** p<0.001 by Student’s t test.
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6.3 Validation of a SIRT2 ELISA for Saliva Analysis

| first set out to confirm the findings obtained by PEA that SIRT2 is elevated in the saliva of patients
with periodontitis (Figure 6.1) before expanding my analysis to include additional saliva samples.
To achieve this, | planned to use an ELISA for SIRT2 which would provide several benefits over
PEA. Firstly, the use of ELISA would provide absolute quantities of SIRT2 in saliva, whereas PEA
only produces relative quantities. Secondly, ELISA provides a more efficient platform for the
analysis of additional saliva samples as it analyses the protein of interest alone, rather than
including the other 91 proteins that are in the PEA panel and there is no uniplex PEA service is

available.

No ELISA kit for SIRT2 was available that was validated for analysis of saliva; thus, the kit produced
by Abcam was selected as it was the most extensively utilised kit for analysis of SIRT2 within the
published literature (Wei et al. 2018; Kluknavska et al. 2021). To ensure that my analysis of SIRT2
in additional saliva samples was robust, a spike recovery experiment was first conducted to
determine if quantification of SIRT2 in saliva would be accurate using the chosen ELISA kit and to
determine if the kit had the required sensitivity to detect the difference in SIRT2 levels detected

by PEA (Jaedicke et al. 2012).

To conduct a spike recovery experiment, a standard curve was prepared according to the
manufacturer’s instructions (Method section 2.2.2). The standard curve ranged from 1000 pg/ml
to 15.6 pg/ml. The recombinant protein standard supplied with the kit was also used to spike
saliva samples. Using the measured level of SIRT2 detected in the spiked saliva samples and

unspiked saliva samples, the recovery can be calculated with the following equation:

Recovery % = spiked sample — unspiked sample x 100

amount spiked

This was done for multiple 2-fold dilutions of saliva, ranging from neat to a 1:4 dilution. The
recovery for neat saliva was 50.9%, recovery from a 1:2 dilution was 53.82%, and recovery from
a 1:4 dilution was 48.35% a (Figure 6.2). This means that measured levels of SIRT2 in saliva would
be approximately 50% lower than the true value. The accepted range for recovery is typically

>80% (Jaedicke et al. 2012; Andreasson et al. 2015).

126



The low recovery of this ELISA kit indicates that some component of saliva may be interfering with
the recovery of the assay and dilution of the saliva did not dilute the interfering component
enough to increase assay recovery. This is likely due to differences in the physical and/or
biochemical properties of saliva compared to serum or culture supernatants, which are validated
for use with the assay. Properties of saliva such as pH, viscosity and proteolytic enzyme content
can all affect assay recovery (Jaedicke et al. 2016). The low recovery of this ELISA kit means it was
unsuitable for my needs and would have resulted in poor accuracy of SIRT2 quantification, which

may have influenced statistical analysis and led to incorrect conclusions being drawn.

In the light of the results of these experiments, analysis was not expanded to include addition

saliva samples.
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Figure 6.2. SIRT2 recovery from spiked saliva samples measured by ELISA.

Values plotted are mean SIRT2 recovery % + SD. Three independent samples were spiked to a
concentration of 200 pg/ml with recombinant SIRT2 supplied with the ELISA kit. N=3 for each

dilution.
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6.4 Investigation of the Influence of Age on the Association Between SIRT2 and Periodontitis

Preliminary assessment and descriptive statistics were utilised which identified the average age
of participants in the periodontitis group as being higher than the average age of participants in

the healthy group (Table 6.3).

The age difference between the healthy and periodontitis groups (Table 6.3) was found to be
statistically significant (p=0.002), with mean ages of 29.3 years in the healthy group and 42.5 years

in the periodontitis group.

Both the prevalence of periodontitis and its severity are known to increase with age (Lopez et al.
2017). Within the literature, age has been widely cited as a confounding factor, with one
systematic review finding that 86.3% of evaluated studies included age as confounding factor
(Natto et al. 2018). For these reasons, | considered age as a confounding factor in statistical

analysis going onwards.
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Age SIRT2 BOP PPD CAL PESA PISA

Status —ears) (NPX) (%) VS (mm) (mm) (mm?)  (mm?)
20 366 0 009 146 146 77860 000
27 265 - - - - i :
26 284 2 005 154 154 79200  21.90
37 492 0 004 165 1.65 87150  0.00
20 180 0 043 176 176 77270  6.10
21 288 9 053 174 174 91030 11520

ealthy 23 272 9 032 150 150 79010  79.50
52 270 0 060 121 121 641.20  0.00
20 294 3 027 152 152 82110  36.20
21 199 - - - . i i
54 260 4 052 177 177 92770 4560
20 144 0 078 183 183 95390 0.0
20 090 0 037 126 126 669.00 0.0
33 393 - - - . i i

25 2.04 6 0.25 197 197 870.00 52.60

49 5.36 75 293 345 596 2052.10 1557.50
35 5.74 61 278 3.77 4,50 2005.00 1282.80
51 6.09 48 267 250 4.10 1356.60 690.00
44 5.25 57 256 3.69 535 2050.80 1502.00
35 4.34 40 258 348 5.03 1810.70 811.50
43 5.03 32 250 235 3.73 131140 572.70
42 5.33 51 276 3.19 3.98 161790 856.40
54 3.80 53 214 263 3.86 1604.40 955.10
44 3.37 41 265 297 3.85 142210 706.10
50 3.04 82 279 432 564 2439.50 2078.20
49 3.37 32 280 359 556 217490 1199.10
46 2.50 48 3.17 3.10 5.37 1776.00 977.60
30 4.72 85 3.27 3,58 3.69 2046.60 1775.80
20 4.16 64 261 6.99 509 2365.70 1515.90
45 4.76 17 1.88 3.03 472 1952.70 489.20

Periodontitis

Table 6.2. Measured parameters of 15 healthy individuals and 15 patients with periodontitis

included in this study.

SIRT2=SIRT2 normalised protein expression (NPX), BOP=mean bleeding on probing, MGl=mean
modified gingival index, PPD=mean probing pocket depth, CAL=mean clinical attachment loss,

PESA=periodontal epithelial surface area, PISA=periodontal inflamed surface area.
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Healthy Periodontitis

Mean SD Mean SD p-value

Age (years) 29.3 11.6  Age (years) 42.5 9.0 0.0016
SIRT2 (NPX) 2.7 1.0  SIRT2 (NPX) 45 11  <0.001
BOP (%) 2.8 3.5 BOP (%) 52.4 19.1  <0.001
MGl 0.4 0.2 MGl 2.7 0.3 <0.001
PPD (mm) 1.6 0.2 PPD (mm) 3.5 1.1 <0.001
CAL (mm) 1.6 0.2 CAL (mm) 4.7 0.8  <0.001
PESA (mm?) 816.5 96.8  PESA (mm?) 1865.8 349.2  <0.001
PISA (mm?) 29.8 37.7  PISA(mm?) 1131.3 473.5  <0.001

Table 6.3. Mean and SD for each periodontal parameter obtained from healthy participants

(N=15) and periodontally diseased participants (N=15).

Indicated p-values indicated are comparing the periodontitis cohort with the healthy cohort. The
significance threshold was a=0.05. P-values were calculated by Student’s t-test for age and SIRT2.
P-values for BOP, PPD, CAL, PESA, and PISA were calculated by Mann-Whitney U test due to non-

normal distribution.
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| next wanted to determine if there was any correlation between SIRT2 normalised protein
expression in the saliva of healthy participants and age. Utilising the dataset including SIRT2
normalised protein expression and periodontal parameters from 15 healthy individuals and 15
patients with periodontitis (Table 6.2). Normalised protein expression data generated by PEA is a
log2-transformed arbitrary unit, calculated from Ct values, and normalised against internal
controls to minimise intra-assay variation and reduce background to approximately zero

(Assarsson et al. 2014; Olink 2021b).

Due to non-normal distribution and ties when periodontal parameter data was ranked, Kendall’s
tau b rank correlation analysis was carried out as this method makes adjustments for tied ranks
(Ma 2012) and has been found to be slightly more robust than Spearman’s rank correlation (Croux
and Dehon 2010). Kendall’s tau b rank correlation is a non-parametric test based on the number
of inversions of the rankings (Howell 2012). A significant p-value indicates that there is a
correlation between the two indicated parameters. The correlation coefficient ranges from -1 to
+1, with 1 indicating a perfect correlation and — or + indicating whether the correlation is positive

or negative.

Kendall’s tau b correlation analysis was also conducted on SIRT2 normalised protein expression
and age data from healthy participants. Analysis showed there was no significant correlation

between SIRT2 and age (correlation coefficient 0.489, p=0.064).

| next wanted to understand the relationship between SIRT2 and periodontal health status in
greater detail. To determine if SIRT2 normalised protein expression in saliva was significantly
different between healthy and periodontitis groups, analysis of covariance (ANCOVA) was
conducted. In regression analyses, multiple independent variables can be included, with one main
predictor variable (in this case, periodontal status) and the others as covariates (age). ANCOVA
allows for these covariates to be accounted for, allowing us to evaluate the effect of the main
independent variable after being adjusted for the effect of the covariate. The assumptions of
ANCOVA are as follows: homogeneity of variance should not be violated (i.e. both comparison
groups have the same variance), the residuals for both groups should be normally distributed,
there should also be homogeneity of regression of regression slopes (Field 2013; Mishra et al.

2019).

131



To ensure that no assumptions of ANCOVA were violated, Levene’s test of equality of error
variances was conducted and indicated equal variances between group residuals, F(1, 28)=0.672,
p=0.42. Residuals were normally distributed as determined using Shapiro-Wilk test for normality
(p=0.986). Including the interaction of participant age and group (healthy or periodontitis) in the
ANCOVA showed that no assumptions of homogeneity were violated as the p value was not

significant (p=0.175).

ANCOVA (Table 6.4) showed that there was a significant difference in SIRT2 levels between
healthy and periodontitis groups before controlling for age, F(1, 28)=22.587, p<0.001. There
remained a significant difference in SIRT2 levels between groups after controlling for age, F(1,
26)=5.625, p=0.025, with a partial eta squared value (ny?) of 0.178 between healthy and
periodontitis groups. The np? ranges from 0 to 1 and indicates effect size, so a ny? of 0.178
indicates that 17.8% of the variability in SIRT2 levels is accounted for by group classification

(healthy or periodontitis).

The effect of the covariate, age, alone had no statistically significant effect on SIRT2 levels, F(1,
26)=0.348, p=0.560. Thus, the results show that SIRT2 levels are significantly different between
healthy individuals and patients with periodontitis and that age has no significant effect on SIRT2

levels in saliva.
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Type Il Sum Mean Partial Eta

Source of Squares df Square F p-value Squared
C?\;Iroe;:;d 26.978° 3 8.993 8.710 .000 501
Intercept 20511 1 20511 19.867 .000 433

Group 5.808 1 5.808 5.625 025 178

Age 360 1 360 348 560 013
Group *Age  2.006 1 2.006 1.943 175 070

Error 26.842 26 1.032 - - -

Total 434.527 30 - - - -
Co;ft;tled 53.820 29 ; - ; ;

Table 6.4. ANCOVA of the relationship between SIRT2 and periodontitis.

ANCOVA of SIRT2 normalised protein expression in saliva of healthy individuals (15) and patients

with periodontitis (15), when controlling for the influence of age. a=R? 0.501 (adjusted R? 0.444).

Threshold for significance was a=0.05.
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6.5 Evaluation of Salivary SIRT2 as a Diagnostic Measure for Periodontitis

ROC curves were constructed to investigate the ability of salivary SIRT2 to discriminate between
healthy and periodontitis cases. ROC curves plot sensitivity (true positive rate) against 1-
specificity (false positive rate). The area under the curve (AUC) is then calculated and can range
from 0 (absolute inaccuracy) to 1.0 (perfect diagnostic ability) (Mandrekar 2010). An AUC of 0.5

is indicated by a diagonal line and represents a 50% chance of successful discrimination.

| utilised the SIRT2 normalised protein expression data obtained by PEA (Table 6.2) to carry out
ROC curve analysis. The AUC for SIRT2 normalised protein expression in saliva (Figure 6.3) was
calculated to be 0.89 (95% confidence interval 0.7677-1.010, p=0.00028), indicating an 89%
chance of successfully distinguishing between healthy and periodontitis cases. Mean BOP, mean
MGI, and mean PPD each had an AUC calculated to be 1, as they were used to classify cases, they

perfectly predict disease in this dataset.
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Figure 6.3. ROC curve for SIRT2 normalised protein expression in saliva.

Sensitivity plotted against 1-specificity for salivary SIRT2 normalised protein expression measured
by PEA, demonstrating the capacity to discriminate between healthy cases and periodontitis

cases. AUC=0.89, 95% confidence interval 0.7677-1.010, p=0.00028. N=30.
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6.6 Investigation of the Relationship Between Salivary SIRT2 and Periodontal Parameters

To further understand the relationship between SIRT2 and the periodontal parameters we had
previously measured, a correlation analysis was conducted. Again, due to ties when periodontal
parameter data was ranked, Kendall’s tau b rank correlation analysis was carried out on data
obtained from patients with periodontitis. Parameters included were SIRT2 normalised protein
expression, mean BOP, mean MGI, mean PPD, mean CAL, PESA and PISA. Missing values were

excluded pairwise.

Kendall’s tau b correlation analysis of parameters obtained from patients with periodontitis
(Table 6.5) indicated that there were no significant correlations between SIRT2 and any of the

measured clinical parameters of periodontitis.

Age BOP MGl PPD CAL PESA PISA

Correlation ) ho7 0058 -0.096 -0.096 -0.153 -0.134 -0.115
Coefficient

SIRT2 Pvalue 0654 0.766 0.620 0.620 0.428 0.488 0.552

N 15 15 15 15 15 15 15

Table 6.5. Correlation analysis between SIRT2 periodontal parameters.

Kendall’s tau b correlation analysis was carried out on the ranked values for SIRT2, and the other
clinical parameters obtained from patients with periodontitis, including BOP, MGl, PPD, CAL, PESA
and PISA. Threshold for significance was a=0.05.
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6.7 Discussion

In this chapter | aimed to investigate the relationship between SIRT2 and periodontitis to
determine if it may be a viable salivary biomarker for periodontitis. To the best of my knowledge,
my analysis of SIRT2 in saliva is the most thorough to date in terms of statistical analysis methods,
looking at levels of SIRT2 in the saliva in periodontitis and healthy individuals, conducting ROC
curve analysis to evaluate diagnostic ability and correlation analysis between SIRT2 levels and

periodontal parameters.

Utilising the SIRT2 normalised protein expression data obtained by PEA carried out by Olink®
Proteomics, analysis using ANCOVA showed that SIRT2 was significantly higher in the samples of
periodontitis patients than individuals with periodontal health, even after accounting for age
(Chapter 6.4). SIRT2 has previously been associated with ageing, both in the regulation of lifespan
(Cosentino and Mostoslavsky 2014) and as a therapeutic target for certain age-related disorders
such as Parkinson’s disease and Huntington’s disease (de Oliveira et al. 2012). There were
significant age differences between my group of healthy individuals and my group of periodontitis
patients. Ideally, in future studies this could be controlled for by age-matching participants in
each group during the recruitment process. However, in the present study, ANCOVA showed that

age was not associated with SIRT2 levels in the saliva.

ROC curve analysis of salivary SIRT2 detected periodontitis with a sensitivity and specificity (Figure
6.3) indicating that SIRT2 may be a good biomarker for this disease. Bostanci et al. evaluated
multiple candidate biomarkers for periodontitis in 36 healthy individuals and 60 patients with
periodontitis, many of the biomarkers assessed had similar performance to that of SIRT2 in ROC
curve analysis (AUC=0.89). The best performing biomarkers evaluated by Bostanci et al. were HGF
(AUC=0.97), MMP2 (AUC=0.96), MMP9 (AUC=0.95), MMP8 (AUC=0.92), and IL-1B (AUC=0.89)
(Bostanci et al. 2021). Combinations of biomarkers were also evaluated, with the ratio of MMP9
to TIMP1 (AUC=0.98) and the ratio of MMP8 and MMP9 to TIMP1 (AUC=0.98), demonstrating
only slightly better discriminatory ability than individual biomarkers (Bostanci et al. 2021). In
other studies, IL-1, IL-6 and MMP-8 have consistently been found to have an AUC >0.904. with
the highest AUC being 0.984, indicating that they are highly accurate when discriminating
periodontitis from healthy cases (Ebersole et al. 2013; Taylor et al. 2019a; Balogun et al. 2020).

In summary, there are numerous biomarkers that have been found to be highly accurate at
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discriminating between healthy cases and periodontitis cases, and whilst SIRT2 performs
comparably with these biomarkers which are discussed above, it does not outperform them.
Additionally, many of these studies did not take age of participants into account, which may mean

it is more difficult to compare results directly.

Whilst the ROC curve analysis shows that SIRT2 has sufficient discriminatory ability to be
potentially useful for distinguishing patients with periodontitis from those who are periodontally
health, Kendall’s tau b rank correlation analysis did not identify any correlations between SIRT2
and the measured periodontal parameters in patients with periodontitis (Table 6.4). It is possible
that this may indicate that SIRT2 levels in saliva reflect the current disease activity or
inflammation, rather than historic disease activity that is reflected by clinical examination and can
require time to accumulate (Taylor 2014). In other words, SIRT2 may correlate with other
pathways involved in the processes of periodontitis or with other outcomes of the disease.
However, given the limited sample size of this study, caution should be shown when interpreting
correlation data. Increasing our understanding of the mechanisms that lead to SIRT2 being
elevated in the saliva of patients with periodontitis may also help us to better determine its
usefulness and better interpret how SIRT2 levels relate to disease processes. Correlation analysis
of other biomarkers for periodontitis, such as MMP-8, have previously been found to correlate
with certain clinical parameters of periodontitis. There is evidence showing MMP-8 in the saliva
correlates with BOP, probing pocket depth (Mauramo et al. 2018; Taylor et al. 2019a), PISA and
PESA (Taylor et al. 2019b). Similar associations have been seen of IL-1B and IL-6 with pocket depth
and BOP (Ebersole et al. 2015; Zhang et al. 2021b).

From the literature, it is clear that salivary biomarkers with good ability to discriminate between
healthy and periodontitis cases, as well as correlating with disease parameters have been

identified and are present in saliva.

My results have demonstrated that SIRT2 is significantly elevated in the saliva patients with
periodontitis, regardless of age, whilst ROC curve analysis has demonstrated that salivary SIRT2
is able to accurately discriminate between health and periodontitis to a level comparable of that

with other candidate biomarkers for periodontitis. However, due to SIRT2 showing no correlation
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with periodontal parameters, its usefulness may be limited until we have a full understanding of

what SIRT2 levels in saliva represent at a biological level.

SIRT2 in the serum of patients with periodontitis has been found to correlate with periodontal
parameters BOP and marginal bone loss for molars and pre-molars (Panezai et al. 2017). It is
possible that there are differences in the pathways through which SIRT2 enters the serum and
saliva respectively, and for reasons related to the specific mechanisms of these pathways, SIRT2
levels in the serum reflect certain periodontal parameters whilst SIRT2 levels in saliva do not.
Alternatively, it is possible | did not identify any correlation between SIRT2 in the saliva and clinical
measures of periodontitis due to the limited sample size, whilst the study published by Panezai
et al. 2017 included samples from 69 patients with periodontitis, providing their analysis with

greater resolution than my own.

A study looking at periodontal disease in patients with rheumatoid arthritis did find that,
compared to healthy individuals, SIRT2 levels were significantly elevated in the sera of patients
suffering from both periodontitis and rheumatoid arthritis, but not in patients with periodontitis
alone (Panezai et al. 2020), despite correlating with periodontal parameters (Panezai et al. 2017).
It was also found that patients with both periodontitis and rheumatoid arthritis had significantly
elevated serum levels of inflammatory mediators such as IL-18, colony stimulating factor 1 (CSF1),
CX3CL1, and CXCL5 (Panezai et al. 2020). Taking into consideration the discussed findings from
within the literature and my own findings, there is evidence to support the concept that elevated
levels of SIRT2 are associated with inflammatory disease, but with more research required to
understand the limits in terms of which collection fluid is most suitable (serum or saliva) for
analysis of SIRT2 in respect to disease and to understand if there is any biological purpose for the

presence of SIRT2 in the serum or saliva.

| initially intended to confirm the findings obtained by PEA that SIRT2 normalised protein
expression is elevated in patients with periodontitis (Figure 6.1) using commercially available
ELISA kits. As there was no SIRT2 ELISA kit available that was validated for analysis of saliva, |
began by evaluating the suitability of the SIRT2 ELISA kit produced by Abcam for saliva analysis.
Recovery experiments showed the ELISA kit produced by Abcam did not have acceptable recovery

when analysing saliva samples, with 50.9% recovery for neat saliva (Figure 6.2). Acceptable
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recovery is typically considered to be between 80-120%. The low recovery is likely due to
interfering components present in saliva, or physical properties such as viscosity or pH (Jaedicke
et al. 2012). | attempted to obtain an alternative kit but only one was available, which was also
not validated for use with saliva, and did not arrive due to Covid-related production and shipping

delays.

One recently published study has shared findings matching my data showing that SIRT2 is
elevated in the saliva of patients with periodontitis (Kluknavska et al. 2021), however they used
the same SIRT2 ELISA kit produced by Abcam that | have demonstrated is unsuitable for analysis
of saliva and did not report conducting any validation of the assay or alterations to the protocol.
The protocol used for saliva collection also did not differ from that which we have previously used
for saliva collection, and whilst it is possible that the recovery of their samples may have been
higher due to natural variations in the components of saliva, the lack of validation adds some
guestion to the accuracy and precision of their measured values of SIRT2. The study conducted
by Kluknavska et al. included 101 participants who were divided into a control group for healthy
individuals, or the appropriate group based on diagnosis of gingivitis, chronic periodontitis, or
aggressive periodontitis. Due to the number of groups, the chronic periodontitis group contained
23 individuals, with the control group containing 43 individuals. Comparison of gingivitis (17
participants) and aggressive periodontitis (16 participants) groups with my own data cannot be
justified due to the significant differences between these conditions and chronic periodontitis. It
was observed by Kluknavska et al. that SIRT2 levels were also elevated in the saliva of patients
with gingivitis and those with aggressive periodontitis, but chronic periodontitis patients had the
greatest elevation compared to healthy controls. No additional investigations were made into any
correlations between SIRT2 levels and periodontal parameters or other salivary markers of

inflammation (Kluknavska et al. 2021).

| have demonstrated the ability of SIRT2 to discriminate between healthy and periodontitis cases
in a relatively limited sample (Figure 6.3). To date, no biomarker for periodontitis has moved into
routine use for clinical diagnosis, despite multiple candidates having shown promise (Preshaw
2015; Haririan et al. 2021). The potential usefulness of a salivary biomarker could be even more
valuableifitis able to reflect changes to disease activity as they happen, predict disease outcomes

or reflect treatment effectiveness (Cafiero et al. 2021). For a biomarker to transition into clinical
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use it will need substantial investigation and regulatory qualification from a governing body such
as the Medicines and Healthcare products Regulatory Agency, European Medicines Agency or
Food and Drug Administration (Sauer et al. 2018). It would require an understanding of the
relationship between the biomarker levels and disease severity, along with an understanding of
the impact that other factors such as age, gender, medical history may have on biomarker levels
(Doust 2010). This would then allow for normal reference ranges to be established. An assay
would need to be standardised upon to allow for robust measurements to be obtained and to
ensure consistent analytical performance. There have been some promising developments for
point of care testing methods (Taylor et al. 2019a; Steigmann et al. 2020) that may make regular
use of a biomarker more practical. Additionally, an assessment would likely need to be conducted
to determine if using the given biomarker for diagnosis would lead to improved health outcomes
and if its use would be cost effective (Doust 2010) and justify the changes to the training and

guidance supplied to oral healthcare practitioners.

There is little published information on other members of the sirtuin family of enzymes as
biomarkers for periodontitis. One study found that serum levels of SIRT1 increased after
periodontal treatment (Caribé et al. 2020). The previously discussed study by Kluknavska et al.
also investigated SIRT1 levels in saliva in gingivitis, chronic periodontitis and aggressive
periodontitis and found there were no significant changes to SIRT1 in any group when compared
with healthy controls (Kluknavska et al. 2021). There are mechanistic links between members of
the sirtuin family and ageing, both with longevity (Grabowska et al. 2017) and development of
age-related disease (Elibol and Kilic 2018). Evidence in mouse models points towards SIRT1 being
neuroprotective in Huntington’s disease and Parkinson’s disease, with some evidence suggesting
the SIRT2 may also have neuroprotective effects (Zhao et al. 2020). Members of the sirtuin family
have been found to be linked to cardiovascular disease and regulation of normal cellular activity
within the heart (Chen et al. 2012; Zhao et al. 2020). Due to NAD-dependency of the sirtuins, they
are also linked to diabetes and metabolic disease (Kitada et al. 2019; Zhao et al. 2020), where
they have been targeted therapeutically, particularly SIRT1, SIRT3, and SIRT6 (Huynh et al. 2013).
The exact relationship between the sirtuin family of enzymes and ageing is still an ongoing area
of research with much left to be elucidated that may contribute to our understanding and

treatment of age-related diseases.

140



Systemic markers of inflammation such as TNFa and IL-6 increase with age (Singh and Newman
2011; Reynolds 2014), accompanied by other changes to the immune system that occur with age,
such as reductions in the number of naive T cells and memory B cells (Aiello et al. 2019). This has
resulted in the concept of “inflammaging”, where chronic low-grade inflammation develops with
age and contributes to many of age-related disorders such as cardiovascular disease, diabetes
mellitus, sarcopenia, dementia, and cancer (Ferrucci and Fabbri 2018). Additionally, an older
individual with periodontitis may have more extensive damage to their periodontal tissues simply
as a function of disease duration. There are also reports of changes to fibroblast populations and
collagen deposition with age, which may alter the balance between collagen deposition and
breakdown, along with reduced bone density affecting the alveolar bone (Huttner et al. 2009).
Age-related changes to fibroblast populations may also contribute to immune dysregulation, with
evidence showing increased production of inflammatory mediators in response to LPS in aged
gingival fibroblasts (Preshaw et al. 2017). Overall, as we increase our understanding of how the
immune system changes with age, we reveal more evidence that these changes could contribute
to the pathogenesis of periodontitis (Ebersole et al. 2016; Preshaw et al. 2017). Currently, there
is no published research investigating how SIRT2 may contribute to age-related changes to
immune system and how this may relate to periodontitis but given the established role of SIRT2
in regulating aspects of the immune response, there is potential for a link to exist, although much

more research is required.
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Chapter 7. General Discussion

Severe periodontitis affects an estimated 743 million people worldwide, making it the sixth most
common disease, with the global burden of periodontitis increasing by 57.3% between the years
1990 and 2010, and more mild forms of periodontitis affecting the majority of adults (Kassebaum
et al. 2014; Listl et al. 2015; Jin et al. 2016b; Tonetti et al. 2017). Utilisation of a biomarker for
periodontitis could significantly improve our ability to identify periodontitis at an early stage and
allow for intervention to improve patient outcomes (Steigmann et al. 2020). The development of
lab-on-a-chip (LOC) technology has greatly improved the ability of a biomarker for periodontitis
to be utilised in a clinical setting and would also benefit underserved communities and developing
nations (Cafiero et al. 2021). Regular treatment has been found to improve tooth retention in
patients with periodontitis and biomarker may allow for earlier diagnosis of periodontitis, further

increasing treatment effectiveness (Farina et al. 2021).

Despite the significant body of evidence supporting biomarkers, such as MMP-8 (Nedzi-Géra et
al. 2021; Ramenzoni et al. 2021; Sorsa et al. 2021) and IL-1p (Caldeira et al. 2021; Kim et al. 2021a)
for the diagnosis of periodontitis, no biomarker has yet been adopted for clinical use. Regulatory
gualification from a governing body (Sauer et al. 2018) and assessment as to whether use of a
biomarker for diagnosis would lead to improved health outcomes, as well as proving to be cost
effective (Doust 2010) can contribute towards hindering adoption of a clinical biomarker. Thus, it
can be said that a candidate biomarker faces additional challenges beyond whether it is able to
accurately diagnose disease. However, identifying additional biomarkers for periodontitis
remains to be of value, both for aiding diagnosis and identifying additional molecules that may
contribute to the disease processes of periodontitis and potential therapeutic targets (Jaedicke
et al. 2016; Cafiero et al. 2021). Modern developments to proteomics such as PEA and mass
spectrometry-based methods have greatly increased our capacity to identify new candidate

biomarkers (Hartenbach et al. 2020; Rizal et al. 2020).

The COVID-19 global pandemic resulted in the suspension of routine dental treatment, and it is
thought that this has had consequences for the oral health of affected populations (Coulthard et
al. 2020; Ren et al. 2020). It has been suggested that a viable salivary biomarker for periodontitis

could provide benefits in situations such as a global pandemic where dental services are
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suspended, with the possibility of sample collection being carried out in a socially distanced
manner or even from home (Radisdanen et al. 2020; Sorsa et al. 2021). Samples could then be
screened for the periodontal biomarker and potentially identify those who have developed
periodontitis or have declining periodontal health (Raisanen et al. 2020). By directing screening
towards those most at risk of developing periodontitis, monitoring of their periodontal health
could be maintained whilst also minimising the risk of infection for both patients and dentists,

however, such a care pathway would first require a suitable biomarker.

This study has shown that SIRT2 levels are elevated in the saliva of patients with periodontitis and
are not influenced by age (Chapter 6.4) and that SIRT2 levels can discriminate between health
and disease with a high sensitivity and specificity (Chapter 6.5). However, SIRT2 does not correlate
with any periodontal parameters, such as BOP or PPD, in patients with periodontitis (Chapter 6.6).
This study has also shown that SIRT2 regulates secretion of pro-inflammatory cytokines in
response to TLR signalling (Chapter 5.5) and the SIRT2 is secreted from macrophages after
stimulation with TLR2 agonists (Chapter 4.2). Thus, it can be concluded that SIRT2 is a viable
diagnostic biomarker for periodontitis and that SIRT2 may contribute to periodontitis through the
regulation of pro-inflammatory cytokine secretion and through currently unidentified
mechanisms related to the secretion of SIRT2 itself. Increasing our understanding of the role in

SIRT2 could provide new opportunities for therapeutic intervention.

In macrophages, deacetylation of NACHT, LRR and PYD domains-containing protein 3 (NLRP3)
inflammasome is mediated by SIRT2 and using a cellular model of age-associated inflammation it
was found that dysregulation of deacetylation of NLRP3 may be an origin for age-associated
inflammation (He et al. 2020). Whilst in mice, it was found that modulation of SIRT2 and the
acetylation of NLRP3 could reverse inflammation in aged mice and also influenced glucose
homeostasis (He et al. 2020). There is also a known role for SIRT2 in the regulation of macrophage
polarisation (Lo Sasso et al. 2014) and phagocytic activity (Ciarlo et al. 2017). Together, the above
roles of SIRT2 may be of relevance to periodontitis where age-related inflammation and a greater

number of M1 macrophages are observed (Zhou et al. 2019).

To date, no study has investigated SIRT2 activity or tissue expression levels in patients with

periodontitis. Given my findings that SIRT2 is involved in regulating the secretion of
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proinflammatory cytokines that are relevant to the pathogenesis of periodontitis (Chapter 5.5), it
may be possible that alterations to SIRT2 activity or expression could contribute to the
dysregulation of the immune response seen in periodontitis (Hajishengallis and Chavakis 2021).
Expression of SIRT2 has been found to be lower in the intestine of patients with inflammatory
bowel disease which is thought to contribute to dysregulation of epithelial cell proliferation and
differentiation (Li et al. 2020a). In a murine model of periodontitis, bacterial dysbiosis was found
to lead to increased H3 histone acetylation (Martins et al. 2016) and the use of HDAC inhibitors
has been found to reduce alveolar bone loss (Li et al. 2020b), but there is currently no evidence
to suggest if there are any changes to SIRT2 expression or activity in periodontitis that may
contribute to these processes. Within the literature, there is strong evidence to suggest that SIRT2
is a regulator of pro-inflammatory gene expression, although there is some conflicting evidence
regarding whether it induces or inhibits expression (Lin et al. 2013b; Lee et al. 2014b; Fortuny and
Sebastian 2021), and indeed in my findings, we saw inhibition of SIRT2 acting to inhibit secretion
of some cytokines, whilst enhancing secretion of others. Further understanding of the role of
SIRT2 regulating cytokine secretion may lead to opportunities to target SIRT2 therapeutically in
order to regulate the immune response in periodontitis and other diseases. Inhibitors of SIRT2
are widely available, with numerous inhibitors being previously utilised in animal models (Luthi-
Carter et al. 2010; Chowdhury et al. 2020; Yang et al. 2020) and inhibitors of SIRT1 have previously

been utilised in clinical trials (Carafa et al. 2016).

One potential limitation of this study is perhaps the sample size of statistical analysis of SIRT2 in
saliva (Chapter 6.3). Analysis of additional samples would have both increased sample size and
provided quantitative measurements of SIRT2 levels in saliva. Increases in sample size mean that
smaller effect sizes can be detected and increases the probability that a type Il error (incorrectly
accepting the null hypothesis) will be avoided (Uttley 2019), however as we detected the effect
of periodontal health on SIRT2 levels, our sample size was perhaps not a major limitation. Future
analysis of SIRT2 levels in the GCF and in serum may also provide some insight into how SIRT2
relates to disease mechanisms and the source of SIRT2 as GCF is a serum transudate, elevated
serum levels of SIRT2 could in theory enter the GCF and subsequently elevate levels of SIRT2 in
saliva (Subbarao et al. 2019; Fatima et al. 2021). It is interesting to note that SIRT2 has been found

to be elevated in the serum of patients with rheumatoid arthritis who were also suffering from
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periodontal disease compared to those with rheumatoid arthritis who were periodontally healthy
and those who had only periodontitis (Panezai et al. 2020), but no investigations were made
regarding levels of SIRT2 in GCF or saliva. In future studies, it may also be worthwhile to measure
SIRT2 levels in the saliva of patients with periodontitis before and after treatment to gain a better
understanding of how treatment of periodontitis affects SIRT2 levels. Additionally, conducting a
longitudinal study to determine if SIRT2 levels in saliva are elevated before the onset of clinical
symptoms of periodontitis, which may allow for earlier diagnosis before the presentation of

symptoms.

The finding that SIRT2 is secreted from macrophages after stimulation with TLR2 agonists
(Chapter 4.2) is novel within the currently published literature. Further investigation is needed,
but if this pathway is found to exist in vivo, it could provide a pathway that may explain the
elevated levels of SIRT2 present in the saliva of patients with periodontitis. Future investigations
conducted using primary source monocytes/macrophages would be of value to help determine if
this pathway of SIRT2 secretion may also be present in vivo. Investigations could also be
conducted using additional cell types not of the monocyte/macrophage lineage to determine they
also exhibit this pathway of SIRT2 secretion and gingival fibroblasts have been shown to express
TLR2, although at lower levels than PBMCs (Moonen et al. 2019). If this pathway of SIRT2
secretion is found to exist beyond THP1-derived macrophages, experiments could be conducted
in vivo to determine if the TLR2-mediated pathway of SIRT2 secretion can produce the elevated

levels of SIRT2 seen in the saliva of patients with periodontitis.

When considering the findings of Panezai et al. that SIRT2 is elevated in the serum of patients
with rheumatoid arthritis and periodontitis, but is not elevated in the serum of individuals who
only suffer from one of these diseases (Panezai et al. 2020), there was no investigation into how
SIRT2 came to be present in the serum, and it is interesting to note that many of the
immunological processes involved in rheumatoid arthritis also contribute to periodontitis and
there is an observed association between the two diseases (Rodriguez-Lozano et al. 2019), so it
is worthy of note that the elevated levels of SIRT2 in the serum were only observed in patients
with both diseases. SIRT2 has been found to be elevated in the serum of patients with systemic
lupus erythematosus and is also elevated in the serum of patients with Parkinson’s disease, where

it also correlates with a-synuclein (the protein which aggregates to form the Lewy bodies seen in
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Parkinson’s disease) and was highly accurate at discriminating between health and Parkinson’s
disease (Singh et al. 2019), but again, no pathway was identified that led to elevated levels of
SIRT2 in the serum. Ultimately, our understanding of how SIRT2 enters biological fluids such as
saliva and serum is limited and increasing our knowledge of this process may lead to insights into

disease processes and the immune response.

There is no known extracellular target for SIRT2, thus it is not clear what the biological function
of secreted SIRT2 might be. Identifying if the TLR2-mediated pathway of secretion is present in
cell types other than macrophages may provide some insight into a potential physiological role.
There are three types of acetylation used to post-translationally modify proteins; N-terminal
acetylation, lysine acetylation (also known as Neg-acetylation), and O-acetylation (Diallo et al.
2019). N-terminal acetylation is irreversible, whilst lysine-acetylation is reversible and is the type
of acetylation that is mediated by SIRT2 (Huhtiniemi et al. 2010; Diallo et al. 2019). O-acetylation
is also reversible and remains conserved in humans, but is less prevalent than lysine-acetylation
(Diallo et al. 2019). Analysis of the human acetylome identified 3600 lysine acetylation sites on
1750 proteins (Choudhary et al. 2009; Choudhary and Mann 2020), and whilst not all of these
sites will be targets of SIRT2-mediated deacetylation, it illustrates the scope of the investigation
required to identify any potential targets of SIRT2 activity. The acetylation of histones is
associated with increased gene transcription (Xia et al. 2020), whilst acetylation of non-histone
proteins regulates protein half-life (Martinez-Balbas et al. 2000; Wu et al. 2020). Sites of NF-kB
p65 polyubiquitination overlap with acetylation sites, meaning that acetylated p65 is resistant to
ubiquitination, the process which would usually terminate p65-dependent transcription (Li et al.

2012).

In cardiac tissue from patients with aortic stenosis hyperacetylation of H3K27 (a target of SIRT2
deacetylation) was most significantly associated with genes involved in extracellular matrix
structure and organisation, such as glycoproteins, collagens and proteoglycans, whilst
hypoacetylation was mostly associated with gene expression and RNA processing (Pei et al. 2020).
From the findings of Pei et al. it could perhaps be hypothesised that acetylation may be important
in regulating ECM homeostasis in periodontitis also, where homeostasis is disrupted, and ECM
degradation occurs (Kim et al. 2021b). However, in Parkinson’s disease hyperacetylation of H3K27

was instead associated with genes that have previously been implicated in the disease (SNCA,
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PARK7, and PRKN), whilst hypoacetylation of H3K27 was associated with PTPRH (Toker et al.
2021). Thus, acetylation state can have differential results based on the tissue and disease in
guestion, and that is when considering acetylation of H3K27 alone, with many other targets of
acetylation existing within the human acetylome. In a comparison of three cell lines, 60 to 80% of
acetylated proteins and 60 to 75% of acetylation sites in a given cell line were also observed in
the other two cell lines (Choudhary et al., 2009), suggesting that it is only a fraction of proteins
that are differentially acetylated, but this remains a significant number of possible proteins given
the size of the acetylome. From the proteins identified in the acetylome, the highest number of
acetylated proteins were associated with the processes of the cell cycle, followed by RNA splicing,

and DNA damage repair (Choudhary et al., 2009).

As SIRT2 is NAD-dependent, there is currently no evidence for any extracellular activity of SIRT2.
Whilst extracellular NAD is an important signalling molecule (Gasparrini et al. 2021), it is currently
unclear if extracellular NAD levels would be adequate to allow any function of SIRT2 outside the
cell. Visfatin, the enzyme responsible for intracellular production of NAD that fuels SIRT2 activity,
is also known to be elevated in the saliva of patients with periodontitis (Tabari et al. 2014). The
most widely utilised pathway for NAD production in humans is the salvage pathway, where NAM
produced by NAD-dependent enzymes is recycled and converted into NMN by visfatin (or NAMPT
as it is known intracellularly) before conversion into NAD by the nicotinamide mononucleotide
adenylyl transferase enzymes (Xie et al. 2020). Both visfatin and nicotinic acid
phosphoribosyltransferase, another enzyme involved in NAD synthesis are present
extracellularly, but there is currently no evidence to suggest they contribute to any extracellular
synthesis of NAD (Gasparrini et al. 2021). Visfatin is also present in extracellular vesicles and is
internalised into cells where it enhances NAD synthesis (Yoshida et al. 2019b), and extracellular
vesicles have been found to be elevated in the GCF of patients with periodontitis (Chaparro Padilla
et al. 2020). It would be interesting to investigate if SIRT2 was also present within these vesicles
and internalised into cells alongside visfatin, providing the NAD required for SIRT2 activity.
Perhaps supporting this idea, a recently published study has found that oligodendrocytes are able
to enhance the metabolic activity of axonal cells through exosomal delivery of SIRT2 (Chamberlain
et al. 2021). It is interesting to note that SIRT2 is the most highly expressed member of the sirtuin

family of enzymes in myeloid cells and highly expressed in macrophages, with only mast cells
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expressing higher levels (Ciarlo et al. 2017), macrophages may, therefore, be a source of SIRT2

that can be utilised by the nearby cellular environment through extracellular vesicle trafficking.

The role of SIRT2 and its involvement in inflammatory diseases, such as periodontitis, rheumatoid
arthritis, and Parkinson’s disease is complex and not yet fully understood. This is in part due to
nuanced nature of SIRT2 activity and expression that is highly dependent on tissue type and
cellular signalling pathways (Sundriyal et al. 2017; Chen et al. 2021). My findings have significantly
contributed to the current knowledge on the role SIRT2 in the immune response and how this
may relate to periodontitis. | have also produced robust research evaluating SIRT2 as a biomarker
for periodontitis, demonstrating that levels are significantly elevated in the saliva of patients with
periodontitis, and can accurately discriminate between instances of periodontal disease and
periodontal health. MY findings will help inform future studies investigating the association
between SIRT2 and periodontitis. Regardless of its potential as a biomarker, SIRT2 will be an
important target future research as my findings, and the literature, have identified a significant
role for SIRT2 in the regulation of the immune system, but there is currently a lack of

understanding as to how this may contribute to disease pathology.
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Appendices

Appendix A. Representative Standard Curves for ELISA
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Figure A.1. Representative standard curve for TNFa ELISA.

deltaOD (OD 450 nm—0OD 550 nm) was plotted against standard TNFa concentrations (0 — 1000
pg/ml). A 4-parameter curve fit was used to determine the unknown concentration of TNFa in

samples. Data points represent triplicates of each concentration.
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SIRT2 Standard Curve
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Figure A.2. Representative standard curve for SIRT2 ELISA.

deltaOD (OD 450 nm—0OD 550 nm) was plotted against standard SIRT2 concentrations (0 — 1000
pg/ml). A linear trend line was fitted and used to determine the unknown concentration of SIRT2

in samples. Data points represent triplicates of each concentration.
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Figure A.3. Representative standard curve for MTT cell viability assay.

Absorbance (570 nm) was plotted against standard cell number (x108). A linear trend line was

fitted and used to determine the cell number in THP1-derived macrophage cultures. Data points

represent the mean of duplicate cultures. The equation of the trend line is shown.
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Appendix B. Confirmation of Stimulation with TLR agonists for SIRT2 ELISA and western
blotting experiments
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Figure B.1. Confirmation of TLR agonist stimulation of macrophages by measurement of
secreted TNFa — 4 hours.

TNFa measured by ELISA in supernatants of THP1-derived macrophages stimulated for 4 hours
with E. coli LPS (100 ng/ml), Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml. Controls were
unstimulated. A representative experiment is illustrated. This experiment was performed
routinely to confirm macrophage responsiveness to TLR agonists. Cultures that did not show
significant increases to secreted TNFa after stimulation with TLR agonists were not analysed for
SIRT2 secretion. The data shown represents the mean £ SD of 3 cultures for each condition

obtained in 1 experiment (N=3). Analysed using one-way ANOVA. *** p<0.001, ** p=0.002.
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Figure B.2. Confirmation of TLR agonist stimulation of macrophages by measurement of
secreted TNFa — 24 hours.

TNFa measured by ELISA in supernatants of THP1-derived macrophages stimulated for 24 hours
with E. coli LPS (100 ng/ml), Pam2CSK4 (10 ng/ml) or B. subtilis LTA (100 ng/ml. Controls were
unstimulated. A representative experiment is illustrated. This experiment was performed
routinely to confirm macrophage responsiveness to TLR agonists. Cultures that did not show
significant increases to secreted TNFa after stimulation with TLR agonists were not analysed for
SIRT2 secretion. The data shown represents the mean £ SD of 3 cultures for each condition

obtained in 1 experiment (N=3). Analysed using one-way ANOVA. *** p<0.001, ** p=0.029.
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Appendix C. Proximity extension assay

PEA is a multiplex assay that utilises pairs of specific antibodies labelled with oligonucleotides. If
the two antibodies for a given protein are bound within close proximity (i.e. bound to the same
protein) hybridization will occur between the corresponding oligonucleotide labels which are
then extended by DNA polymerization. This process occurs for target proteins and internal
controls spiked into samples. The DNA sequences were then utilised, along with the DNA
sequence generated by internal controls, in qPCR reactions to generate the relative expression of
the target from Ct values, which were then normalised against internal extension controls to give
ACt values. These ACt values were then used to generate AACt from interplate controls. The

equations used were as follows:

ACt:

Ctanalyte — Ctextension control = ACtanaIyte

AACt:
ACtanaIyte_ ACtinterplate control = AACtanalyte

The AACt was then converted into normalised protein expression, which is log2-transformed,

using a correction factor generated using negative controls and the following equation:
Correction factor - AACtanalyte = Normalised protein expressionanaiyte

As normalised protein expression utilises relative quantification of proteins presented the
arbitrary unit normalised protein expression, values for different targets cannot be directly
compared. Additional information can be found at the following sources (Assarsson et al. 2014;

Maalmi et al. 2020; Olink 2021b).
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Olink inflammation panel targets

Adenosine deaminase
Beta-nerve growth factor
C-C motif chemokine 23
C-C motif chemokine 3
C-X-C motif chemokine 10
C-X-C motif chemokine 6

CDAOL receptor

Delta and Notch-like epidermal
growth factor-related receptor
Fibroblast growth factor 19

Fibroblast growth factor 5

Glial cell line-derived
neurotrophic factor

IL-1a

IL-10 receptor subunit beta
IL-15 receptor subunit alpha
IL-18

IL-2 receptor subunit beta
IL-22 receptor subunit alpha-1
IL-4

IL-7

Leukaemia inhibitory factor

MMP-1

Monocyte chemotactic protein
2

Natural killer cell receptor 2B4
Oncostatin-M

S100-A12
STAM-binding protein
T cell surface glycoprotein CD6

Thymic stromal lymphopoietin
TNF-related activation-induced
cytokine

TNF superfamily, member 12

TNF superfamily, member 9

Artemin

C-C motif chemokine 19

C-C motif chemokine 25

C-C motif chemokine 4

C-X-C motif chemokine 11
C-X-C motif chemokine 9

CUB domain-containing protein
1

Eotaxin

Fibroblast growth factor 21
Fms-related tyrosine kinase 3
ligand

Hepatocyte growth factor

IL-10

IL-12 subunit beta
IL-17A

IL-18 receptor 1
IL-20

IL-24

IL-5

IL-8

Leukaemia inhibitory factor
receptor

MMP-10

Monocyte chemotactic protein
3

Neurotrphin-3

Osteoprotegrin

Signalling lymphocytic
activation molecule

Stem cell factor

T cell surface glycoprotein CD5

TNFa.
TNF-related apoptosis-inducing
ligand

TNF

Urokinase-type plasminogen
activator

Axin-1

C-C motif chemokine 20
C-C motif chemokine 28
C-C motif chemokine 1
C-X-C motif chemokine 5
Caspase-8

Cystatin D

Eukaryotic translation initiation
factor 4E-binding protein 1
Fibroblast growth factor 23

Fractalkine

Interferon gamma

IL-10 receptor subunit alpha
IL-13

IL-17C

IL-2

IL-20 receptor subunit alpha
IL-33

IL-6

Latency-associated peptide
transforming growth factor
beta-1

Macrophage colony-stimulating
factor 1

Monocyte chemotactic protein
1

Monocyte chemotactic protein
4

Neurturin

Programmed cell death ligand 1

SIRT2

Sulfotransferase 1A1

T cell surface glycoprotein CD8
alpha chain

TNFB

Transforming growth factor
alpha

TNF ligand superfamily,
member 14

Vascular endothelial growth
factor A

Table C.1. List of protein targets included in the Olink Inflammation PEA panel.

155



References

Adriouch S, Hubert S, Pechberty S, Koch-Nolte F, Haag F, Seman M. 2007. NAD+ released during
inflammation participates in T cell homeostasis by inducing ART2-mediated death of naive T cells
in vivo. J Immunol 179(1):186-194.

Adriouch S, Haag F, Boyer O, Seman M, Koch-Nolte F. 2012. Extracellular NAD(+): a danger signal
hindering regulatory T cells. Microbes Infect 14(14):1284-1292.

Aiello A, Farzaneh F, Candore G, Caruso C, Davinelli S, Gambino CM, Ligotti ME, Zareian N, Accardi
G. 2019. Immunosenescence and Its Hallmarks: How to Oppose Aging Strategically? A Review of
Potential Options for Therapeutic Intervention. Frontiers in Immunology 10(2247).

Al-Tarawneh SK, Bencharit S. 2009. [Not Available]. Open Dent J 3:74-79.

Al-Tarawneh SK, Border MB, Dibble CF, Bencharit S. 2011. Defining salivary biomarkers using mass
spectrometry-based proteomics: a systematic review. OMICS 15(6):353-361.

Aldo PB, Craveiro V, Guller S, Mor G. 2013. Effect of culture conditions on the phenotype of THP-
1 monocyte cell line. Am J Reprod Immunol 70(1):80-86.

Almubarak A, Tanagala KKK, Papapanou PN, Lalla E, Momen-Heravi F. 2020. Disruption of
Monocyte and Macrophage Homeostasis in Periodontitis. Front Immunol 11:330.

AlQallaf H, Hamada Y, Blanchard S, Shin D, Gregory R, Srinivasan M. 2018. Differential profiles of
soluble and cellular toll like receptor (TLR)-2 and 4 in chronic periodontitis. Plos One 13(12).

Andreasson U, Perret-Liaudet A, van Waalwijk van Doorn LJ, Blennow K, Chiasserini D,
Engelborghs S, Fladby T, Genc S, Kruse N, Kuiperij HB, et al. 2015. A Practical Guide to
Immunoassay Method Validation. Front Neurol 6:179.

Andres J, Smith LC, Murray A, Jin Y, Businaro R, Laskin JD, Laskin DL. 2020. Role of extracellular
vesicles in cell-cell communication and inflammation following exposure to pulmonary toxicants.
Cytokine Growth Factor Rev 51:12-18.

Angrisano T, Pero R, Peluso S, Keller S, Sacchetti S, Bruni CB, Chiariotti L, Lembo F. 2010. LPS-
induced IL-8 activation in human intestinal epithelial cells is accompanied by specific histone H3
acetylation and methylation changes. BMC Microbiology 10(1):172.

Arnardottir HH, Dalli J, Colas RA, Shinohara M, Serhan CN. 2014. Aging delays resolution of acute
inflammation in mice: reprogramming the host response with novel nano-proresolving medicines.
J Immunol 193(8):4235-4244.

Assarsson E, Lundberg M, Holmquist G, Bjorkesten J, Thorsen SB, Ekman D, Eriksson A, Rennel
Dickens E, Ohlsson S, Edfeldt G, et al. 2014. Homogenous 96-plex PEA immunoassay exhibiting
high sensitivity, specificity, and excellent scalability. PLoS One 9(4):e95192.

156



Avalos JL, Bever KM, Wolberger C. 2005. Mechanism of sirtuin inhibition by nicotinamide: altering
the NAD(+) cosubstrate specificity of a Sir2 enzyme. Mol Cell 17(6):855-868.

Baek KJ, Choi Y, Ji S. 2013. Gingival fibroblasts from periodontitis patients exhibit inflammatory
characteristics in vitro. Arch Oral Biol 58(10):1282-1292.

Bajpe PK, Prahallad A, Horlings H, Nagtegaal |, Beijersbergen R, Bernards R. 2015. A chromatin
modifier genetic screen identifies SIRT2 as a modulator of response to targeted therapies through
the regulation of MEK kinase activity. Oncogene 34(4):531-536.

Balogun AO, Taiwo J, Opeodu O, Adeyemi B, Kolude B. 2020. Diagnostic Utility of Salivary Matrix
Metalloproteinase-8 (MMP-8) in Chronic Periodontitis: A Novel Approach. Open Journal of
Stomatology 10:41-49.

Barré-Sinoussi F, Montagutelli X. 2015. Animal models are essential to biological research: issues
and perspectives. Future science OA 1(4):FSO63-FSO63.

Belman JP, Bian RR, Habtemichael EN, Li DT, Jurczak MJ, Alcazar-Roman A, McNally LJ, Shulman
Gl, Bogan JS. 2015. Acetylation of TUG protein promotes the accumulation of GLUT4 glucose
transporters in an insulin-responsive intracellular compartment. J Biol Chem 290(7):4447-4463.

Ben-Sasson SZ, Hu-Li J, Quiel J, Cauchetaux S, Ratner M, Shapira I, Dinarello CA, Paul WE. 2009. IL-
1 acts directly on CD4 T cells to enhance their antigen-driven expansion and differentiation. Proc
Natl Acad Sci U S A 106(17):7119-7124.

Bergstrom J, Eliasson S, Dock J. 2000. Exposure to tobacco smoking and periodontal health. J Clin
Periodontol 27(1):61-68.

Bhaskar A, Kumar S, Khan MZ, Singh A, Dwivedi VP, Nandicoori VK. 2020. Host sirtuin 2 as an
immunotherapeutic target against tuberculosis. Elife 9.

Biosciences L. 2015. Western Blot Normalization: Challenges and Considerations for Quantitative
Analysis. LI-COR Biosciences.

Biswas SK, Mantovani A. 2010. Macrophage plasticity and interaction with lymphocyte subsets:
cancer as a paradigm. Nature Immunology 11(10):889-896.

Bjornson-Hooper ZB, Fragiadakis GK, Spitzer MH, Madhireddy D, Mcllwain D, Nolan GP. 2019. A
comprehensive atlas of immunological differences between humans, mice and non-human
primates. bioRxiv:574160.

Boehmer ED, Meehan MJ, Cutro BT, Kovacs EJ. 2005. Aging negatively skews macrophage TLR2-
and TLR4-mediated pro-inflammatory responses without affecting the IL-2-stimulated pathway.
Mech Ageing Dev 126(12):1305-1313.

Bogdan C. 2015. Nitric oxide synthase in innate and adaptive immunity: an update. Trends
Immunol 36(3):161-178.

157



Bosshart H, Heinzelmann M. 2016. THP-1 cells as a model for human monocytes. Ann Transl Med
4(21):438.

Bostanci N, Belibasakis GN. 2018. Gingival crevicular fluid and its immune mediators in the
proteomic era. Periodontol 2000 76(1):68-84.

Bostanci N, Mitsakakis K, Afacan B, Bao K, Johannsen B, Baumgartner D, Muller L, Kotolova H,
Emingil G, Karpisek M. 2021. Validation and verification of predictive salivary biomarkers for oral
health. Sci Rep 11(1):6406.

Bostrom L, Linder LE, Bergstrom J. 1998. Clinical expression of TNF-alpha in smoking-associated
periodontal disease. J Clin Periodontol 25(10):767-773.

Brentano F, Schorr O, Ospelt C, Stanczyk J, Gay RE, Gay S, Kyburz D. 2007. Pre-B cell colony-
enhancing factor/visfatin, a new marker of inflammation in rheumatoid arthritis with
proinflammatory and matrix-degrading activities. Arthritis Rheum 56(9):2829-2839.

Brubaker AL, Rendon JL, Ramirez L, Choudhry MA, Kovacs EJ. 2013. Reduced neutrophil
chemotaxis and infiltration contributes to delayed resolution of cutaneous wound infection with
advanced age. J Immunol 190(4):1746-1757.

Budayeva HG, Cristea IM. 2016. Human Sirtuin 2 Localization, Transient Interactions, and Impact
on the Proteome Point to Its Role in Intracellular Trafficking. Mol Cell Proteomics 15(10):3107-
3125.

Buechler N, Wang X, Yoza BK, McCall CE, Vachharajani V. 2017. Sirtuin 2 Regulates Microvascular
Inflammation during Sepsis. J Immunol Res 2017:2648946.

Buzas El, Gyorgy B, Nagy G, Falus A, Gay S. 2014. Emerging role of extracellular vesicles in
inflammatory diseases. Nat Rev Rheumatol 10(6):356-364.

Cafiero C, Spagnuolo G, Marenzi G, Martuscelli R, Colamaio M, Leuci S. 2021. Predictive
Periodontitis: The Most Promising Salivary Biomarkers for Early Diagnosis of Periodontitis. Journal
of Clinical Medicine 10(7):1488.

Calao M, Burny A, Quivy V, Dekoninck A, Van Lint C. 2008. A pervasive role of histone
acetyltransferases and deacetylases in an NF-kappaB-signaling code. Trends Biochem Sci
33(7):339-349.

Caldeira FID, Hidalgo MAR, De Carli Dias ML, Scarel-Caminaga RM, Pigossi SC. 2021. Systematic
review of ratios between disease /health periodontitis modulators and meta-analysis of their
levels in gingival tissue and biological fluids. Arch Oral Biol 127:105147.

Califf RM. 2018. Biomarker definitions and their applications. Exp Biol Med (Maywood)
243(3):213-221.

Cantley MD, Bartold PM, Marino V, Fairlie DP, Le GT, Lucke AJ, Haynes DR. 2011. Histone
deacetylase inhibitors and periodontal bone loss. J Periodontal Res 46(6):697-703.

158



Cantley MD, Dharmapatni AA, Algate K, Crotti TN, Bartold PM, Haynes DR. 2016. Class | and I
histone deacetylase expression in human chronic periodontitis gingival tissue. J Periodontal Res
51(2):143-151.

Carafa V, Rotili D, Forgione M, Cuomo F, Serretiello E, Hailu GS, Jarho E, Lahtela-Kakkonen M, Mai
A, Altucci L. 2016. Sirtuin functions and modulation: from chemistry to the clinic. Clin Epigenetics
8:61.

Caribé PMV, Villar CC, Romito GA, Pacanaro AP, Strunz CMC, Takada JY, Cesar LAM, Mansur AdP.
2020. Influence of the treatment of periodontal disease in serum concentration of sirtuin 1 and
mannose-binding lectin. Journal of Periodontology 91(7):900-905.

Carta S, Tassi S, Semino C, Fossati G, Mascagni P, Dinarello CA, Rubartelli A. 2006. Histone
deacetylase inhibitors prevent exocytosis of interleukin-1beta-containing secretory lysosomes:
role of microtubules. Blood 108(5):1618-1626.

Cekici A, Kantarci A, Hasturk H, Van Dyke TE. 2014a. Inflammatory and immune pathways in the
pathogenesis of periodontal disease. Periodontol 2000 64(1):57-80.

Cekici A, Kantarci A, Hasturk H, Van Dyke TE. 2014b. Inflammatory and immune pathways in the
pathogenesis of periodontal disease. Periodontology 2000 64(1):57-80.

Chamberlain KA, Huang N, Xie Y, LiCausi F, Li S, Li Y, Sheng ZH. 2021. Oligodendrocytes enhance
axonal energy metabolism by deacetylation of mitochondrial proteins through transcellular
delivery of SIRT2. Neuron 109(21):3456-3472.e3458.

Chaparro Padilla A, Weber Aracena L, Realini Fuentes O, Albers Busquetts D, Herndndez Rios M,
Ramirez Lobos V, Pascual La Rocca A, Nart Molina J, Beltran Varas V, Acuia-Gallardo S, et al. 2020.
Molecular signatures of extracellular vesicles in oral fluids of periodontitis patients. Oral Diseases
26(6):1318-1325.

Chelvarajan RL, Liu Y, Popa D, Getchell ML, Getchell TV, Stromberg AJ, Bondada S. 2006. Molecular
basis of age-associated cytokine dysregulation in LPS-stimulated macrophages. J Leukoc Biol
79(6):1314-1327.

Chen J, Xavier S, Moskowitz-Kassai E, Chen R, Lu CY, Sanduski K, Spes A, Turk B, Goligorsky MS.
2012. Cathepsin cleavage of sirtuin 1 in endothelial progenitor cells mediates stress-induced
premature senescence. Am J Pathol 180(3):973-983.

Chen L, Flies DB. 2013. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat Rev
Immunol 13(4):227-242.

Chen X, Lu W, Wu D. 2021. Sirtuin 2 (SIRT2): Confusing Roles in the Pathophysiology of
Neurological Disorders. Frontiers in Neuroscience 15(518).

Chen YC, Liu CM, Jeng JH, Ku CC. 2014. Association of pocket epithelial cell proliferation in
periodontitis with TLR9 expression and inflammatory response. J Formos Med Assoc 113(8):549-
556.

159



Cheng R, Wu Z, Li M, Shao M, Hu T. 2020. Interleukin-1beta is a potential therapeutic target for
periodontitis: a narrative review. Int J Oral Sci 12(1):2.

Chojnowska S, Baran T, Wilinska |, Sienicka P, Cabaj-Wiater |, Kna§ M. 2018. Human saliva as a
diagnostic material. Adv Med Sci 63(1):185-191.

Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, Walther TC, Olsen JV, Mann M. 2009.
Lysine Acetylation Targets Protein Complexes and Co-Regulates Major Cellular Functions. Science
325(5942):834-840.

Choudhary C, Mann M. 2020. Sequencing of the First Draft of the Human Acetylome. Clinical
Chemistry 66(6):852-853.

Chowdhury S, Sripathy S, Webster AA, Park A, Lao U, Hsu JH, Loe T, Bedalov A, Simon JA. 2020.
Discovery of Selective SIRT2 Inhibitors as Therapeutic Agents in B-Cell Lymphoma and Other
Malignancies. Molecules 25(3):455.

Ciarlo E, Heinonen T, Theroude C, Herderschee J, Mombelli M, Lugrin J, Pfefferle M, Tyrrell B,
Lensch S, Acha-Orbea H, et al. 2017. Sirtuin 2 Deficiency Increases Bacterial Phagocytosis by
Macrophages and Protects from Chronic Staphylococcal Infection. Front Immunol 8:1037.

Cohen P. 2014. The TLR and IL-1 signalling network at a glance. J Cell Sci 127(Pt 11):2383-2390.

Collart MA, Baeuerle P, Vassalli P. 1990. Regulation of tumor necrosis factor alpha transcription
in macrophages: involvement of four kappa B-like motifs and of constitutive and inducible forms
of NF-kappa B. Mol Cell Biol 10(4):1498-1506.

Cortes-Vieyra R, Rosales C, Uribe-Querol E. 2016. Neutrophil Functions in Periodontal
Homeostasis. J Immunol Res 2016:1396106.

Cosentino C, Mostoslavsky R. 2014. Sirtuin to the rescue: SIRT2 extends life span of BubR1 mice.
EMBO J 33(13):1417-1419.

Cot M, Ray A, Gilleron M, Vercellone A, Larrouy-Maumus G, Armau E, Gauthier S, Tiraby G, Puzo
G, Nigou J. 2011. Lipoteichoic acid in Streptomyces hygroscopicus: structural model and
immunomodulatory activities. PLoS One 6(10):e26316.

Coulthard P, Thomson P, Dave M, Coulthard FP, Seoudi N, Hill M. 2020. The COVID-19 pandemic
and dentistry: the clinical, legal and economic consequences - part 2: consequences of
withholding dental care. British Dental Journal 229(12):801-805.

Croux C, Dehon C. 2010. Influence functions of the Spearman and Kendall correlation measures.
Statistical Methods & Applications 19(4):497-515.

Cury PR, Carmo JP, Horewicz VV, Santos JN, Barbuto JA. 2013. Altered phenotype and function of
dendritic cells in individuals with chronic periodontitis. Arch Oral Biol 58(9):1208-1216.

160



da Silva MK, de Carvalho ACG, Alves EHP, da Silva FRP, Pessoa LDS, Vasconcelos DFP. 2017.
Genetic Factors and the Risk of Periodontitis Development: Findings from a Systematic Review
Composed of 13 Studies of Meta-Analysis with 71,531 Participants. Int J Dent 2017:1914073.

Dabra S, Singh P. 2012. Evaluating the levels of salivary alkaline and acid phosphatase activities as
biochemical markers for periodontal disease: A case series. Dent Res J (Isfahan) 9(1):41-45.

Daigneault M, Preston JA, Marriott HM, Whyte MK, Dockrell DH. 2010. The identification of
markers of macrophage differentiation in PMA-stimulated THP-1 cells and monocyte-derived
macrophages. PLoS One 5(1):e8668.

Daitoku H, Sakamaki J, Fukamizu A. 2011. Regulation of FoxO transcription factors by acetylation
and protein-protein interactions. Biochim Biophys Acta 1813(11):1954-1960.

Dan L, Klimenkova O, Klimiankou M, Klusman JH, van den Heuvel-Eibrink MM, Reinhardt D, Welte
K, Skokowa J. 2012. The role of sirtuin 2 activation by nicotinamide phosphoribosyltransferase in
the aberrant proliferation and survival of myeloid leukemia cells. Haematologica-the Hematology
Journal 97(4):551-559.

Dang W. 2014. The controversial world of sirtuins. Drug Discov Today Technol 12:e9-e17.

Das C, Lucia MS, Hansen KC, Tyler JK. 2009. CBP/p300-mediated acetylation of histone H3 on
lysine 56. Nature 459(7243):113-U123.

de Lima CL, Acevedo AC, Grisi DC, Taba M, Jr., Guerra E, De Luca Canto G. 2016. Host-derived
salivary biomarkers in diagnosing periodontal disease: systematic review and meta-analysis. J Clin
Periodontol 43(6):492-502.

De Maeyer RPH, van de Merwe RC, Louie R, Bracken O, Devine OP, Goldstein DR, Uddin M, Akbar
AN, Gilroy DW. 2020. Blocking elevated p38 MAPK restores efferocytosis and inflammatory
resolution in the elderly. Nat Immunol.

de Oliveira RM, Sarkander J, Kazantsev AG, Outeiro TF. 2012. SIRT2 as a Therapeutic Target for
Age-Related Disorders. Front Pharmacol 3:82.

de Ruijter AJ, van Gennip AH, Caron HN, Kemp S, van Kuilenburg AB. 2003. Histone deacetylases
(HDACs): characterization of the classical HDAC family. Biochem J 370(Pt 3):737-749.

Del Vecchio |, Zuccotti A, Pisano F, Canneva F, Lenzken SC, Rousset F, Corsini E, Govoni S, Racchi
M. 2009. Functional mapping of the promoter region of the GNB2L1 human gene coding for
RACK1 scaffold protein. Gene 430(1-2):17-29.

Deleidi M, Jaggle M, Rubino G. 2015. Immune aging, dysmetabolism, and inflammation in
neurological diseases. Front Neurosci 9:172.

Diallo I, Seve M, Cunin V, Minassian F, Poisson J-F, Michelland S, Bourgoin-Voillard S. 2019.
Current trends in protein acetylation analysis. Expert Review of Proteomics 16(2):139-159.

161



Dietrich T, Sharma P, Walter C, Weston P, Beck J. 2013. The epidemiological evidence behind the
association between periodontitis and incident atherosclerotic cardiovascular disease. Journal of
Clinical Periodontology 40(s14):570-S84.

Dong Z, Li RS, Xu L, Xin KY, Shi HM, Sun AJ, Ge JB. 2020. Histone hyperacetylation mediates
enhanced IL-1 beta production in LPS/IFN-gamma-stimulated macrophages. Immunology
160(2):183-197.

Doust J. 2010. Qualification versus validation of biomarkers. Scand J Clin Lab Invest Suppl 242:40-
43,

Drazic A, Myklebust LM, Ree R, Arnesen T. 2016. The world of protein acetylation. Biochimica Et
Biophysica Acta-Proteins and Proteomics 1864(10):1372-1401.

Dryden SC, Nahhas FA, Nowak JE, Goustin AS, Tainsky MA. 2003. Role for human SIRT2 NAD-
dependent deacetylase activity in control of mitotic exit in the cell cycle. Mol Cell Biol 23(9):3173-
3185.

Duan G, Walther D. 2015. The roles of post-translational modifications in the context of protein
interaction networks. PLoS Comput Biol 11(2):e1004049.

Eaton SL, Roche SL, Llavero Hurtado M, Oldknow KlJ, Farquharson C, Gillingwater TH, Wishart TM.
2013. Total protein analysis as a reliable loading control for quantitative fluorescent Western
blotting. PLoS One 8(8):e72457.

Ebersole JL, Schuster JL, Stevens J, Dawson D, 3rd, Kryscio RJ, Lin Y, Thomas MV, Miller CS. 2013.
Patterns of salivary analytes provide diagnostic capacity for distinguishing chronic adult
periodontitis from health. Journal of clinical immunology 33(1):271-279.

Ebersole JL, Nagarajan R, Akers D, Miller CS. 2015. Targeted salivary biomarkers for discrimination
of periodontal health and disease(s). Front Cell Infect Microbiol 5:62.

Ebersole JL, Graves CL, Gonzalez OA, Dawson D, 3rd, Morford LA, Huja PE, Hartsfield JK, Jr., Huja
SS, Pandruvada S, Wallet SM. 2016. Aging, inflammation, immunity and periodontal disease.
Periodontol 2000 72(1):54-75.

Eisener-Dorman AF, Lawrence DA, Bolivar VJ. 2009. Cautionary insights on knockout mouse
studies: the gene or not the gene? Brain Behav Immun 23(3):318-324.

El-Zayat SR, Sibaii H, Mannaa FA. 2019. Toll-like receptors activation, signaling, and targeting: an
overview. Bulletin of the National Research Centre 43(1):187.

Elibol B, Kilic U. 2018. High Levels of SIRT1 Expression as a Protective Mechanism Against Disease-
Related Conditions. Frontiers in Endocrinology 9(614).

Eskandarian HA, Impens F, Nahori MA, Soubigou G, Coppee JY, Cossart P, Homon MA. 2013. A
Role for SIRT2-Dependent Histone H3K18 Deacetylation in Bacterial Infection. Science
341(6145):525-+.

162



Falvo JV, Tsytsykova AV, Goldfeld AE. 2010. Transcriptional control of the TNF gene. Curr Dir
Autoimmun 11:27-60.

Fan W, Morinaga H, Kim JJ, Bae E, Spann NJ, Heinz S, Glass CK, Olefsky JM. 2010. FoxO1 regulates
TIrd inflammatory pathway signalling in macrophages. EMBO J 29(24):4223-4236.

Fan Y, Meng S, Wang Y, Cao J, Wang C. 2011. Visfatin/PBEF/Nampt induces EMMPRIN and MMP-
9 production in macrophages via the NAMPT-MAPK (p38, ERK1/2)-NF-kappaB signaling pathway.
Int J Mol Med 27(4):607-615.

Farina R, Simonelli A, Baraldi A, Pramstraller M, Minenna L, Toselli L, Maietti E, Trombelli L. 2021.
Tooth loss in complying and non-complying periodontitis patients with different periodontal risk
levels during supportive periodontal care. Clinical Oral Investigations 25(10):5897-5906.

Fatemi K, Radvar M, Rezaee A, Rafatpanah H, Azangoo khiavi H, Dadpour Y, Radvar N. 2013.
Comparison of relative TLR-2 and TLR-4 expression level of disease and healthy gingival tissue of
smoking and non-smoking patients and periodontally healthy control patients. Aust Dent J
58(3):315-320.

Fatima T, Khurshid Z, Rehman A, Imran E, Srivastava KC, Shrivastava D. 2021. Gingival Crevicular
Fluid (GCF): A Diagnostic Tool for the Detection of Periodontal Health and Diseases. Molecules
26(5).

Ferrucci L, Fabbri E. 2018. Inflammageing: chronic inflammation in ageing, cardiovascular disease,
and frailty. Nat Rev Cardiol 15(9):505-522.

Field A. 2013. Discovering Statistics Using IBM SPSS Statistics SAGE Publications.

Finoti LS, Nepomuceno R, Pigossi SC, Corbi SC, Secolin R, Scarel-Caminaga RM. 2017. Association
between interleukin-8 levels and chronic periodontal disease: A PRISMA-compliant systematic
review and meta-analysis. Medicine 96(22):e6932-e6932.

Fischer A, Muhlhauser WWD, Warscheid B, Radziwill G. 2017. Membrane localization of
acetylated CNK1 mediates a positive feedback on RAF/ERK signaling. Sci Adv 3(8):e1700475.

Flynn CM, Garbers Y, Lokau J, Wesch D, Schulte DM, Laudes M, Lieb W, Aparicio-Siegmund S,
Garbers C. 2019. Activation of Toll-like Receptor 2 (TLR2) induces Interleukin-6 trans-signaling. Sci
Rep 9(1):7306.

Foey AD, Crean S. 2013. Macrophage subset sensitivity to endotoxin tolerisation by
Porphyromonas gingivalis. PLoS One 8(7):e67955.

Ford E, Voit R, Liszt G, Magin C, GrumMt |, Guarente L. 2006. Mammalian Sir2 homolog SIRT7 is
an activator of RNA polymerase | transcription. Genes & Development 20(9):1075-1080.

Forrester MA, Wassall HJ, Hall LS, Cao H, Wilson HM, Barker RN, Vickers MA. 2018. Similarities
and differences in surface receptor expression by THP-1 monocytes and differentiated
macrophages polarized using seven different conditioning regimens. Cell Immunol 332:58-76.

163



Fortuny L, Sebastian C. 2021. Sirtuins as Metabolic Regulators of Immune Cells Phenotype and
Function. Genes 12(11):1698.

Foster N, Cheetham J, Taylor JJ, Preshaw PM. 2005. VIP Inhibits Porphyromonas gingivalis LPS-
induced Immune Responses in Human Monocytes. Journal of Dental Research 84(11):999-1004.

Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, Ottaviani E, De Benedictis G. 2000.
Inflamm-aging. An evolutionary perspective on immunosenescence. Ann N Y Acad Sci 908:244-
254,

Franco C, Patricia H-R, Timo S, Claudia B, Marcela H. 2017a. Matrix Metalloproteinases as
Regulators of Periodontal Inflammation. International journal of molecular sciences 18(2):440.

Franco C, Patricia HR, Timo S, Claudia B, Marcela H. 2017b. Matrix Metalloproteinases as
Regulators of Periodontal Inflammation. Int J Mol Sci 18(2).

Friebe D, Neef M, Kratzsch J, Erbs S, Dittrich K, Garten A, Petzold-Quinque S, Bluher S, Reinehr T,
Stumvoll M, et al. 2011. Leucocytes are a major source of circulating nicotinamide
phosphoribosyltransferase (NAMPT)/pre-B cell colony (PBEF)/visfatin linking obesity and
inflammation in humans. Diabetologia 54(5):1200-1211.

Fritschi BZ, Albert-Kiszely A, Persson GR. 2008. Staphylococcus aureus and other bacteria in
untreated periodontitis. ] Dent Res 87(6):589-593.

Garten A, Schuster S, Penke M, Gorski T, de Giorgis T, Kiess W. 2015. Physiological and
pathophysiological roles of NAMPT and NAD metabolism. Nat Rev Endocrinol 11(9):535-546.

Gasparrini M, Sorci L, Raffaelli N. 2021. Enzymology of extracellular NAD metabolism. Cellular and
Molecular Life Sciences 78(7):3317-3331.

Ghafouri-Fard S, Gholami L, Nazer N, Hussen BM, Shadnoush M, Sayad A, Taheri M. 2022.
Assessment of expression of NF-kB-related genes in periodontitis. Gene Reports 26:101454.

Ghosh R, Gilda JE, Gomes AV. 2014. The necessity of and strategies for improving confidence in
the accuracy of western blots. Expert Rev Proteomics 11(5):549-560.

Gilmour PS, Rahman I, Donaldson K, MacNee W. 2003. Histone acetylation regulates epithelial IL-
8 release mediated by oxidative stress from environmental particles. Am J Physiol Lung Cell Mol
Physiol 284(3):L533-540.

Gilowski L, Wiench R, Plocica |, Krzeminski TF. 2014. Amount of interleukin-1beta and interleukin-
1 receptor antagonist in periodontitis and healthy patients. Arch Oral Biol 59(7):729-734.

Giridharan S, Srinivasan M. 2018. Mechanisms of NF-kB p65 and strategies for therapeutic
manipulation. Journal of inflammation research 11:407-419.

Gonzalez OA, Novak MJ, Kirakodu S, Stromberg A, Nagarajan R, Huang CB, Chen KC, Orraca L,
Martinez-Gonzalez J, Ebersole JL. 2015. Differential Gene Expression Profiles Reflecting

164



Macrophage Polarization in Aging and Periodontitis Gingival Tissues. Immunol Invest 44(7):643-
664.

Grabowska W, Sikora E, Bielak-Zmijewska A. 2017. Sirtuins, a promising target in slowing down
the ageing process. Biogerontology 18(4):447-476.

Grassin-Delyle S, Abrial C, Salvator H, Brollo M, Naline E, Devillier P. 2020. The Role of Toll-Like
Receptors in the Production of Cytokines by Human Lung Macrophages. Journal of Innate
Immunity 12(1):63-73.

Griffen AL, Beall CJ, Campbell JH, Firestone ND, Kumar PS, Yang ZK, Podar M, Leys EJ. 2012. Distinct
and complex bacterial profiles in human periodontitis and health revealed by 16S
pyrosequencing. ISME J 6(6):1176-1185.

Group F-NBW. 2016. In: BEST (Biomarkers, EndpointS, and other Tools) Resource Silver Spring
(MD): Food and Drug Administration (US).

Gupta N, Gupta ND, Gupta A, Khan S, Bansal N. 2015. Role of salivary matrix metalloproteinase-8
(MMP-8) in chronic periodontitis diagnosis. Front Med 9(1):72-76.

Guvva S, Patil M, Mehta D. 2017. Rat as laboratory animal model in periodontology. International
Journal of Oral Health Sciences 7(2):68-75.

Hajishengallis G, Lamont RJ. 2012. Beyond the red complex and into more complexity: the
polymicrobial synergy and dysbiosis (PSD) model of periodontal disease etiology. Mol Oral
Microbiol 27(6):409-419.

Hajishengallis G. 2014a. Aging and its Impact on Innate Immunity and Inflammation: Implications
for Periodontitis. J Oral Biosci 56(1):30-37.

Hajishengallis G. 2014b. Immunomicrobial pathogenesis of periodontitis: keystones, pathobionts,
and host response. Trends Immunol 35(1):3-11.

Hajishengallis G. 2015. Periodontitis: from microbial immune subversion to systemic
inflammation. Nat Rev Immunol 15(1):30-44.

Hajishengallis G, Chavakis T. 2021. Local and systemic mechanisms linking periodontal disease
and inflammatory comorbidities. Nature Reviews Immunology 21(7):426-440.

Han Y, Jin Y-H, Kim Y-J, Kang B-Y, Choi H-J, Kim D-W, Yeo C-Y, Lee K-Y. 2008. Acetylation of Sirt2
by p300 attenuates its deacetylase activity. Biochemical and Biophysical Research
Communications 375(4):576-580.

Han YW, lkegami A, Rajanna C, Kawsar Hl, Zhou Y, Li M, Sojar HT, Genco RJ, Kuramitsu HK, Deng
CX. 2005. Identification and Characterization of a Novel Adhesin Unique to Oral Fusobacteria.
Journal of Bacteriology 187(15):5330-5340.

165



Hans M, Hans VM. 2011. Toll-like receptors and their dual role in periodontitis: a review. J Oral
Sci 53(3):263-271.

Haririan H, Andrukhov O, Laky M, Rausch-Fan X. 2021. Saliva as a Source of Biomarkers for
Periodontitis and Periimplantitis. Frontiers in Dental Medicine 2(39).

Hartenbach F, Velasquez E, Nogueira FCS, Domont GB, Ferreira E, Colombo APV. 2020. Proteomic
analysis of whole saliva in chronic periodontitis. J Proteomics 213:103602.

Harting K, Knoll B. 2010. SIRT2-mediated protein deacetylation: An emerging key regulator in
brain physiology and pathology. European Journal of Cell Biology 89(2-3):262-269.

Hayter C. 2018. Overview of the UK population - Office for National Statistics. Ons.gov.uk
Available at:
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/population
estimates/articles/overviewoftheukpopulation/july2017#the-uks-population-is-getting-older-
but-its-not-the-same-in-all-areas-of-the-uk.

Hazeldine J, Harris P, Chapple IL, Grant M, Greenwood H, Livesey A, Sapey E, Lord JM. 2014.
Impaired neutrophil extracellular trap formation: a novel defect in the innate immune system of
aged individuals. Aging Cell 13(4):690-698.

He M, Chiang H-H, Luo H, Zheng Z, Qiao Q, Wang L, Tan M, Ohkubo R, Mu W-C, Zhao S, et al. 2020.
An Acetylation Switch of the NLRP3 Inflammasome Regulates Aging-Associated Chronic
Inflammation and Insulin Resistance. Cell Metabolism 31(3):580-591.e585.

He W, Qu T, Yu Q, Wang Z, Lv H, Zhang J, Zhao X, Wang P. 2013. LPS induces IL-8 expression
through TLR4, MyD88, NF-kappaB and MAPK pathways in human dental pulp stem cells. Int Endod
J46(2):128-136.

Helenius M, Hanninen M, Lehtinen SK, Salminen A. 1996. Changes associated with aging and
replicative senescence in the regulation of transcription factor nuclear factor-kappa B. Biochem J
318 ( Pt 2):603-608.

Hirao Y, Kanda T, Aso Y, Mitsuhashi M, Kobayashi I. 2000. Interleukin-8 —An Early Marker for
Bacterial Infection. Laboratory Medicine 31(1):39-44.

Howell DC. 2012. Statistical Methods for Psychology Cengage Learning.

Huang JY, Hirschey MD, Shimazu T, Ho L, Verdin E. 2010. Mitochondrial sirtuins. Biochim Biophys
Acta 1804(8):1645-1651.

Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, Yoshida M, Wang XF, Yao TP. 2002.
HDACG is a microtubule-associated deacetylase. Nature 417(6887):455-458.

Huhtiniemi T, Suuronen T, Lahtela-Kakkonen M, Bruijn T, Jaaskeldinen S, Poso A, Salminen A,
Leppanen J, Jarho E. 2010. Ne-Modified lysine containing inhibitors for SIRT1 and SIRT2.
Bioorganic & Medicinal Chemistry 18(15):5616-5625.

166


https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017#the-uks-population-is-getting-older-but-its-not-the-same-in-all-areas-of-the-uk
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017#the-uks-population-is-getting-older-but-its-not-the-same-in-all-areas-of-the-uk
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017#the-uks-population-is-getting-older-but-its-not-the-same-in-all-areas-of-the-uk

Huleihel L, Dziki JL, Bartolacci JG, Rausch T, Scarritt ME, Cramer MC, Vorobyov T, LoPresti ST,
Swineheart IT, White LJ, et al. 2017. Macrophage phenotype in response to ECM bioscaffolds.
Semin Immunol 29:2-13.

Huttner EA, Machado DC, De Oliveira RB, Antunes AGF, Hebling E. 2009. Effects of human aging
on periodontal tissues. Special Care in Dentistry 29(4):149-155.

Huynh FK, Hershberger KA, Hirschey MD. 2013. Targeting sirtuins for the treatment of diabetes.
Diabetes Manag (Lond) 3(3):245-257.

Huynh NC, Everts V, Pavasant P, Ampornaramveth RS. 2017. Interleukin-1beta induces human
cementoblasts to support osteoclastogenesis. Int J Oral Sci 9(12):e5.

Idriss HT, Naismith JH. 2000. TNF alpha and the TNF receptor superfamily: structure-function
relationship(s). Microsc Res Tech 50(3):184-195.

llango P, Mahalingam A, Parthasarathy H, Katamreddy V, Subbareddy V. 2016. Evaluation of TLR2
and 4 in Chronic Periodontitis. J Clin Diagn Res 10(6):2C86-89.

Inoue M, Niki M, Ozeki Y, Nagi S, Chadeka EA, Yamaguchi T, Osada-Oka M, Ono K, Oda T, Mwende
F, et al. 2018. High-density lipoprotein suppresses tumor necrosis factor alpha production by
mycobacteria-infected human macrophages. Sci Rep 8(1):6736.

lons LJ, Wakeling LA, Bosomworth HJ, Hardyman JE, Escolme SM, Swan DC, Valentine RA, Mathers
JC, Ford D. 2013. Effects of Sirtl on DNA methylation and expression of genes affected by dietary
restriction. Age (Dordr) 35(5):1835-1849.

Issaranggun Na Ayuthaya B, Everts V, Pavasant P. 2018. The immunopathogenic and
immunomodulatory effects of interleukin-12 in periodontal disease. Eur J Oral Sci 126(2):75-83.

Jaedicke KM, Taylor JJ, Preshaw PM. 2012. Validation and quality control of ELISAs for the use
with human saliva samples. J Immunol Methods 377(1-2):62-65.

Jaedicke KM, Preshaw PM, Taylor JJ. 2016. Salivary cytokines as biomarkers of periodontal
diseases. Periodontology 2000 70(1):164-183.

Jasim H, Carlsson A, Hedenberg-Magnusson B, Ghafouri B, Ernberg M. 2018. Saliva as a medium
to detect and measure biomarkers related to pain. Scientific Reports 8.

Ji S, Choi Y. 2015. Point-of-care diagnosis of periodontitis using saliva: technically feasible but still
a challenge. Frontiers in Cellular and Infection Microbiology 5.

Jin J, He B, Zhang X, Lin H, Wang Y. 2016a. SIRT2 Reverses 4-Oxononanoyl Lysine Modification on
Histones. J Am Chem Soc 138(38):12304-12307.

Jin U, Lamster IB, Greenspan JS, Pitts NB, Scully C, Warnakulasuriya S. 2016b. Global burden of
oral diseases: emerging concepts, management and interplay with systemic health. Oral Dis
22(7):609-619.

167



Jing E, Gesta S, Kahn CR. 2007. SIRT2 regulates adipocyte differentiation through FoxO1
acetylation/deacetylation. Cell Metab 6(2):105-114.

Jones BW, Heldwein KA, Means TK, Saukkonen JJ, Fenton MJ. 2001. Differential roles of Toll-like
receptors in the elicitation of proinflammatory responses by macrophages. Ann Rheum Dis 60
Suppl 3:iii6-12.

Jundi K, Greene CM. 2015. Transcription of Interleukin-8: How Altered Regulation Can Affect
Cystic Fibrosis Lung Disease. Biomolecules 5(3):1386-1398.

Jung YJ, Lee AS, Nguyen-Thanh T, Kim D, Kang KP, Lee S, Park SK, Kim W. 2015. SIRT2 Regulates
LPS-Induced Renal Tubular CXCL2 and CCL2 Expression. ] Am Soc Nephrol 26(7):1549-1560.

Kaczor-Urbanowicz KE, Martin Carreras-Presas C, Aro K, Tu M, Garcia-Godoy F, Wong DT. 2017.
Saliva diagnostics - Current views and directions. Exp Biol Med (Maywood) 242(5):459-472.

Kang H, Lee MJ, Park SJ, Lee MS. 2018. Lipopolysaccharide-Preconditioned Periodontal Ligament
Stem Cells Induce M1 Polarization of Macrophages through Extracellular Vesicles. International
Journal of Molecular Sciences 19(12).

Kang JY, Nan X, Jin MS, Youn SJ, Ryu YH, Mah S, Han SH, Lee H, Paik SG, Lee JO. 2009. Recognition
of lipopeptide patterns by Toll-like receptor 2-Toll-like receptor 6 heterodimer. Immunity
31(6):873-884.

Kany S, Vollrath JT, Relja B. 2019. Cytokines in Inflammatory Disease. Int J Mol Sci 20(23).

Kara M, Yolbas S, Sahin C, Koca SS. 2017. Changes in sirtuin 2 and sirtuin 3 mRNA expressions in
rheumatoid arthritis. European journal of rheumatology 4(2):83-86.

Karlic R, Chung HR, Lasserre J, Vlahovicek K, Vingron M. 2010. Histone modification levels are
predictive for gene expression. Proc Natl Acad Sci U S A 107(7):2926-2931.

Kassebaum NJ, Bernabe E, Dahiya M, Bhandari B, Murray CJ, Marcenes W. 2014. Global burden
of severe periodontitis in 1990-2010: a systematic review and meta-regression. J Dent Res
93(11):1045-1053.

Katare PB, Nizami HL, Paramesha B, Dinda AK, Banerjee SK. 2020. Activation of toll like receptor
4 (TLR4) promotes cardiomyocyte apoptosis through SIRT2 dependent p53 deacetylation.
Scientific Reports 10(1):19232.

Kaushik R, Yeltiwar RK, Pushpanshu K. 2011. Salivary interleukin-1beta levels in patients with
chronic periodontitis before and after periodontal phase | therapy and healthy controls: a case-
control study. J Periodontol 82(9):1353-1359.

Kawasaki T, Kawai T. 2014. Toll-like receptor signaling pathways. Front Immunol 5:461.

168



Khosravi R, Ka K, Huang T, Khalili S, Nguyen BH, Nicolau B, Tran SD. 2013. Tumor necrosis factor-
alpha and interleukin-6: potential interorgan inflammatory mediators contributing to destructive
periodontal disease in obesity or metabolic syndrome. Mediators Inflamm 2013:728987.

Khoury MK, Parker |, Aswad DW. 2010. Acquisition of chemiluminescent signals from
immunoblots with a digital single-lens reflex camera. Anal Biochem 397(1):129-131.

Kim HS, Vassilopoulos A, Wang RH, Lahusen T, Xiao Z, Xu X, Li C, Veenstra TD, Li B, Yu H, et al.
2011. SIRT2 maintains genome integrity and suppresses tumorigenesis through regulating APC/C
activity. Cancer Cell 20(4):487-499.

Kim J-Y, Kim K-R, Kim H-N. 2021a. The Potential Impact of Salivary IL-1 on the Diagnosis of
Periodontal Disease: A Pilot Study. Healthcare (Basel, Switzerland) 9(6):729.

Kim YG, Lee SM, Bae S, Park T, Kim H, Jang Y, Moon K, Kim H, Lee K, Park J, et al. 2021b. Effect of
Aging on Homeostasis in the Soft Tissue of the Periodontium: A Narrative Review. Journal of
Personalized Medicine 11(1):58.

Kirshner ZZ, Gibbs RB. 2018. Use of the REVERT((R)) total protein stain as a loading control
demonstrates significant benefits over the use of housekeeping proteins when analyzing brain
homogenates by Western blot: An analysis of samples representing different gonadal hormone
states. Mol Cell Endocrinol 473:156-165.

Kitada M, Ogura Y, Monno |, Koya D. 2019. Sirtuins and Type 2 Diabetes: Role in Inflammation,
Oxidative Stress, and Mitochondrial Function. Front Endocrinol (Lausanne) 10:187.

Kluknavska J, Krajcikova K, Bolerazska B, Maslankova J, Ohlasova J, Timkova S, Drotarova Z,
Vaskova J. 2021. Possible prognostic biomarkers of periodontitis in saliva. Eur Rev Med Pharmacol
Sci 25(8):3154-3161.

Koch-Nolte F, Fischer S, Haag F, Ziegler M. 2011. Compartmentation of NAD+-dependent
signalling. FEBS Lett 585(11):1651-1656.

Koch RJ, Barrette AM, Stern AD, Hu B, Bouhaddou M, Azeloglu EU, lyengar R, Birtwistle MR. 2018.
Validating Antibodies for Quantitative Western Blot Measurements with Microwestern Array. Sci
Rep 8(1):11329.

Kohchi C, Inagawa H, Nishizawa T, Soma G. 2009. ROS and innate immunity. Anticancer Res
29(3):817-821.

Kohro T, Tanaka T, Murakami T, Wada Y, Aburatani H, Hamakubo T, Kodama T. 2004. A
comparison of differences in the gene expression profiles of phorbol 12-myristate 13-acetate
differentiated THP-1 cells and human monocyte-derived macrophage. J Atheroscler Thromb
11(2):88-97.

Kulikova V, Shabalin K, Nerinovski K, Yakimov A, Svetlova M, Solovjeva L, Kropotov A,
Khodorkovskiy M, Migaud ME, Ziegler M, et al. 2019. Degradation of Extracellular NAD(+)
Intermediates in Cultures of Human HEK293 Cells. Metabolites 9(12).

169



Lagdive SS, Marawar PP, Byakod G, Lagdive SB. 2013. Evaluation and comparison of interleukin-8
(IL-8) level in gingival crevicular fluid in health and severity of periodontal disease: a clinico-
biochemical study. Indian J Dent Res 24(2):188-192.

Lam RS, O'Brien-Simpson NM, Lenzo JC, Holden JA, Brammar GC, Walsh KA, McNaughtan JE,
Rowler DK, Van Rooijen N, Reynolds EC. 2014. Macrophage depletion abates Porphyromonas
gingivalis-induced alveolar bone resorption in mice. J Immunol 193(5):2349-2362.

Lappin DF, Sherrabeh S, Erridge C. 2011. Stimulants of Toll-like receptors 2 and 4 are elevated in
saliva of periodontitis patients compared with healthy subjects. J Clin Periodontol 38(4):318-325.

Lawrence T. 2009. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb
Perspect Biol 1(6):a001651.

Lee AS, Jung YJ, Kim D, Nguyen-Thanh T, Kang KP, Lee S, Park SK, Kim W. 2014a. SIRT2 ameliorates
lipopolysaccharide-induced inflammation in macrophages. Biochem Biophys Res Commun
450(4):1363-1369.

Lee AS, Jung YJ, Kim D, Tung NT, Kang KP, Lee S, Park SK, Kim W. 2014b. SIRT2 ameliorates
lipopolysaccharide-induced inflammation in macrophages. Biochemical and Biophysical Research
Communications 450(4):1363-1369.

Lee BR, Sanstrum BJ, Liu Y, Kwon SH. 2019. Distinct role of Sirtuin 1 (SIRT1) and Sirtuin 2 (SIRT2)
in inhibiting cargo-loading and release of extracellular vesicles. Sci Rep 9(1):20049.

Leenaars CHC, Kouwenaar C, Stafleu FR, Bleich A, Ritskes-Hoitinga M, De Vries RBM, Meijboom
FLB. 2019. Animal to human translation: a systematic scoping review of reported concordance
rates. Journal of Translational Medicine 17(1):223.

Leifer CA, Medvedev AE. 2016. Molecular mechanisms of regulation of Toll-like receptor signaling.
J Leukoc Biol 100(5):927-941.

Li C, Zhou Y, Rychahou P, Weiss HL, Lee EY, Perry CL, Barrett TA, Wang Q, Evers BM. 2020a. SIRT2
Contributes to the Regulation of Intestinal Cell Proliferation and Differentiation. Cellular and
Molecular Gastroenterology and Hepatology 10(1):43-57.

Li H, Wittwer T, Weber A, Schneider H, Moreno R, Maine GN, Kracht M, Schmitz ML, Burstein E.
2012. Regulation of NF-kB activity by competition between RelA acetylation and ubiquitination.
Oncogene 31(5):611-623.

LiL,ChenZ, FuW, Cai S, Zeng Z. 2018. Emerging Evidence concerning the Role of Sirtuins in Sepsis.
Crit Care Res Pract 2018:5489571.

Li Q, Liu F, Dang R, Feng C, Xiao R, Hua Y, Wang W, lJia Z, Liu D. 2020b. Epigenetic modifier

trichostatin A enhanced osteogenic differentiation of mesenchymal stem cells by inhibiting NF-
kB (p65) DNA binding and promoted periodontal repair in rats. J Cell Physiol 235(12):9691-9701.

170



Lin J, Sun B, Jiang C, Hong H, Zheng Y. 2013a. Sirt2 suppresses inflammatory responses in collagen-
induced arthritis. Biochem Biophys Res Commun 441(4):897-903.

Lin JB, Kubota S, Ban N, Yoshida M, Santeford A, Sene A, Nakamura R, Zapata N, Kubota M,
Tsubota K, et al. 2016. NAMPT-Mediated NAD(+) Biosynthesis Is Essential for Vision In Mice. Cell
Rep 17(1):69-85.

Lin JT, Sun B, Jiang CQ, Hong HY, Zheng YP. 2013b. Sirt2 suppresses inflammatory responses in
collagen-induced arthritis. Biochemical and Biophysical Research Communications 441(4):897-
903.

Lin S, Lin Y, Nery JR, Urich MA, Breschi A, Davis CA, Dobin A, Zaleski C, Beer MA, Chapman WC, et
al. 2014. Comparison of the transcriptional landscapes between human and mouse tissues.
Proceedings of the National Academy of Sciences of the United States of America 111(48):17224-
17229.

Listl S, Galloway J, Mossey PA, Marcenes W. 2015. Global Economic Impact of Dental Diseases. J
Dent Res 94(10):1355-1361.

Liu D, Cao S, Zhou Y, Xiong Y. 2019a. Recent advances in endotoxin tolerance. J Cell Biochem
120(1):56-70.

Liu G, Park SH, Imbesi M, Nathan WJ, Zou X, Zhu Y, Jiang H, Parisiadou L, Gius D. 2017a. Loss of
NAD-Dependent Protein Deacetylase Sirtuin-2 Alters Mitochondrial Protein Acetylation and
Dysregulates Mitophagy. Antioxid Redox Signal 26(15):849-863.

LiuJ, Cao S, Kim S, Chung EY, Homma Y, Guan X, Jimenez V, Ma X. 2005. Interleukin-12: an update
on its immunological activities, signaling and regulation of gene expression. Curr Immunol Rev
1(2):119-137.

Liu S, Zhou Z, Zhang L, Meng S, Li S, Wang X. 2019b. Inhibition of SIRT2 by Targeting GSK3j3-
Mediated Phosphorylation Alleviates SIRT2 Toxicity in SH-SY5Y Cells. Frontiers in Cellular
Neuroscience 13.

Liu T, Zhang L, Joo D, Sun S-C. 2017b. NF-kB signaling in inflammation. Signal transduction and
targeted therapy 2:17023.

Liu T, Zhang L, Joo D, Sun S-C. 2017c. NF-kB signaling in inflammation. Signal Transduction and
Targeted Therapy 2(1):17023.

Liu X, Yin S, Chen Y, Wu Y, Zheng W, Dong H, Bai Y, Qin Y, Li J, Feng S, et al. 2018. LPSinduced
proinflammatory cytokine expression in human airway epithelial cells and macrophages via
NFkappaB, STAT3 or AP1 activation. Mol Med Rep 17(4):5484-5491.

Liu YC, Lerner UH, Teng YT. 2010. Cytokine responses against periodontal infection: protective
and destructive roles. Periodontol 2000 52(1):163-206.

171



Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time
guantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25(4):402-408.

Lo Sasso G, Menzies KJ, Mottis A, Piersigilli A, Perino A, Yamamoto H, Schoonjans K, Auwerx J.
2014. SIRT2 deficiency modulates macrophage polarization and susceptibility to experimental
colitis. PLoS One 9(7):e103573.

Long EM, Millen B, Kubes P, Robbins SM. 2009. Lipoteichoic acid induces unique inflammatory
responses when compared to other toll-like receptor 2 ligands. PLoS One 4(5):e5601.

Lopez R, Smith PC, Gostemeyer G, Schwendicke F. 2017. Ageing, dental caries and periodontal
diseases. J Clin Periodontol 44 Suppl 18:5145-S152.

Lu J, Sun H, Wang X, Liu C, Xu X, Li F, Huang B. 2005. Interleukin-12 p40 promoter activity is
regulated by the reversible acetylation mediated by HDAC1 and p300. Cytokine 31(1):46-51.

Lund ME, To J, O'Brien BA, Donnelly S. 2016. The choice of phorbol 12-myristate 13-acetate
differentiation protocol influences the response of THP-1 macrophages to a pro-inflammatory
stimulus. Journal of Immunological Methods 430:64-70.

Luthi-Carter R, Taylor DM, Pallos J, Lambert E, Amore A, Parker A, Moffitt H, Smith DL, Runne H,
Gokce O, et al. 2010. SIRT2 inhibition achieves neuroprotection by decreasing sterol biosynthesis.
Proceedings of the National Academy of Sciences 107(17):7927.

Ma Y. 2012. On Inference for Kendall's tau within a Longitudinal Data Setting. J Appl Stat
39(1):2441-2452.

Maalmi H, Herder C, Strassburger K, Urner S, Jandeleit-Dahm K, Zaharia OP, Karusheva Y,
Bongaerts BWC, Rathmann W, Burkart V, et al. 2020. Biomarkers of Inflammation and Glomerular
Filtration Rate in Individuals with Recent-Onset Type 1 and Type 2 Diabetes. J Clin Endocrinol
Metab 105(12).

Madhvi A, Mishra H, Leisching GR, Mahlobo PZ, Baker B. 2019. Comparison of human monocyte
derived macrophages and THP1-like macrophages as in vitro models for M. tuberculosis infection.
Comp Immunol Microbiol Infect Dis 67:101355.

Mahanonda R, Pichyangkul S. 2007. Toll-like receptors and their role in periodontal health and
disease. Periodontology 2000 43:41-55.

Majster M, Lira-Junior R, H66g CM, Almer S, Bostréom EA. 2020. Salivary and Serum Inflammatory
Profiles Reflect Different Aspects of Inflammatory Bowel Disease Activity. Inflammatory Bowel
Diseases 26(10):1588-1596.

Malhotra R, Grover V, Kapoor A, Kapur R. 2010. Alkaline phosphatase as a periodontal disease
marker. Indian J Dent Res 21(4):531-536.

Mandrekar JN. 2010. Receiver operating characteristic curve in diagnostic test assessment. J
Thorac Oncol 5(9):1315-1316.

172



Manukyan G, Aminov R, Hakobyan G, Davtyan T. 2015. Accelerated apoptosis of neutrophils in
familial mediterranean Fever. Front Immunol 6:239.

Martinez-Balbds MA, Bauer UM, Nielsen SJ, Brehm A, Kouzarides T. 2000. Regulation of E2F1
activity by acetylation. The EMBO journal 19(4):662-671.

Martins MD, lJiao Y, Larsson L, Almeida LO, Garaicoa-Pazmino C, Le JM, Squarize CH, Inohara N,
Giannobile WV, Castilho RM. 2016. Epigenetic Modifications of Histones in Periodontal Disease. J
Dent Res 95(2):215-222.

Mauramo M, Ramseier A, Mauramo E, Buser A, Tervahartiala T, Sorsa T, Waltimo T. 2018.
Associations of oral fluid MMP-8 with periodontitis in Swiss adult subjects. Oral Diseases
24(3):449-455.

Maxwell MM, Tomkinson EM, Nobles J, Wizeman JW, Amore AM, Quinti L, Chopra V, Hersch SM,
Kazantsev AG. 2011. The Sirtuin 2 microtubule deacetylase is an abundant neuronal protein that
accumulates in the aging CNS. Hum Mol Genet 20(20):3986-3996.

McGlynn LM, Stevenson K, Lamb K, Zino S, Brown M, Prina A, Kingsmore D, Shiels PG. 2009.
Cellular senescence in pretransplant renal biopsies predicts postoperative organ function. Aging
Cell 8(1):45-51.

Mestas J, Hughes CC. 2004. Of mice and not men: differences between mouse and human
immunology. (0022-1767 (Print)).

Mikula M, Majewska A, Ledwon JK, Dzwonek A, Ostrowski J. 2014. Obesity increases histone H3
lysine 9 and 18 acetylation at Tnfa and Ccl2 genes in mouse liver. Int ] Mol Med 34(6):1647-1654.

Misawa T, Takahama M, Kozaki T, Lee H, Zou J, Saitoh T, Akira S. 2013. Microtubule-driven spatial
arrangement of mitochondria promotes activation of the NLRP3 inflammasome. Nat Immunol
14(5):454-460.

Mishra P, Singh U, Pandey C, Mishra P, Pandey G. 2019. Application of student&#39;s <i>t</i>-
test, analysis of variance, and covariance. Annals of Cardiac Anaesthesia 22(4):407-411.

Miyajima S, Naruse K, Kobayashi Y, Nakamura N, Nishikawa T, Adachi K, Suzuki Y, Kikuchi T, Mitani
A, Mizutani M, et al. 2014. Periodontitis-activated monocytes/macrophages cause aortic
inflammation. Sci Rep 4:5171.

Mogensen TH. 2009. Pathogen recognition and inflammatory signaling in innate immune
defenses. Clinical microbiology reviews 22(2):240-273.

Moonen CGlJ, Karlis GD, Schoenmaker T, Forouzanfar T, Loos BG, de Vries TJ. 2019. T Cell
Proliferation Is Induced by Chronically TLR2-Stimulated Gingival Fibroblasts or Monocytes.
International journal of molecular sciences 20(24):6134.

Moosavi A, Motevalizadeh Ardekani A. 2016. Role of Epigenetics in Biology and Human Diseases.
Iran Biomed J 20(5):246-258.

173



Moschen AR, Kaser A, Enrich B, Mosheimer B, Theurl M, Niederegger H, Tilg H. 2007. Visfatin, an
adipocytokine with proinflammatory and immunomodulating properties. J Immunol 178(3):1748-
1758.

Mosser DM, Edwards JP. 2008. Exploring the full spectrum of macrophage activation. Nat Rev
Immunol 8(12):958-969.

Mostoslavsky R, Chua KF, Lombard DB, Pang WW, Fischer MR, Gellon L, Liu P, Mostoslavsky G,
Franco S, Murphy MM, et al. 2006. Genomic instability and aging-like phenotype in the absence
of mammalian SIRT6. Cell 124(2):315-329.

Nahhas F, Dryden SC, Abrams J, Tainsky MA. 2007. Mutations in SIRT2 deacetylase which regulate
enzymatic activity but not its interaction with HDAC6 and tubulin. Mol Cell Biochem 303(1-2):221-
230.

Narita T, Weinert BT, Choudhary C. 2019. Functions and mechanisms of non-histone protein
acetylation. Nat Rev Mol Cell Biol 20(3):156-174.

Nativel B, Couret D, Giraud P, Meilhac O, d’Hellencourt CL, Viranaicken W, Da Silva CR. 2017.
Porphyromonas gingivalis lipopolysaccharides act exclusively through TLR4 with a resilience
between mouse and human. Scientific Reports 7(1):15789.

Natto ZS, Abu Ahmad RH, Alsharif LT, Alrowithi HF, Alsini DA, Salih HA, Bissada NF. 2018. Chronic
Periodontitis Case Definitions and Confounders in Periodontal Research: A Systematic
Assessment. BioMed Research International 2018:4578782.

Nazir MA. 2017. Prevalence of periodontal disease, its association with systemic diseases and
prevention. Int J Health Sci (Qassim) 11(2):72-80.

Nedzi-Géra M, Gorska R, Gorski B. 2021. The utility of gingival crevicular fluid matrix
metalloproteinase-8 provides site-specific diagnostic value for periodontal grading. Cent Eur J
Immunol 46(2):236-243.

Nelp MT, Kates PA, Hunt JT, Newitt JA, Balog A, Maley D, Zhu X, Abell L, Allentoff A, Borzilleri R,
et al. 2018. Immune-modulating enzyme indoleamine 2,3-dioxygenase is effectively inhibited by
targeting its apo-form. Proceedings of the National Academy of Sciences 115(13):3249-3254.

Nerurkar SS, McDevitt PJ, Scott GF, Johanson KO, Willette RN, Yue TL. 2005. Lipopolysaccharide
(LPS) contamination plays the real role in C-reactive protein-induced IL-6 secretion from human
endothelial cells in vitro. Arterioscler Thromb Vasc Biol 25(9):e136.

Nesse W, Abbas F, van der Ploeg |, Spijkervet FK, Dijkstra PU, Vissink A. 2008. Periodontal inflamed
surface area: quantifying inflammatory burden. J Clin Periodontol 35(8):668-673.

Netea MG, Simon A, van de Veerdonk F, Kullberg BJ, Van der Meer JW, Joosten LA. 2010. IL-1beta
processing in host defense: beyond the inflammasomes. PLoS Pathog 6(2):e1000661.

174



Nibali L. 2015. Aggressive Periodontitis: microbes and host response, who to blame? Virulence
6(3):223-228.

Nielsen AL, Rajabi N, Kudo N, Lundg K, Moreno-Yruela C, Bek M, Fontenas M, Lucidi A, Madsen
AS, Yoshida M, et al. 2021. Mechanism-based inhibitors of SIRT2: structure—activity relationship,
X-ray structures, target engagement, regulation of a-tubulin acetylation and inhibition of breast
cancer cell migration. RSC Chemical Biology 2(2):612-626.

Noh MK, Jung M, Kim SH, Lee SR, Park KH, Kim DH, Kim HH, Park YG. 2013. Assessment of IL-6, IL-
8 and TNF-alpha levels in the gingival tissue of patients with periodontitis. Exp Ther Med 6(3):847-
851.

Noiri Y, Li L, Ebisu S. 2001. The localization of periodontal-disease-associated bacteria in human
periodontal pockets. J Dent Res 80(10):1930-1934.

North BJ, Marshall BL, Borra MT, Denu JM, Verdin E. 2003a. The human Sir2 ortholog, SIRT2, is an
NAD+-dependent tubulin deacetylase. Mol Cell 11(2):437-444.

North BJ, Marshall BL, Borra MT, Denu JM, Verdin E. 2003b. The human Sir2 ortholog, SIRT2, is an
NAD(+)-dependent tubulin deacetylase. Molecular Cell 11(2):437-444.

North BJ, Rosenberg MA, Jeganathan KB, Hafner AV, Michan S, Dai J, Baker DJ, Cen YN, Wu LE,
Sauve AA, et al. 2014. SIRT2 induces the checkpoint kinase BubR1 to increase lifespan. Embo
Journal 33(13):1438-1453.

Nowell MA, Richards PJ, Fielding CA, Ognjanovic S, Topley N, Williams AS, Bryant-Greenwood G,
Jones SA. 2006. Regulation of pre-B cell colony-enhancing factor by STAT-3-dependent
interleukin-6 trans-signaling: implications in the pathogenesis of rheumatoid arthritis. Arthritis
Rheum 54(7):2084-2095.

Obata Y, Furusawa Y, Hase K. 2015. Epigenetic modifications of the immune system in health and
disease. Immunology and Cell Biology 93(3):226-232.

Oeckinghaus A, Ghosh S. 2009. The NF-kappaB family of transcription factors and its regulation.
Cold Spring Harb Perspect Biol 1(4):a000034.

Okuda S, Sherman DJ, Silhavy TJ, Ruiz N, Kahne D. 2016. Lipopolysaccharide transport and
assembly at the outer membrane: the PEZ model. Nat Rev Microbiol 14(6):337-345.

Olink. 2021a. Inflammation panel - Olink. Olink. [accessed on 6 December].
https://www.olink.com/products-services/target/inflammation/.

Olink. 2021b. Data normalization and standardization. Olink. [accessed on 7 December].
https://www.olink.com/content/uploads/2021/09/olink-data-normalization-white-paper-

v2.0.pdf.

Oliveira-Nascimento L, Massari P, Wetzler LM. 2012. The Role of TLR2 in Infection and Immunity.
Front Immunol 3:79.

175


https://www.olink.com/products-services/target/inflammation/
https://www.olink.com/content/uploads/2021/09/olink-data-normalization-white-paper-v2.0.pdf
https://www.olink.com/content/uploads/2021/09/olink-data-normalization-white-paper-v2.0.pdf

Otero M, Lago R, Gomez R, Lago F, Dieguez C, Gomez-Reino JJ, Gualillo O. 2006. Changes in plasma
levels of fat-derived hormones adiponectin, leptin, resistin and visfatin in patients with
rheumatoid arthritis. Ann Rheum Dis 65(9):1198-1201.

Outeiro TF, Kontopoulos E, Altmann SM, Kufareva |, Strathearn KE, Amore AM, Volk CB, Maxwell
MM, Rochet JC, McLean PJ, et al. 2007. Sirtuin 2 inhibitors rescue alpha-synuclein-mediated
toxicity in models of Parkinson's disease. Science 317(5837):516-519.

Ozcan E, Saygun NI, Serdar MA, Kurt N. 2015. Evaluation of the salivary levels of visfatin, chemerin,
and progranulin in periodontal inflammation. Clin Oral Investig 19(4):921-928.

Page TH, Urbaniak AM, Santo AIE, Danks L, Smallie T, Williams LM, Horwood NJ. 2018. Bruton's
tyrosine kinase regulates TLR7/8-induced TNF transcription via nuclear factor-kappa B
recruitment. Biochemical and Biophysical Research Communications 499(2):260-266.

Pais TF, Szego EM, Marques O, Miller-Fleming L, Antas P, Guerreiro P, de Oliveira RM, Kasapoglu
B, Outeiro TF. 2013. The NAD-dependent deacetylase sirtuin 2 is a suppressor of microglial
activation and brain inflammation. EMBO J 32(19):2603-2616.

Palomo J, Dietrich D, Martin P, Palmer G, Gabay C. 2015. The interleukin (IL)-1 cytokine family--
Balance between agonists and antagonists in inflammatory diseases. Cytokine 76(1):25-37.

Pan W, Wang Q, Chen Q. 2019a. The cytokine network involved in the host immune response to
periodontitis. Int J Oral Sci 11(3):30.

Pan W, Wang Q, Chen Q. 2019b. The cytokine network involved in the host immune response to
periodontitis. International Journal of Oral Science 11(3):30.

Panezai J, Ghaffar A, Altamash M, Sundqvist KG, Engstrom PE, Larsson A. 2017. Correlation of
serum cytokines, chemokines, growth factors and enzymes with periodontal disease parameters.
PLoS One 12(11):e0188945.

Panezai J, Ali A, Ghaffar A, Benchimol D, Altamash M, Klinge B, Engstrom PE, Larsson A. 2020.
Upregulation of circulating inflammatory biomarkers under the influence of periodontal disease
in rheumatoid arthritis patients. Cytokine 131:155117.

Park EK, Jung HS, Yang HI, Yoo MC, Kim C, Kim KS. 2007a. Optimized THP-1 differentiation is
required for the detection of responses to weak stimuli. Inflamm Res 56(1):45-50.

Park EK, Jung HS, Yang HI, Yoo MC, Kim C, Kim KS. 2007b. Optimized THP-1 differentiation is
required for the detection of responses to weak stimuli. Inflammation Research 56(1):45-50.

Park KH, Kim DK, Huh YH, Lee G, Lee SH, Hong Y, Kim SH, Kook MS, Koh JT, Chun JS, et al. 2017.
NAMPT enzyme activity regulates catabolic gene expression in gingival fibroblasts during
periodontitis. Exp Mol Med 49(8):e368.

176



Peart MJ, Smyth GK, van Laar RK, Bowtell DD, Richon VM, Marks PA, Holloway AJ, Johnstone RW.
2005. Identification and functional significance of genes regulated by structurally different
histone deacetylase inhibitors. Proc Natl Acad Sci U S A 102(10):3697-3702.

Pei J, Harakalova M, Treibel TA, Lumbers RT, Boukens BJ, Efimov IR, van Dinter JT, Gonzalez A,
Lopez B, El Azzouzi H, et al. 2020. H3K27ac acetylome signatures reveal the epigenomic
reorganization in remodeled non-failing human hearts. Clinical Epigenetics 12(1):106.

Percy MG, Grundling A. 2014. Lipoteichoic acid synthesis and function in gram-positive bacteria.
Annu Rev Microbiol 68:81-100.

Pereira JM, Chevalier C, Chaze T, Gianetto Q, Impens F, Matondo M, Cossart P, Hamon MA. 2018.
Infection Reveals a Modification of SIRT2 Critical for Chromatin Association. Cell Rep 23(4):1124-
1137.

Perinetti G, Paolantonio M, Femminella B, Serra E, Spoto G. 2008. Gingival crevicular fluid alkaline
phosphatase activity reflects periodontal healing/recurrent inflammation phases in chronic
periodontitis patients. J Periodontol 79(7):1200-1207.

Perlman RL. 2016. Mouse models of human disease: An evolutionary perspective. Evolution,
medicine, and public health 2016(1):170-176.

Petrackova A, Smrzova A, Gajdos P, Schubertova M, Schneiderova P, Kromer P, Snasel V,
Skacelova M, Mrazek F, Zadrazil J, et al. 2017. Serum protein pattern associated with organ
damage and lupus nephritis in systemic lupus erythematosus revealed by PEA immunoassay. Clin
Proteomics 14:32.

Pillai-Kastoori L, Schutz-Geschwender AR, Harford JA. 2020. A systematic approach to quantitative
Western blot analysis. Analytical Biochemistry 593.

Pollanen MT, Paino A, lhalin R. 2013. Environmental stimuli shape biofilm formation and the
virulence of periodontal pathogens. Int J Mol Sci 14(8):17221-17237.

Preshaw PM, Alba AL, Herrera D, Jepsen S, Konstantinidis A, Makrilakis K, Taylor R. 2012.
Periodontitis and diabetes: a two-way relationship. Diabetologia 55(1):21-31.

Preshaw PM. 2015. Detection and diagnosis of periodontal conditions amenable to prevention.
BMC Oral Health 15 Suppl 1:S5.

Preshaw PM, Henne K, Taylor JJ, Valentine RA, Conrads G. 2017. Age-related changes in immune
function (immune senescence) in caries and periodontal diseases: a systematic review. J Clin
Periodontol 44 Suppl 18:5153-S177.

Preshaw PM, Bissett SM. 2019. Periodontitis and diabetes. Br Dent J 227(7):577-584.

Preshaw PM, Taylor JJ, Jaedicke KM, De Jager M, Bikker JW, Selten W, Bissett SM, Whall KM, van
de Merwe R, Areibi A, et al. 2020. Treatment of periodontitis reduces systemic inflammation in
type 2 diabetes. J Clin Periodontol 47(6):737-746.

177



Qian F, Wang X, Zhang L, Chen S, Piecychna M, Allore H, Bockenstedt L, Malawista S, Bucala R,
Shaw AC, et al. 2012. Age-associated elevation in TLR5 leads to increased inflammatory responses
in the elderly. Aging Cell 11(1):104-110.

Quivy V, Van Lint C. 2004. Regulation at multiple levels of NF-kappaB-mediated transactivation by
protein acetylation. Biochem Pharmacol 68(6):1221-1229.

Raisdanen IT, Umeizudike KA, Parnanen P, Heikkila P, Tervahartiala T, Nwhator SO, Grigoriadis A,
Sakellari D, Sorsa T. 2020. Periodontal disease and targeted prevention using aMMP-8 point-of-
care oral fluid analytics in the COVID-19 era. Medical Hypotheses 144:110276.

Ramadan DE, Hariyani N, Indrawati R, Ridwan RD, Diyatri |. 2020. Cytokines and Chemokines in
Periodontitis. European journal of dentistry 14(3):483-495.

Ramenzoni LL, Hofer D, Solderer A, Wiedemeier D, Attin T, Schmidlin PR. 2021. Origin of MMP-8
and Lactoferrin levels from gingival crevicular fluid, salivary glands and whole saliva. BMC Oral
Health 21(1):385.

Rangbulla V, Nirola A, Gupta M, Batra P, Gupta M. 2017. Salivary IgA, Interleukin-1beta and MMP-
8 as Salivary Biomarkers in Chronic Periodontitis Patients. Chin J Dent Res 20(1):43-51.

Rathnayake N, Gustafsson A, Norhammar A, Kjellstrom B, Klinge B, Ryden L, Tervahartiala T, Sorsa
T, Grp PS. 2015. Salivary Matrix Metalloproteinase-8 and-9 and Myeloperoxidase in Relation to
Coronary Heart and Periodontal Diseases: A Subgroup Report from the PAROKRANK Study
(Periodontitis and Its Relation to Coronary Artery Disease). Plos One 10(7).

Ren YF, Rasubala L, Malmstrom H, Eliav E. 2020. Dental Care and Oral Health under the Clouds of
COVID-19. JDR Clinical & Translational Research 5(3):202-210.

Reynolds MA. 2014. Modifiable risk factors in periodontitis: at the intersection of aging and
disease. Periodontology 2000 64(1):7-19.

Riera Romo M, Pérez-Martinez D, Castillo Ferrer C. 2016. Innate immunity in vertebrates: an
overview. Immunology 148(2):125-139.

Rigby L, Muscat A, Ashley D, Algar E. 2012. Methods for the analysis of histone H3 and H4
acetylation in blood. Epigenetics 7(8):875-882.

Ririe KM, Rasmussen RP, Wittwer CT. 1997. Product differentiation by analysis of DNA melting
curves during the polymerase chain reaction. Anal Biochem 245(2):154-160.

Rizal MI, Soeroso Y, Sulijaya B, Assiddig BF, Bachtiar EW, Bachtiar BM. 2020. Proteomics approach
for biomarkers and diagnosis of periodontitis: systematic review. Heliyon 6(6):e04022.

Rodriguez-Lozano B, Gonzalez-Febles J, Garnier-Rodriguez JL, Dadlani S, Bustabad-Reyes S, Sanz
M, Sanchez-Alonso F, Sdnchez-Piedra C, Gonzalez-Davila E, Diaz-Gonzalez F. 2019. Association
between severity of periodontitis and clinical activity in rheumatoid arthritis patients: a case—
control study. Arthritis Research & Therapy 21(1):27.

178



Rojo-Botello NR, Garcia-Hernandez AL, Moreno-Fierros L. 2012. Expression of toll-like receptors
2, 4 and 9 is increased in gingival tissue from patients with type 2 diabetes and chronic
periodontitis. J Periodontal Res 47(1):62-73.

Romandini M, Lafori A, Romandini P, Baima G, Cordaro M. 2018. Periodontitis and platelet count:
A new potential link with cardiovascular and other systemic inflammatory diseases. J Clin
Periodontol 45(11):1299-1310.

Rothgiesser KM, Erener S, Waibel S, Luscher B, Hottiger MO. 2010a. SIRT2 regulates NF-kappaB
dependent gene expression through deacetylation of p65 Lys310. J Cell Sci 123(Pt 24):4251-4258.

Rothgiesser KM, Erener S, Waibel S, Luscher B, Hottiger MO. 2010b. SIRT2 regulates NF-kappa B-
dependent gene expression through deacetylation of p65 Lys310. Journal of Cell Science
123(24):4251-4258.

Rothschild DE, McDaniel DK, Ringel-Scaia VM, Allen IC. 2018. Modulating inflammation through
the negative regulation of NF-B signaling. Journal of Leukocyte Biology 103(6):1131-1150.

Sanchez-Hernandez PE, Zamora-Perez AL, Fuentes-Lerma M, Robles-Gomez C, Mariaud-Schmidt
RP, Guerrero-Velazquez C. 2011. IL-12 and IL-18 levels in serum and gingival tissue in aggressive
and chronic periodontitis. Oral Dis 17(5):522-529.

Sanchez GA, Miozza VA, Delgado A, Busch L. 2013. Salivary IL-1beta and PGE2 as biomarkers of
periodontal status, before and after periodontal treatment. J Clin Periodontol 40(12):1112-1117.

Sanjabi S, Hoffmann A, Liou HC, Baltimore D, Smale ST. 2000. Selective requirement for c-Rel
during IL-12 P40 gene induction in macrophages. Proc Natl Acad Sci U S A 97(23):12705-12710.

Sanz M, Marco del Castillo A, Jepsen S, Gonzalez-Juanatey JR, D’Aiuto F, Bouchard P, Chapple |,
Dietrich T, Gotsman |, Graziani F, et al. 2020. Periodontitis and cardiovascular diseases: Consensus
report. Journal of Clinical Periodontology 47(3):268-288.

Sarikhani M, Maity S, Mishra S, Jain A, Tamta AK, Ravi V, Kondapalli MS, Desingu PA, Khan D,
Kumar S, et al. 2018. SIRT2 deacetylase represses NFAT transcription factor to maintain cardiac
homeostasis. J Biol Chem 293(14):5281-5294.

Sato T, Kotake D, Hiratsuka M, Hirasawa N. 2013. Enhancement of inflammatory protein
expression and nuclear factor Kappab (NF-Kappab) activity by trichostatin A (TSA) in OP9
preadipocytes. PLoS One 8(3):e59702.

Sauer JM, Porter AC, Biomarker Programs PSTC. 2018. Preclinical biomarker qualification. Exp Biol
Med (Maywood) 243(3):222-227.

Scheres N, Laine ML, Sipos PM, Bosch-Tijhof CJ, Crielaard W, de Vries TJ, Everts V. 2011.
Periodontal ligament and gingival fibroblasts from periodontitis patients are more active in
interaction with Porphyromonas gingivalis. J Periodontal Res 46(4):407-416.

179



Schilling E, Wehrhahn J, Klein C, Raulien N, Ceglarek U, Hauschildt S. 2012. Inhibition of
nicotinamide phosphoribosyltransferase modifies LPS-induced inflammatory responses of human
monocytes. Innate Immun 18(3):518-530.

Scholtz B, Vo Minh D, Kiss C, Tar |, Kumar A, Tézsér J, CsGsz E, Marton I. 2020. Examination of Oral
Squamous Cell Carcinoma and Precancerous Lesions Using Proximity Extension Assay and Salivary
RNA Quantification. Biomedicines 8(12):610.

Schroder NW, Morath S, Alexander C, Hamann L, Hartung T, Zahringer U, Gobel UB, Weber JR,
Schumann RR. 2003. Lipoteichoic acid (LTA) of Streptococcus pneumoniae and Staphylococcus
aureus activates immune cells via Toll-like receptor (TLR)-2, lipopolysaccharide-binding protein
(LBP), and CD14, whereas TLR-4 and MD-2 are not involved. J Biol Chem 278(18):15587-15594.

Schwarz H, Schmittner M, Duschl A, Horejs-Hoeck J. 2014. Residual endotoxin contaminations in
recombinant proteins are sufficient to activate human CD1c+ dendritic cells. PLoS One
9(12):e113840.

Seo KS, Park JH, Heo JY, Jing K, Han J, Min KN, Kim C, Koh GY, Lim K, Kang GY, et al. 2015. SIRT2
regulates tumour hypoxia response by promoting HIF-lalpha hydroxylation. Oncogene
34(11):1354-1362.

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA, Mardani F, Seifi
B, Mohammadi A, Afshari JT, Sahebkar A. 2018. Macrophage plasticity, polarization, and function
in health and disease. J Cell Physiol 233(9):6425-6440.

Shaw AC, Goldstein DR, Montgomery RR. 2013. Age-dependent dysregulation of innate immunity.
Nat Rev Immunol 13(12):875-887.

Shimizu K, Nakajima A, Sudo K, Liu Y, Mizoroki A, lkarashi T, Horai R, Kakuta S, Watanabe T,
Iwakura Y. 2015. IL-1 receptor type 2 suppresses collagen-induced arthritis by inhibiting IL-1 signal
on macrophages. J Immunol 194(7):3156-3168.

Sima C, Viniegra A, Glogauer M. 2018. Macrophage immunomodulation in chronic osteolytic
diseases-the case of periodontitis. J Leukoc Biol.

Sima C, Viniegra A, Glogauer M. 2019. Macrophage immunomodulation in chronic osteolytic
diseases-the case of periodontitis. J Leukoc Biol 105(3):473-487.

Simell B, Vuorela A, Ekstrom N, Palmu A, Reunanen A, Meri S, Kayhty H, Vakevainen M. 2011.
Aging reduces the functionality of anti-pneumococcal antibodies and the killing of Streptococcus
pneumoniae by neutrophil phagocytosis. Vaccine 29(10):1929-1934.

Simon AK, Hollander GA, McMichael A. 2015. Evolution of the immune system in humans from
infancy to old age. Proc Biol Sci 282(1821):20143085.

Singh AP, Ramana G, Bajaj T, Singh V, Dwivedi S, Behari M, Dey AB, Dey S. 2019. Elevated Serum
SIRT 2 May Differentiate Parkinson’s Disease From Atypical Parkinsonian Syndromes. Frontiers in
Molecular Neuroscience 12(129).

180



Singh T, Newman AB. 2011. Inflammatory markers in population studies of aging. Ageing Res Rev
10(3):319-329.

Skoge RH, Dolle C, Ziegler M. 2014. Regulation of SIRT2-dependent alpha-tubulin deacetylation
by cellular NAD levels. DNA Repair (Amst) 23:33-38.

Skultetyova L, Ustinova K, Kutil Z, Novakova Z, Pavlicek J, Mikesova J, Trapl D, Baranova P,
Havlinova B, Hubalek M, et al. 2017. Human histone deacetylase 6 shows strong preference for
tubulin dimers over assembled microtubules. Scientific Reports 7.

Snider NT, Leonard JM, Kwan R, Griggs NW, Rui L, Omary MB. 2013. Glucose and SIRT2 reciprocally
mediate the regulation of keratin 8 by lysine acetylation. J Cell Biol 200(3):241-247.

Song B, Zhang YL, Chen LU, Zhou T, Huang WK, Zhou X, Shao LQ. 2017. The role of Toll-like
receptors in periodontitis. Oral Dis 23(2):168-180.

Sorsa T, Tjaderhane L, Konttinen YT, Lauhio A, Salo T, Lee HM, Golub LM, Brown DL, Mantyla P.
2006. Matrix metalloproteinases: contribution to pathogenesis, diagnosis and treatment of
periodontal inflammation. Ann Med 38(5):306-321.

Sorsa T, Gieselmann D, Arweiler NB, Hernandez M. 2017. A quantitative point-of-care test for
periodontal and dental peri-implant diseases. Nat Rev Dis Primers 3:17069.

Sorsa T, Sahni V, Buduneli N, Gupta S, Raisanen IT, Golub LM, Lee HM, Patila T, Bostanci N,
Meurman J, et al. 2021. Active matrix metalloproteinase-8 (aMMP-8) point-of-care test (POCT) in
the COVID-19 pandemic. Expert Rev Proteomics 18(8):707-717.

Spiegelman NA, Price IR, Jing H, Wang M, Yang M, Cao J, Hong JY, Zhang X, Aramsangtienchai P,
Sadhukhan S, et al. 2018. Direct Comparison of SIRT2 Inhibitors: Potency, Specificity, Activity-
Dependent Inhibition, and On-Target Anticancer Activities. ChemMedChem 13(18):1890-1894.

Srivastava N, Nayak PA, Rana S. 2017. Point of Care- A Novel Approach to Periodontal Diagnosis-
A Review. J Clin Diagn Res 11(8):ZE01-ZEQ6.

Stadler AF, Angst PD, Arce RM, Gomes SC, Oppermann RV, Susin C. 2016. Gingival crevicular fluid
levels of cytokines/chemokines in chronic periodontitis: a meta-analysis. J Clin Periodontol
43(9):727-745.

Starr T, Bauler TJ, Malik-Kale P, Steele-Mortimer O. 2018. The phorbol 12-myristate-13-acetate
differentiation protocol is critical to the interaction of THP-1 macrophages with Salmonella
Typhimurium. PLoS One 13(3):e0193601.

Steigmann L, Maekawa S, Sima C, Travan S, Wang CW, Giannobile WV. 2020. Biosensor and Lab-
on-a-chip Biomarker-identifying Technologies for Oral and Periodontal Diseases. Front Pharmacol
11:588480.

181



Storch U, Forst AL, Pardatscher F, Erdogmus S, Philipp M, Gregoritza M, Mederos YSM,
Gudermann T. 2017. Dynamic NHERF interaction with TRPC4/5 proteins is required for channel
gating by diacylglycerol. Proc Natl Acad Sci U S A 114(1):E37-E46.

Strimbu K, Tavel JA. 2010. What are biomarkers? Curr Opin HIV AIDS 5(6):463-466.

Subbarao KC, Nattuthurai GS, Sundararajan SK, Sujith |, Joseph J, Syedshah YP. 2019. Gingival
Crevicular Fluid: An Overview. Journal of pharmacy & bioallied sciences 11(Suppl 2):S135-5S139.

Sullivan KE, Reddy AB, Dietzmann K, Suriano AR, Kocieda VP, Stewart M, Bhatia M. 2007.
Epigenetic regulation of tumor necrosis factor alpha. Mol Cell Biol 27(14):5147-5160.

Sundriyal S, Moniot S, Mahmud Z, Yao S, Di Fruscia P, Reynolds CR, Dexter DT, Sternberg MJE, Lam
EWF, Steegborn C, et al. 2017. Thienopyrimidinone Based Sirtuin-2 (SIRT2)-Selective Inhibitors
Bind in the Ligand Induced Selectivity Pocket. Journal of Medicinal Chemistry 60(5):1928-1945.

Swift ME, Burns AL, Gray KL, DiPietro LA. 2001. Age-related alterations in the inflammatory
response to dermal injury. J Invest Dermatol 117(5):1027-1035.

Tabari ZA, Azadmehr A, Nohekhan A, Naddafpour N, Ghaedi FB. 2014. Salivary visfatin
concentrations in patients with chronic periodontitis. J Periodontol 85(8):1081-1085.

Takeuchi O, Akira S. 2010. Pattern recognition receptors and inflammation. Cell 140(6):805-820.

Tanaka T, Narazaki M, Kishimoto T. 2014. IL-6 in inflammation, immunity, and disease. Cold Spring
Harb Perspect Biol 6(10):a016295.

Tanno M, Sakamoto J, Miura T, Shimamoto K, Horio Y. 2007. Nucleocytoplasmic shuttling of the
NAD+-dependent histone deacetylase SIRT1. J Biol Chem 282(9):6823-6832.

Taylor JJ, Preshaw PM, Lalla E. 2013. A review of the evidence for pathogenic mechanisms that
may link periodontitis and diabetes. J Clin Periodontol 40 Suppl 14:5113-134.

Taylor JJ. 2014. Protein biomarkers of periodontitis in saliva. ISRN Inflamm 2014:593151.
Taylor JJ, Preshaw PM. 2016. Gingival crevicular fluid and saliva. Periodontol 2000 70(1):7-10.

Taylor JJ, Jaedicke KM, van de Merwe RC, Bissett SM, Landsdowne N, Whall KM, Pickering K,
Thornton V, Lawson V, Yatsuda H, et al. 2019a. A Prototype Antibody-based Biosensor for
Measurement of Salivary MMP-8 in Periodontitis using Surface Acoustic Wave Technology. Sci
Rep 9(1):11034.

Taylor JJ, Jaedicke KM, van de Merwe RC, Bissett SM, Landsdowne N, Whall KM, Pickering K,
Thornton V, Lawson V, Yatsuda H, et al. 2019b. A Prototype Antibody-based Biosensor for
Measurement of Salivary MMP-8 in Periodontitis using Surface Acoustic Wave Technology.
Scientific Reports 9(1):11034.

182



Tedesco S, De Majo F, Kim J, Trenti A, Trevisi L, Fadini GP, Bolego C, Zandstra PW, Cignarella A,
Vitiello L. 2018. Convenience versus Biological Significance: Are PMA-Differentiated THP-1 Cells a
Reliable Substitute for Blood-Derived Macrophages When Studying in Vitro Polarization? Front
Pharmacol 9:71.

Thomadaki K, Helmerhorst EJ, Tian N, Sun X, Siqueira WL, Walt DR, Oppenheim FG. 2011. Whole-
saliva proteolysis and its impact on salivary diagnostics. J Dent Res 90(11):1325-1330.

Tjoa ST, de Vries TJ, Schoenmaker T, Kelder A, Loos BG, Everts V. 2008. Formation of osteoclast-
like cells from peripheral blood of periodontitis patients occurs without supplementation of
macrophage colony-stimulating factor. J Clin Periodontol 35(7):568-575.

Toker L, Tran GT, Sundaresan J, Tysnes O-B, Alves G, Haugarvoll K, Nido GS, Délle C, Tzoulis C.
2021. Genome-wide histone acetylation analysis reveals altered transcriptional regulation in the
Parkinson’s disease brain. Molecular Neurodegeneration 16(1):31.

Tonetti MS, Imboden MA, Lang NP. 1998. Neutrophil migration into the gingival sulcus is
associated with transepithelial gradients of interleukin-8 and ICAM-1. J Periodontol 69(10):1139-
1147.

Tonetti MS, Jepsen S, Jin L, Otomo-Corgel J. 2017. Impact of the global burden of periodontal
diseases on health, nutrition and wellbeing of mankind: A call for global action. J Clin Periodontol
44(5):456-462.

Tornatore L, Thotakura AK, Bennett J, Moretti M, Franzoso G. 2012. The nuclear factor kappa B
signaling pathway: integrating metabolism with inflammation. Trends Cell Biol 22(11):557-566.

Torrungruang K, Katudat D, Mahanonda R, Sritara P, Udomsak A. 2019. Periodontitis is associated
with elevated serum levels of cardiac biomarkers-Soluble ST2 and C-reactive protein. Journal of
Clinical Periodontology 46(8):809-818.

Trinchieri G. 2003. Interleukin-12 and the regulation of innate resistance and adaptive immunity.
Nature Reviews Immunology 3(2):133-146.

Trindade F, Oppenheim FG, Helmerhorst EJ, Amado F, Gomes PS, Vitorino R. 2014. Uncovering
the molecular networks in periodontitis. Proteomics Clin Appl 8(9-10):748-761.

Tsai C-S, Lin Y-W, Huang C-Y, Shih C-M, Tsai Y-T, Tsao N-W, Lin C-S, Shih C-C, Jeng H, Lin F-Y. 2016.
Thrombomodaulin regulates monocye differentiation via PKCS and ERK1/2 pathway in vitro and in
atherosclerotic artery. Scientific Reports 6(1):38421.

Tsai IS, Tsai CC, Ho YP, Ho KY, Wu YM, Hung CC. 2005. Interleukin-12 and interleukin-16 in
periodontal disease. Cytokine 31(1):34-40.

Tsuchida S, Satoh M, Umemura H, Sogawa K, Kawashima Y, Kado S, Sawai S, Nishimura M, Kodera
Y, Matsushita K, et al. 2012. Proteomic analysis of gingival crevicular fluid for discovery of novel
periodontal disease markers. Proteomics 12(13):2190-2202.

183



Turer CC, Balli U, Giiven B, Cetinkaya BO, Keles GC. 2016. Visfatin levels in gingival crevicular fluid
and serum before and after non-surgical treatment for periodontal diseases. Journal of Oral
Science 58(4):491-499.

Tzach-Nahman R, Nashef R, Fleissig O, Palmon A, Shapira L, Wilensky A, Nussbaum G. 2017. Oral
fibroblasts modulate the macrophage response to bacterial challenge. Sci Rep 7(1):11516.

Uttley J. 2019. Power Analysis, Sample Size, and Assessment of Statistical Assumptions—
Improving the Evidential Value of Lighting Research. LEUKOS 15(2-3):143-162.

Vaquero A, Scher MB, Lee DH, Sutton A, Cheng HL, Alt FW, Serrano L, Sternglanz R, Reinberg D.
2006. SirT2 is a histone deacetylase with preference for histone H4 Lys 16 during mitosis. Genes
Dev 20(10):1256-1261.

Varadaradjalou S, Feger F, Thieblemont N, Hamouda NB, Pleau JM, Dy M, Arock M. 2003. Toll-like
receptor 2 (TLR2) and TLR4 differentially activate human mast cells. Eur J Immunol 33(4):899-906.

Vargas-Hernandez O, Ventura-Gallegos JL, Ventura-Ayala ML, Torres M, Zentella A, Pedraza-
Sanchez S. 2020. THP-1 cells increase TNF-alpha production upon LPS+soluble human IgG co-
stimulation supporting evidence for TLR4 and Fcgamma receptors crosstalk. Cell Immunol
355:104146.

Villagra A, Sotomayor EM, Seto E. 2010. Histone deacetylases and the immunological network:
implications in cancer and inflammation. Oncogene 29(2):157-173.

Wang F, Nguyen M, Qin FX, Tong Q. 2007. SIRT2 deacetylates FOXO3a in response to oxidative
stress and caloric restriction. Aging Cell 6(4):505-514.

Wang H, Hang C, Ou XL, Nie JS, Ding YT, Xue SG, Gao H, Zhu JX. 2016. MiR-145 functions as a tumor
suppressor via regulating angiopoietin-2 in pancreatic cancer cells. Cancer Cell Int 16(1):65.

Wang J, Koh HW, Zhou L, Bae UJ, Lee HS, Bang IH, Ka SO, Oh SH, Bae EJ, Park BH. 2017. Sirtuin 2
Aggravates Postischemic Liver Injury by Deacetylating Mitogen-Activated Protein Kinase
Phosphatase-1. Hepatology 65(1):225-236.

Wang Y, Yang J, Hong T, Chen X, Cui L. 2019. SIRT2: Controversy and multiple roles in disease and
physiology. Ageing Res Rev 55:100961.

Wang YP, Zhou LS, Zhao YZ, Wang SW, Chen LL, Liu LX, Ling ZQ, Hu FJ, Sun YP, Zhang JY, et al. 2014.
Regulation of G6PD acetylation by SIRT2 and KAT9 modulates NADPH homeostasis and cell
survival during oxidative stress. EMBO J 33(12):1304-1320.

Watanabe H, Inaba Y, Kimura K, Matsumoto M, Kaneko S, Kasuga M, Inoue H. 2018. Sirt2
facilitates hepatic glucose uptake by deacetylating glucokinase regulatory protein. Nature
Communications 9.

Watanabe S, Alexander M, Misharin AV, Budinger GRS. 2019. The role of macrophages in the
resolution of inflammation. J Clin Invest 130:2619-2628.

184



Wei R, He D, Zhang X. 2018. Role of SIRT2 in Regulation of Stemness of Cancer Stem-Like Cells in
Renal Cell Carcinoma. Cellular Physiology and Biochemistry 49(6):2348-2357.

White DA, Tsakos G, Pitts NB, Fuller E, Douglas GVA, Murray JJ, Steele JG. 2012. Adult Dental
Health Survey 2009: common oral health conditions and their impact on the population. British
Dental Journal 213(11):567-572.

Widdrington JD, Gomez-Duran A, Pyle A, Ruchaud-Sparagano MH, Scott J, Baudouin SV, Rostron
AJ, Lovat PE, Chinnery PF, Simpson AJ. 2018. Exposure of Monocytic Cells to Lipopolysaccharide
Induces Coordinated Endotoxin Tolerance, Mitochondrial Biogenesis, Mitophagy, and Antioxidant
Defenses. Front Immunol 9:2217.

Wolfer DP, Crusio WE, Lipp HP. 2002. Knockout mice: simple solutions to the problems of genetic
background and flanking genes. Trends Neurosci 25(7):336-340.

Wu Q, Zhou X, Huang D, Ji Y, Kang F. 2017. IL-6 Enhances Osteocyte-Mediated Osteoclastogenesis
by Promoting JAK2 and RANKL Activity In Vitro. Cell Physiol Biochem 41(4):1360-1369.

Wu Y, Wang X, Xu F, Zhang L, Wang T, Fu X, Jin T, Zhang W, Ye L. 2020. The regulation of
acetylation and stability of HMGA2 via the HBXIP-activated Akt—PCAF pathway in promotion of
esophageal squamous cell carcinoma growth. Nucleic Acids Research 48(9):4858-4876.

Xia C, Tao Y, Li M, Che T, Qu J. 2020. Protein acetylation and deacetylation: An important
regulatory modification in gene transcription (Review). Exp Ther Med 20(4):2923-2940.

Xie N, Zhang L, Gao W, Huang C, Huber PE, Zhou X, Li C, Shen G, Zou B. 2020. NAD+ metabolism:
pathophysiologic mechanisms and therapeutic potential. Signal Transduction and Targeted
Therapy 5(1):227.

Xu H, Yu X, Wang B, Zhang H, Li J, Gao H, Wang Y. 2020. The clinical significance of the SIRT2
expression level in the early stage of sepsis patients. Ann Palliat Med 9(4):1413-1419.

XuY,LiF, LvL LiT, Zhou X, Deng CX, Guan KL, Lei QY, Xiong Y. 2014. Oxidative stress activates
SIRT2 to deacetylate and stimulate phosphoglycerate mutase. Cancer Res 74(13):3630-3642.

Yang JS, Kim HJ, Ryu YH, Yun CH, Chung DK, Han SH. 2006. Endotoxin contamination in
commercially available pokeweed mitogen contributes to the activation of murine macrophages
and human dendritic cell maturation. Clin Vaccine Immunol 13(3):309-313.

Yang W, Chen W, Su H, Li R, Song C, Wang Z, Yang L. 2020. Recent advances in the development
of histone deacylase SIRT2 inhibitors. RSC Advances 10(61):37382-37390.

Yang X, Park SH, Chang HC, Shapiro JS, Vassilopoulos A, Sawicki KT, Chen C, Shang M, Burridge
PW, Epting CL, et al. 2017. Sirtuin 2 regulates cellular iron homeostasis via deacetylation of
transcription factor NRF2. J Clin Invest 127(4):1505-1516.

185



Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye RA, Mayo MW. 2004. Modulation of
NF-kappaB-dependent transcription and cell survival by the SIRT1 deacetylase. EMBO J
23(12):2369-2380.

Yoneda T, Tomofuji T, Ekuni D, Azuma T, Maruyama T, Fujimori K, Sugiura Y, Morita M. 2019.
Serum microRNAs and chronic periodontitis: A case-control study. Archives of Oral Biology
101:57-63.

Yoshida M, Satoh A, Lin JB, Mills KF, Sasaki Y, Rensing N, Wong M, Apte RS, Imai SI. 2019a.
Extracellular Vesicle-Contained eNAMPT Delays Aging and Extends Lifespan in Mice. Cell Metab
30(2):329-342 e325.

Yoshida M, Satoh A, Lin JB, Mills KF, Sasaki Y, Rensing N, Wong M, Apte RS, Imai SI. 2019b.
Extracellular Vesicle-Contained eNAMPT Delays Aging and Extends Lifespan in Mice. Cell Metab
30(2):329-342.e325.

Yoshizawa JM, Schafer CA, Schafer JJ, Farrell JJ, Paster BJ, Wong DT. 2013. Salivary biomarkers:
toward future clinical and diagnostic utilities. Clin Microbiol Rev 26(4):781-791.

Yun MR, Seo JM, Park HY. 2014. Visfatin contributes to the differentiation of monocytes into
macrophages through the differential regulation of inflammatory cytokines in THP-1 cells. Cell
Signal 26(4):705-715.

Zandi S, Hedayati MA, Mohammadi E, Sheikhesmaeili F. 2018. Helicobacter pylori infection
increases sirt2 gene expression in gastric epithelial cells of gastritis patients. Microb Pathog
116:120-123.

Zencheck WD, Xiao H, Weiss LM. 2012. Lysine post-translational modifications and the
cytoskeleton. Essays Biochem 52:135-145.

Zhang C, Zhu R, Wang H, Tao Q, Lin X, Ge S, Zhai Z. 2018a. Nicotinamide Phosphate Transferase
(NAMPT) Increases in Plasma in Patients with Acute Coronary Syndromes, and Promotes
Macrophages to M2 Polarization. Int Heart J 59(5):1116-1122.

Zhang L, Li X, Yan H, Huang L. 2018b. Salivary matrix metalloproteinase (MMP)-8 as a biomarker
for periodontitis: A PRISMA-compliant systematic review and meta-analysis. Medicine
(Baltimore) 97(3):e9642.

Zhang X, Ameer FS, Azhar G, Wei JY. 2021a. Alternative Splicing Increases Sirtuin Gene Family
Diversity and Modulates Their Subcellular Localization and Function. Int J Mol Sci 22(2).

ZhangY, Kang N, Xue F, Qiao J, Duan J, Chen F, Cai Y. 2021b. Evaluation of salivary biomarkers for
the diagnosis of periodontitis. BMC Oral Health 21(1):266.

Zhao B. 2017. TNF and Bone Remodeling. Curr Osteoporos Rep 15(3):126-134.

Zhao L, Cao J, Hu K, He X, Yun D, Tong T, Han L. 2020. Aging and disease 11(4):927-945.

186



Zhao T, Alam HB, Liu B, Bronson RT, Nikolian VC, Wu E, Chong W, Li Y. 2015. Selective Inhibition
of SIRT2 Improves Outcomes in a Lethal Septic Model. Curr Mol Med 15(7):634-641.

Zhou LN, Bi CS, Gao LN, An Y, Chen F, Chen FM. 2019. Macrophage polarization in human gingival
tissue in response to periodontal disease. Oral Dis 25(1):265-273.

Zhuang Z, Yoshizawa-Smith S, Glowacki A, Maltos K, Pacheco C, Shehabeldin M, Mulkeen M,
Myers N, Chong R, Verdelis K, et al. 2018. Induction of M2 Macrophages Prevents Bone Loss in
Murine Periodontitis Models. J Dent Res:22034518805984.

187



