University of Plymouth

PEARL https://pearl.plymouth.ac.uk
04 University of Plymouth Research Theses 01 Research Theses Main Collection
2021

The role of autophagy In protecting
periodontium integrity, and
lipopolysaccharide-induced osteoclast
differentiation

Grayson, Portia

http://hdl.handle.net/10026.1/18188

http://dx.doi.org/10.24382/360
University of Plymouth

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with
publisher policies. Please cite only the published version using the details provided on the item record or
document. In the absence of an open licence (e.g. Creative Commons), permissions for further reuse of content

should be sought from the publisher or author.



Copyright Statement

This copy of the thesis has been supplied on condition that anyone who consults it is understood
to recognise that its copyright rests with its author and that no quotation from the thesis and

no information derived from it may be published without the author’s prior consent.



EEEE
Xy

\ 4
UNIVERSITY OF
PLYMOUTH

THE ROLE OF AUTOPHAGY IN PROTECTING PERIODONTIUM INTEGRITY,

AND LIPOPOLYSACCHARIDE-INDUCED OSTEOCLAST DIFFERENTIATION
by

PORTIA GRAYSON

A thesis submitted to the University of Plymouth

in partial fulfilment for the degree of

DOCTOR OF PHILOSOPHY

School of Medicine and Dentistry

October 2021



Acknowledgments

| would like to thank my supervisory team, Dr Bing Hu, Professor Christopher Tredwin and Dr
Louise Belfield. My sincere thanks also go to the collaborators for this project; Professor Kai Yang
from Capital Medical University carried out the rat tooth moment experiment and provided me
with FFPE samples for this work. Special thanks to Dr Yan Gao for all her help with the tooth
movement paper, and to Ms Charlotte lllsley for carrying out some immunofluorescence
staining for this project. Thanks also to Professor Stefan Scheming of Lund University who
provided me with the human bone marrow cells which were essential for this work, and to
Professor Alexander Zambon of the University of California for providing the Ki67 FUCCI viral
reporter system. My thanks also go to Professor Herbert Shea & Dr Alexander Poulin from Ecole
Polytechnique Fédérale de Lausanne for providing the cell stretching model and allowing me the
opportunity to visit and work in their laboratory which was a valuable experience in my

education.

| want to thank my fellow group members Jemma Walker, Donald Singer, Jon Davies, Chloe

Bolton, Charlotte llIsley, Tulay Gulsen, Wai Ling Kok, Tracey Edwards, Yan Gao and Yuying Liu.

Special thanks to Jemma Walker and Tristan Maddick for painstakingly reading through drafts of
this thesis. Last but not least | would like to thank my Grayson and Maddick family, especially

my husband, parents and sister for supporting me in everything | do.



Author’s Declaration

At no time during the registration for the degree of Doctor of Philosophy has the author been
registered for any other University award without prior agreement of the Doctoral College

Quality Sub-Committee.

Work submitted for this research degree at the University of Plymouth has not formed part of

any other degree either at the University of Plymouth or at another establishment.

Word count of main body of thesis: 72,376

Signed: W i Date: 21.10.2021



i. Abstract

The periodontium is a dynamic tissue that undergoes constant remodelling to maintain its
structure and function. There is much evidence in the literature that autophagy can be activated
by both mechanical stretching and inflammation, however the mechanisms involved are highly
context dependant. Autophagy may also be important for bone remodelling in the oral cavity.
Two scenarios where bone remodelling is key to the physiological outcome are orthodontic
tooth movement and inflammatory-induced periodontal disease. This thesis aims to investigate
the hypothesis that autophagy is involved in bone remodelling during orthodontic tooth

movement and periodontal disease.

While the stem cells concerned in both osteogenesis and osteoclastogenesis are different, they
both originate from the bone marrow, therefore the same primary human bone marrow cells
containing the specific stem cell populations required for osteogenesis or osteoclastogenesis
were used to establish in vitro models for mechanical strain and chronic inflammation, and the
activation and differentiation of these bone marrow derived cells were analysed in response to

the conditions created in these model systems.

Orthodontic tooth movement invokes constant mechanical force onto the periodontium, with
tensile stretching force initiating osteogenesis. Mechanical strain is also linked to an increase in

autophagy, a cellular degradation pathway that may be protective or can result in cell death.

The hypothesis was that cells exposed to tensile strain undergo an altered state of autophagic
flux which contributes to osteogenesis. In vivo and in vitro models of tooth movement were used
to analyse osteogenic and autophagy marker expression. Initially tensile strain was found to
increase autophagy but decrease expression of osteogenic markers. However, by 24 hours there
was a decrease in autophagy and osteogenesis marker expression was increased. Artificially

activating autophagy in cells undergoing mechanical stretching resulted in enhanced Runt-

5



related transcription factor 2 (RUNX2) expression, a marker of osteogenic differentiation.
Autophagy activation is perhaps a protective mechanism as an initial response to mechanical

strain, after which osteogenesis may occur.

Patients undergoing orthodontic treatment are at risk of developing periodontitis, a chronic
inflammatory disease caused by the presence of Gram-negative bacteria leading to
inflammation of the periodontium. It is also clear that disease susceptibility and progression are
affected by host factors, however the mechanisms behind this are unknown. Lipopolysaccharide
(LPS) tolerance has been demonstrated in many chronic inflammatory diseases and may
alleviate or exacerbate disease, but its role in periodontitis is not fully established. The
hypothesis was that periodontitis results in LPS tolerance which affects osteoclastogenesis.
Hyaluronan (HA) signalling was explored as a potential mechanism, as HA synthesis is
upregulated in chronic inflammation. This thesis demonstrates that inflammatory monocytes
increase HA synthesis in response to LPS, and that HA enhances differentiation of osteoclast
precursors. However, LPS tolerance of inflammatory monocytes resulted in a rapid reduction in
HA synthesis, which may be autophagy-dependant. This reduction in HA synthesis resulted in a
reduction in osteoclast differentiation, which may explain why periodontal disease associated

alveolar bone loss does not always occur to the same severity in different patients.

In conclusion, autophagy was found to have roles in the regulation of osteogenesis and
osteoclastogenesis under tensile strain and chronic inflammation, respectively, and therefore

may be an appropriate future target for pharmaceutical intervention.
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ii. Abbreviations

Abbreviation Definition

UM Micro-molar

1x Single exposure to LPS

2x Multiple exposure to LPS

A20 Tumour necrosis factor alpha-induced protein 3
AMPK AMP-activated protein kinase

AP-1 Activator protein 1

ATF4 Activating transcription factor 4

ATG3 Autophagy-related 3

ATG4B Autophagy-related 4B

ATG5 Autophagy-related 5

ATG7 Autophagy-related 7

ATG10 Autophagy-related 10

ATG12 Autophagy-related 12

ATG13 Autophagy-related 13

ATG16L1 Autophagy-related 16 like 1

B220 Spice isoform of tyrosine phosphatase CD45
BCA Bicinchoninic acid

BMP Bone morphogenic protein

BSA Bovine serum albumin

C3a Complement component 3a

CD4 Cluster of differentiation 4

CD8 Cluster of differentiation 8

CD14 Cluster of differentiation 14

CD16 Cluster of differentiation 16

CD19 Cluster of differentiation 19

CD29 Cluster of differentiation 29

CD38 Cluster of differentiation 38

CD44 Cluster of differentiation 44

CD45 Cluster of differentiation 45

CD73 Cluster of differentiation 73

CD90 Cluster of differentiation 90

CD105 Cluster of differentiation 105

CD106 Cluster of differentiation 106

CD146 Cluster of differentiation 146

CD166 Cluster of differentiation 166

cDNA Cellular deoxyribonucleic acid

C-FMS Colony stimulating factor 1 receptor
cKit KIT proto-oncogene receptor tyrosine kinase
Ct Cycle threshold

DEPC Diethyl pyricarbonate

DIx5 Distal-less homeobox 5

DMEM Dulbecco modified eagle's medium
DMEM-F12 Dulbecco modified eagle's medium/F12
DMP1 Dentin matrix acidic phosphoprotein 1

12




DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

E.coli Escherichia coli

ECL Enhanced chemiluminescence

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
ERK Extracellular signal-related kinase
FAK Protein tyrosine kinase 2

FBS Foetal bovine serum

FFPE Formalin fixed paraffin embedded
FGF Fibroblast growth factor

FGFR2 Fibroblast growth factor receptor 2
FGFR3 Fibroblast growth factor receptor 3
FGF18 Fibroblast growth factor 18

FIP200 FAK family kinase-interacting protein of 200kDa
FOS Fos proto-oncogene

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GM-CSF Granulocyte macrophage colony stimulating factor
H&E Haematoxylin & eosin

HA Hyaluronan

HARE Hyaluronan receptor for endocytosis
HAS1 Hyaluronan synthase 1

HAS2 Hyaluronan synthase 2

HAS3 Hyaluronan synthase 3

hBMC Human bone marrow cells

HBSS Hank's balanced salt solution

HCI Hydrochloric acid

HMW High molecular weight

HOPs Homotypic fusion and protein sorting
HRP Horseradish peroxidase

HSC Haematopoietic stem cell

IF Immunofluorescence

IFNy Interferon gamma

IFNB Interferon beta

IGF1 Insulin-like growth factor 1

IgG Immunoglobulin G

IgM Immunoglobulin M

Ihh Indian hedgehog

IL1B Interleukin 1 beta

IL4 Interleukin 4

IL6 Interleukin 6

IL8 Interleukin 8

IL10 Interleukin 10

IL12 Interleukin 12

IL13 Interleukin 13

IRAK-M IL-1R-associated kinase-M

IRF3 Inteferon regulatory factor 3

IRF5 Inteferon regulatory factor 5
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ISCT International Society for Cellular Therapy

kDa Kilodalton

Kdo 3-deoxy-D-manno-oct-2-ulosonic acid

LAMP1 Lysosomal-associated membrane protein 1
LBP LPS binding protein

LC3 Microtubule-associated protein 1 light chain 3
LMW Low molecular weight

LPS Lipopolysaccharide

LRP5 LDL receptor related protein 5

M1 Classically activated macrophages

M2 Alternatively activated macrophages

MAC-1 Macrophage-1 antigen

MACS Magnetic-activated cell sorting

MCP1 Monocyte chemoattractant protein 1

M-CSF Macrophage colony-stimulating factor

MD2 Myeloid differentiation factor 2

Mef2 Myocyte enhancer factor-2

MES 2-(N-morpholino)ethanesulphonic acid

MOPS 3-(N-morpholino)propanesulfonic acid

Mreg Regulatory macrophages

MSC Mesenchymal stem cell

mTOR Mammalian target of rapamycin

MyD88 Myeloid differentiation primary response gene 88
NCBI National centre for biotechnology information
NFATC1 Nuclear factor of activated T Cells 1

NF-kB Nuclear factor kappa light chain enhancer of activated B cells
nM Nanomolar

oCT Optimal cutting temperature compound
0OCT4 Octamer-binding transcription factor 4

OPG Osteoprotegerin

OPGL Osteoprotegerin ligand

Osx Osterix

P.gingivalis Porphyromonas gingivalis

p62 Protein 62

PAMPs Pathogen associated molecular patterns

PBS Phosphate buffered saline

PBS-T Phosphate buffered saline & triton

PDL Periodontal ligament

PDLSC Periodontal ligament stem cell

PDMS Polydimethylsiloxane

PE Phosphatidylethanolamine

Pen-Strep Penicillin-streptomycin-antimycotic

PFA Paraformaldehyde

PI3K Phosphoinisitide 3-kinase

PIP2 Phosphatidylinositol 4,5-bisphosphate

PIP3 Phosphatidylinositol (3,4,5)-trisphosphate
PMA Phorbol 12-myristate 13-acetate

PPARy Peroxisome proliferator-activated receptor gamma
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PVDF Polyvinylidene fluoride

Q-PCR Quantitative polymerase chain reaction

RAB7 Ras-related protein Rab 7

RANK Receptor activator of nuclear factor kappa-B
RANKL Receptor activator of nuclear factor kappa-B ligand
Ras Ras proto-oncogene

RELMa Resistin-like molecular alpha

RHAMM Receptor for hyaluronan-mediated motility

RNA Ribonucleic acid

RPMI Roswell park memorial institute medium

RT-PCR Reverse transcription polymerase chain reaction
RUNX2 Runt-related transcription factor 2

SARM Sterile a and HEAT-armadillo motifs-containing protein
Sca-1 Stem cells antigen-1

SHIP-1 SH-2 containing inositol 5' polyphosphatase 1
Shn-3 Ethylene-responsive transcription factor SHINE 3
SLAM Signalling lymphocyte activation molecule
SNARE Soluble N-ethylmaleimide-sensitive factor activating protein receptor
SOCS-1 Suppressor of cytokine signalling 1

SOX2 Sry-box 2

SOX9 Sry-box 9

Statl Signal transducer and activator of transcription 1
TGFB Transforming growth factor beta

THP1 Acute monocyte leukemic human cell line

TIR Toll-interleukin 1

TIRAP TIR domain-containing adaptor protein

TLR2 Toll-like receptor 2

TLR4 Toll-like receptor 4

TMB 3,3',5,5'-Tetramethylbenzidine

TNFa Tumour necrosis factor alpha

Tollip Toll-interacting protein

TRAF3 TNF receptor-associated factor 3

TRAF6 TNF receptor-associated factor 6

TRAM TRIF-related adaptor molecule

TRAP Tartrate-resistant acid phosphatase

TRIF TIR domain-containing adaptor inducing IFN
vegf Transient Receptor Potential

TRPM7 Transient Receptor Potential Melastatin 7
Twist1/2 Twist-related protein 1/2

UcCsC University of California Santa Cruz

ULK1 Unc-51 like autophagy activating kinase

VEGF Vascular endothelial growth factor

WWP1 WW domain containing protein 1
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1 Chapter 1: Literature Review

1.1 Overview

The periodontium, consisting of the gingiva, periodontal ligament, cementum and alveolar bone,
is constantly remodelled in order to maintain its integrity (Tomokiyo, Wada and Maeda, 2019).
Remodelling of any tissue relies on the activation of specific stem cells and their differentiation
to cell types specific to the tissue and need, therefore, an understanding of stem cell biology
and the molecular mechanisms involved is required in order to discuss the remodelling of the
periodontium. Bone homeostasis in particular relies on cycles of resorption and formation of
new bone which are concerned with the differentiation of haematopoietic stem cells (HSCs) to
osteoclasts for mesenchymal stem cells (MSCs) to osteoblasts, respectively (Crockett et al.,

2011).

Many factors can affect the integrity of bone and the periodontium in general, including that of
orthodontic tooth movement or inflammatory diseases such as periodontitis (Krishnan and

Davidovitch, 2006; Tomokiyo, Wada and Maeda, 2019).

In the case of orthodontics, remodelling of the periodontium is required in order for the teeth
to be moved. However, these procedures are not without risks, including enamel
demineralisation, root resorption, periodontal damage and relapse (Wishney, 2017). The
ramifications of these risks on patient health are even more pressing when you consider the fact
that orthodontic procedures have been increasing in popularity in recent years (‘The number of
adults seeking orthodontic treatment in the UK continues to rise’, 2018). Further understanding
the mechanisms behind strain-induced remodelling of the periodontium is required in order to

attempt to reduce these risks and obtain better clinical outcomes for patients.

Periodontium remodelling may also be affected by disease. Periodontitis is an inflammatory
disease that can result in the destruction of the periodontium and alveolar bone resorption

(Hienz, Paliwal and Ivanovski, 2015). This not only affects the stability and function of the
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periodontium itself, but can also cause systemic inflammation which is linked to widespread
health concerns (Hayashi et al., 2010). The destruction of the periodontium causes cells of the
blood to come into contact with the inflamed tissue and the open air inside the oral cavity.
Monocytes, macrophages and other inflammatory cells are then activated by exposure to
bacteria and the inflamed tissue (Page et al., 1997; Al-Qutub et al., 2006). While the prevalence
of periodontitis has risen in recent years, it is difficult to predict which patients are at risk of the
disease, as it does not affect all patients with poor dental health (Al-Qutub et al., 2006). It is
thought that there are underlying mechanisms related to host immunity which affect the
prevalence and progression of periodontitis, which need to be uncovered in order to understand

and treat the disease effectively.

1.2 The Periodontium

1.2.1 Structure & Development
The periodontium consists of the alveolar bone, periodontal ligament (PDL), cementum and

gingiva which provide structural and functional support to the teeth (Figure 1).

Gingiva —
, ﬂ Alveolar Crest
Dentine
J Horizontal
Cementum
PDL - Dblique
Bone +— Apical

Figure 1: The structure of the periodontium and the orientation of the PDL fibre types (adapted by de Jong et
al., 2017). PDL = periodontal ligament.

Gingival tissue consists of epithelial cells and fibroblasts and forms a barrier between the
internal structures of the periodontium and the oral cavity. The sulcular and gingival epithelium

are exposed to the oral cavity and protect the periodontium from microbial infection, while the
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junctional epithelium directly attaches the tooth surface to the sulcular epithelium and the

underlying PDL (Groeger and Meyle, 2019).

The PDL is a connective tissue which supports the tooth within the alveolar bone. The PDL is
found in the space between the bone and tooth and provides shock absorption during biting.
The fibres of the PDL consist mostly of collagen-I and -lll, however oxytalan fibres formed from
elastin are also present (Strydom et al., 2012). Fibre organisation differs in separate areas of the
periodontium, for instance horizontal fibres run perpendicular to the tooth root, while apical
fibres are parallel to the root at the base of the tooth. The PDL is a highly vascularised and
innervated tissue, which aids its nutritive and sensory functions, and contains many cell types
including fibroblasts, which produce the extracellular matrix (ECM) that make up the PDL fibres
(de Jong et al., 2017). It also provides a niche for PDL stem cells (PDLSCs), which aid periodontal
regeneration alongside stem cells from the bone marrow, found within the alveolar bone

(Tomokiyo, Wada and Maeda, 2019; Trubiani et al., 2019).

The PDL is connected to the alveolar process, the portion of bone containing the tooth sockets
and alveolar crest, by attachment to the Volkmann canals within the bone (Nobuto et al., 2003).
PDL fibres are connected to the dentine via the cementum, a mineralised tissue formed along
the dentine surface. PDL fibres develop initially from the cementum side of the PDL space, and
extend to form Sharpey’s fibres at the bone surface. These Sharpey’s fibres, consisting mainly of

collagen-I, are mineralised at the bone surface to anchor the PDL (de Jong et al., 2017).

Cementum consists of both acellular and cellular components; the acellular mineralised tissue
mainly consists of collagen fibres and hydroxyapatite, and physically attaches the PDL to the
dentine (Yamamoto et al., 2016). While the inner workings of the cementum are still unclear, it
is thought that the cementoblasts found in the cellular component are similar to osteoblasts in
their mesenchymal lineage and role in producing matrix (Bosshardt, 2005). However, unlike
bone, cementum is not vascularised or innervated and has a low regenerative capacity (Foster,
2012).
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The alveolar bone of the mandible and maxilla consists of trabecular and cortical bone,
structured with an inner bone marrow compartment surrounded by mineralised osteoid
(Nakamura, 2007). The mineralised portion of bone contains canaliculi, channels within the bone
where interstitial fluid flows and osteocyte processes form a network of connected osteocytes
and osteoblasts (Shapiro, 1988). The bone marrow is an innervated and highly vascularised
environment, containing several cell populations including mesenchymal stem cells (MSCs),
haematopoietic stem cells (HSCs), and cells of each of their respective lineages (Birbrair and
Frenette, 2016). In this way, bone is vital to haematopoiesis, immunity, and the maintenance of
its own and surrounding tissues. The craniofacial bones originate from cells of the neural crest,
which form the bones of the face and anterior skull, while prechordal mesodermal cells produce
the posterior skull (Berendsen and Olsen, 2015). The cells of the cementum and the PDL itself
are also derived from stem cell populations, specifically dental follicle stem cells of mesenchymal

origin (Yao et al., 2008).

1.2.1.1 Bone Development

Skeletogenesis begins when MSCs migrate and condense at the site of future bone formation,
which occurs around embryonic day 10.5 (E10.5) in humans. MSCs on the outside of the
condensations remain undifferentiated, while those on the inside differentiate to chondrocytes
to form cartilage, or osteoblasts to form bone (Hall and Miyake, 1992; Karsenty, Kronenberg and

Settembre, 2009).

The majority of the skeleton is formed by endochondral ossification where cartilage is produced,
mineralised, vascularised, and then remodelled as bone later in development (Karsenty,
Kronenberg and Settembre, 2009) (Shum et al., 2003; Shen, 2005). This is also the case for the
development of the distal portions of the alveolar bone (Kjaer and Bagheri, 1999; Parada and
Chai, 2015). However, the majority of craniofacial bones are formed directly by

intramembranous bone formation, when osteoblasts produce a matrix called osteoid which is
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mineralised to form bone (Crockett et al., 2011). The key molecular events involved in

osteogenesis are discussed in section 1.3.2.2.

1.2.2 Remodelling

Throughout development remodelling of the alveolar bone occurs in order to form the socket
and alveolar crest around the tooth (Parada and Chai, 2015). Postnatally, remodelling of the
periodontium relies on the activation of stem cells from the bone marrow and PDL niches,
however the exact contributions of each stem cell niche to periodontal regeneration are as yet

unknown (Parada and Chai, 2015).

PDLSCs are a sub-set of MSCs that reside in the PDL space between the dentine and alveolar
bone (Zhu and Liang, 2015). They have the capacity to differentiate to multiple lineages in vitro,
including those of osteoblasts, adipocytes, cementoblasts, fibroblasts, myocytes and Schwann
cells (Seo et al., 2004; Osathanon et al., 2013; Pelaez et al., 2017). PDLSCs have comparable
marker expression to other sub-sets of MSCs, including CD73, CD90 and CD105, and they share
an immunomodulatory capacity with MSCs of the bone marrow (Wada et al., 2009; Zhu and
Liang, 2015). However, they differ from MSCs of other origins in their proliferative capacity in
vitro and expression of certain markers involved in cell cycle regulation and stress response
including an increase in CLPP, NQO1 and SCOT1 (Tomokiyo, Wada and Maeda, 2019; Trubiani et
al., 2019). Additionally, the regenerative contribution of PDLSCs comparable to other stem cell

niches is not yet established in periodontal tissue (Parada and Chai, 2015).

The bone marrow contains both MSCs and HSCs which are the progenitors of osteoblasts,
required for osteogenesis, and osteoclasts, specialised for bone resorption, respectively. These
cells are known to contribute significantly to the remodelling of bones throughout the body,

including that of the alveolar bone (Crockett et al., 2011).
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1.3 Cell Fate Determination

The integrity and regenerative capacity of the periodontium can be affected by many factors,
including that of orthodontic tooth movement and periodontitis (Krishnan and Davidovitch,
2006; Tomokiyo, Wada and Maeda, 2019). In order to investigate how these events alter
periodontal regeneration, there must first be an understanding of the stem cells involved and

the molecular mechanisms behind alveolar bone remodelling.

1.3.1 Mesenchymal Stem Cells

1.3.1.1 Defining MSCs

Colony forming units (CFU) were first identified in the bone marrow and defined by their tri-
lineage differentiation potential and adherence to plastic containers in vitro (Friedenstein,
Chailakhjan and Lalykina, 1970; Friedenstein, Gorskaja and Kulagina, 1976). They originate from
the mesoderm during development, hence MSCs, CFUs or stromal cells have since been
identified in numerous other tissues including the peripheral blood, adipose tissue, vascular wall

and dental pulp (Gronthos et al., 2000; Hass et al., 2011; Kramann et al., 2016; Xu et al., 2017).

In the early 2000s the international society for cellular therapy (ISCT) suggested a criteria to
attempt to standardise the identification of these cells (Dominici et al., 2006). Marker panels
used to identify MSCs typically contain cell surface markers, including CD73, CD90, CD105,
CD106 and Stro-1 (Simmons and Torok-Storb, 1991; Dominici et al., 2006; Mabuchi et al., 2013),
intermediate filament proteins like vimentin (Bruno, Chiabotto and Camussi, 2014), and
adhesion molecules such as integrins (integrin a5p1) and cadherins (N-cadherin) (Goessler et al.,
2008; Aomatsu et al., 2014; Zwolanek et al., 2015). Positive markers for HSCs or their
progenitors, for instance CD14, CD19 and CD45 are often used as negative MSC markers
(Pittenger et al., 1999; Colter et al., 2000; Tare et al., 2008). A selection of markers used for MSC
identification has been collated in Table 5. It is also possible to distinguish between MSCs of
different populations, for instance those of the dental pulp express higher levels of CD29 than

bone marrow-derived MSCs (Ponnaiyan and Jegadeesan, 2014).
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Marker Expression Details References
CDh14 Negative Monocyte and macrophage marker Pittenger et al., 1999, Colter et al.,
(haematopoietic lineage) 2000
CD19 Negative B cell marker (haematopoietic Dominici et al., 2006, Tare et al.,
lineage); specified by ISCT criteria 2008
CD29 Positive Integrin B1; cell-ECM adhesion Zwolanek et al., 2015, Tare et al.,
protein 2008
CD44 Positive Cell surface adhesion molecule Pittenger et al., 1999, Tare et al.,
2008
CD45 Negative Leukocyte marker (haematopoietic Pittenger et al., 1999, Colter et al.,
lineage); specified by ISCT criteria 2000, Dominici et al., 2006
CD73 Positive Cell surface adhesion molecule; Pittenger et al., 1999, Dominici et al.,
specified by ISCT criteria 2006
CD90 Positive Cell surface protein; specified by ISCT | Pittenger et al., 1999, Dominici et al.,
criteria 2006
CD105 Positive Cell surface TGFp receptor; specified | Pittenger et al., 1999, Dominici et al.,
by ISCT criteria 2006
CD106 Positive Cell surface adhesion molecule Pittenger et al., 1999, Tare et al.,
2008, Mabuchi et al., 2013
CD146 Positive Cell surface adhesion molecule Tare et al., 2008, Halfon et al., 2011
CD166 Positive Cell surface adhesion molecule Tare et al., 2008, Halfon et al., 2011
Integrin Positive Cell-ECM adhesion protein and Goessler et al., 2008
a5pB1 fibronectin receptor
N-Cadherin | Positive Cell-cell adhesion protein Aomatsu et al., 2014
Stro-1 Positive Cell-surface trypsin-resistant antigen | Simmons & Torok-Storb, 1991, Tare
etal.,, 2008
Vimentin Positive Mesenchyme marker Bruno, Chiabotto & Camussi, 2014

Table 1: The marker expression profile of MSCs (adapted from Tare et al., 2008).

The ISCT criteria also states that MSCs should have the capability to be stimulated to

differentiate to each of the classic lineages described by early papers investigating MSC

differentiation: adipogenic, chondrogenic and osteogenic (Pittenger et al., 1999). As such, these

are the most extensively studied pathways of MSC differentiation and are thought of as the

minimum differentiation requirement of suspected MSCs.

1.3.1.2  MSC Differentiation

MSCs may differentiate into a multitude of cell types in adult tissue, depending on the specific

cues the cells receive (Nombela-Arrieta, Ritz and Silberstein, 2011). The classic differentiation

lineages are to form osteoblasts for osteogenesis, adipocytes for adipogenesis, or chondrocytes

for the production of cartilage (Figure 2), however MSCs also have the capacity for other

lineages, such as those involved in tenogenesis and myogenesis (Kolf, Cho and Tuan, 2007).
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Figure 2: MSC differentiation; MSCs become activated and differentiate to specific lineages depending on the
expression of key transcription factors. SOX9 causes chondrogenesis, RUNX2 causes osteogenesis and PPAR-y
causes adipogenesis (adapted from Long, 2012). MSC = mesenchymal stem cell, SOX9 = sry-box 9, RUNX2 =
runt-related transcription factor 2, PPAR-y = peroxisome proliferator-activated receptor gamma.

MSC stemness is maintained by leukaemia inhibitory factor (LIF), fibroblast growth factor (FGF),
particularly FGF2, and Wnt signalling. The actions of these proteins promote the expression of
sry-box 2 (SOX2) and octamer-binding transcription factor 4 (OCT4), both of which are
associated with pluripotency (Tsutsumi et al., 2001; Jiang et al., 2002; Boland et al., 2004;
Izadpanah et al., 2006). Differentiation of MSCs is reliant on three master transcription factors;
runt-related transcription factor-2 (RUNX2) for osteogenesis, peroxisome proliferator-activated
receptor gamma (PPARYy) for adipogenesis, or sry-box 9 (SOX9) for the chondrogenic lineage

(Kolf, Cho and Tuan, 2007; Long, 2012; Chen et al., 2016) (Bi et al., 1999).

In vitro differentiation of MSCs to the osteogenic lineage is achieved through a well-established
treatment protocol, using ascorbic acid, B-glycerol phosphate and dexamethasone (Jaiswal et
al., 1997; Peter et al., 1998). Dexamethasone stimulates and enhances differentiation of MSCs,

while ascorbic acid (vitamin C) is required for the production of collagen-I, the main component
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of osteoid, and B-glycerol phosphate is involved in late stage differentiation and mineralisation

(Song, Caplan and Dennis, 2009; Langenbach and Handschel, 2013; Yuasa et al., 2015).

1.3.2 Osteogenesis

1.3.2.1 Defining Osteoblasts and Osteocytes

Osteoblasts are cuboidal cells of 20-30uM in size which are mostly found lining the periosteum
and endosteum of the bone (Doherty et al., 1995; Rutkovskiy, Stenslgkken and Vaage, 2016).
Active osteoblasts are highly secretory and therefore contain large endoplasmic reticulum (ER)
and Golgi complexes (Nakamura, 2007). The activation of MSCs to differentiate into osteoblasts
is associated with many transcription factors, however RUNX2 is often used as a marker due to
its role as the so-called master transcription factor of osteogenesis. RUNX2 not only has roles in
the cell fate determination of MSCs to osteoblast and osteocyte lineages, but also in bone matrix
deposition, which is the outcome of osteogenesis (Kolf, Cho and Tuan, 2007; Chen et al., 2016).
Active osteoblasts are associated with osteoid production and mineralisation, which can be
determined by staining for calcium deposits with alizarin red, 1,2-dihydroxyanthraquinone
(Hoyte, 1960). Alkaline phosphatase is required for osteoid mineralisation and is therefore
highly expressed in osteoblasts. It is often used as a histological marker of these cells, however
this enzyme is also expressed in perivascular mesenchymal progenitor cells (Nakamura, 2007;

Gerlach et al., 2012).

After a period of active osteoid secretion and mineralisation, osteoblasts may further
differentiate into osteocytes or they may become quiescent and are then referred to as bone
lining cells. Both of these cells types can be distinguished from osteoblasts by their low alkaline
phosphatase activity (Nakamura, 2007). Bone lining cells are flatter in shape and have less
developed ER and Golgi as their secretory function is greatly reduced. Osteocytes are terminally
differentiated cells of osteoblast-lineage that become embedded in the bone (Nakamura, 2007).
They have a distinctive morphology with several cytoplasmic processes that connect via gap

junctions to form a network with other osteocytes or osteoblasts on the bone surface. These
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osteocyte processes possess a highly developed actin cytoskeleton, which is implicated in the
role of these cells as mechanosensors (Nakamura, 2007). Mechanical strain that is propagated
into the bone is thought to be sensed by disruption of this actin cytoskeleton, and the signal
propagated across the network of osteocyte processes (Klein-Nulend, Bacabac and Bakker,
2012; Cowin and Cardoso, 2015). Osteocytes also contain mechanosensitive ion channels, which
open on exposure to mechanical strain, and this flux of ions across gap junctions is thought
confer mechanical signals through the network of osteocytes and to osteoblasts on the bone

surface (Ypey et al., 1992; Jgrgensen et al., 2003; Nakamura, 2007).

1.3.2.2 Osteoblast Differentiation

Expression of the RUNX2 transcription factor is necessary for the differentiation of MSCs to
osteoblasts (Komori et al., 1997; Otto et al., 1997). SMAD-dependant transforming growth factor
beta (TGFPB) signalling and canonical Wnt signalling have been implicated in upregulating RUNX2
expression (Hill et al., 2005; Chen, Deng and Li, 2012). Wnt signalling is particularly important to
MSC fate determination, as it not only causes upregulation of RUNX2 but also downregulation
of SOX9 to drive osteogenic differentiation (Komori et al., 1997; Otto et al., 1997; Rodda and

McMahon, 2006; Kim et al., 2013).

RUNX2 belongs to the Runt protein family which all share the Runt DNA-binding domain. RUNX2
binds and activates Colllal, Bsp, and Bgp genes, inducing the production of collagen-I, bone
sialoprotein and osteocalcin, respectively (Ducy et al., 1997). As osteoblasts differentiate they
first upregulate their expression of TGFB receptors and osteopontin (Rutkovskiy, Stenslgkken
and Vaage, 2016). They also produce collagen-I, the major component of osteoid which is the
unmineralized, organic component of bone (Murshed, 2018). Downstream of RUNX2, the
Osterix (Osx) transcription factor is crucial for osteoblast differentiation. It contains a zinc-finger
domain and interacts with nuclear factor of activated T Cells 1 (NFATC1) to activate further
transcription of Coll1al (Nakashima et al., 2002; Koga et al., 2005). Osteoblasts then begin to

express alkaline phosphatase, the enzyme required for mineralisation of osteoid (Siffert, 1951),
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and upregulate expression of calcium phosphatase, dentin matrix protein 1 (DMP1) and
osteocalcin to aid mineralisation (Rutkovskiy, Stenslgkken and Vaage, 2016). Osteocalcin also
provides structural support to the new bone, being the second most abundant protein present

in bone after collagen-I (Komori et al., 1997) (Figure 3).

MSC Pre-Osteoblast Pre-Osteoblast Osteoblast Osteocyte
@ —— (0 —> / —> —>

RUNX2 Osteopontin DMP1

Osterix Collagen 1 Alkaline phosphatase

TGFB Osteocalcin Calcium phosphatase

Figure 3: Osteoblast differentiation; MSCs differentiate to pre-osteoblasts, which highly express TGF8 and the RUNX2
and osterix transcription factors. This causes upregulated of osteopontin, osteocalcin and collagen-1 for the secretion
of osteoid. Late stage osteoblasts express DMP1, alkaline phosphatase and calcium phosphatase, which aid in the
mineralisation of osteoid. Some osteoblasts may further differentiate to osteocytes which are embedded in the bone
(adapted from Rutkovskiy, Stenslgkken & Vaage, 2016). MSC = mesenchymal stem cell, RUNX2 = runt-related
transcription factor 2, TGF8 = transforming growth factor beta, DMP1 = dentin matrix protein 1.

Late stage differentiation of osteoblasts requires FGF18 signalling through FGFR2 and FGFR3, as
seen with fgf18 knockout mice whose osteoblast progenitors never fully mature (Ohbayashi et
al., 2002) (Lefebvre and Bhattaram, 2010). Osteoblast function relies on the expression of
activating transcription factor 4 (ATF4), which stimulates amino acid import into osteoblasts to

enhance the synthesis of collagen-I (Yang and Karsenty, 2004; Yang et al., 2004).

Osteoblast differentiation and function is highly regulated to ensure controlled osteogenesis
occurs only where needed. During development RUNX2 is negatively regulated by Twist1/2
interacting with its Runt DNA-binding domain (Bialek et al.,, 2004). Postnatally, RUNX2
expression is tightly controlled by several factors. For instance, myocyte enhancer factor-2
(Mef2) and distal-less homeobox 5 (DIx5) bind to an enhancer upstream of RUNX2 to prevent its
activation and therefore regulate RUNX2 transcription (Kawane et al., 2014). Ethylene-

responsive transcription factor SHINE 3 (Shn-3) regulates RUNX2 activation by recruiting WW
30



domain containing protein 1 (WWP1), an E3 ligase, which works to degrade RUNX2 before it can
be translocated to the nucleus. This was demonstrated in Shn-3 knockout mice which had
accumulation of RUNX2 protein in osteoblasts causing upregulation of osteogenesis and
increased bone mass (Jones, 2006). Additionally, signal transducer and activator of transcription
1 (Statl) negatively regulates osteogenesis by preventing RUNX2 translocation to the nucleus
which, as a transcription factor, is crucial for its function (Kim et al., 2003; Karsenty, Kronenberg

and Settembre, 2009).

Osteoblasts and osteocytes are also thought to have a role in bone resorption to some degree,
as they produce collagenase and matrix metalloproteinase (MMP13) which degrade collagen in
the bone and ECM (Sakamoto and Sakamoto, 1982; Nakamura et al., 2004). This is thought to

be a regulatory process, to supplement bone resorption by osteoclasts (Nakamura, 2007).

In fact, there are several instances of cross-talk between osteoblasts and osteoclasts
demonstrated in the literature (Zhang et al., 2003; Fuchs, Tumbar and Guasch, 2004). Osteoblast
and osteoclast interactions have been demonstrated via cell-cell contact and cytokine release
(Chen et al., 2018), for instance osteoblasts are known to secrete macrophage colony
stimulating factor (M-CSF) and have receptor activator of nuclear factor NF-kB ligand (RANKL)
bound to their membrane; two key components in the differentiation of osteoclasts (Lacey et
al., 1994). Additionally, notch signalling causes osteoblasts to produce osteoprotegerin (OPG), a
negative regulator of osteoclastogenesis (Bucay et al., 1998; Engin et al., 2008). Osteoclasts can
also affect osteogenesis by producing complement component 3a (C3a), a protein involved in
the complement inflammatory cascade which stimulates osteoblast differentiation (Matsuoka
et al., 2014). Tartrate-resistant acid phosphatase (TRAP), a marker of osteoclast function, may
also be linked to osteogenesis regulation, as osteoblasts from TRAP knockout mice produced
higher levels of osteogenesis proteins RUNX2 and osteocalcin, and had accelerated osteoid

mineralisation compared to controls (Hayman, 2008). Additionally, osteoblasts on the inner
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surface of bone maintain contact with quiescent HSCs, the progenitor cells of osteoclasts, until

they begin to differentiate (Zhang et al., 2003; Fuchs, Tumbar and Guasch, 2004).

1.3.3 Haematopoietic Stem Cells

1.3.3.1  Defining HSCs

HSCs are a population of clonogenic cells able to give rise to all blood cell lineages (Eaves, 2015).
They were first discovered in 1961 when bone marrow cells which had been injected into mice
prior to exposure to radiation were found to be able to form colonies of cells in the spleen and
survive the effects of the radiation, unlike controls (Till and McCulloch, 1961). Early work
examining these spleen colony-forming-units, which are now thought to contain HSCs, found
them to be a heterogenous population of cells, some with the capacity to self-renew or to
differentiate into a multitude of haematopoietic lineages (Siminovitch, McCulloch and Till,

1963).

Modern definitions of HSCs are more based on cell surface antigen expression. While there is
some heterogeneity in HSCs in vivo (Uchida et al., 1993; Sieburg et al., 2006), generally HSCs are
positive for stem cells antigen-1 (Sca-1) and also express low levels of CD90 which is lost in
differentiated cells (Berman and Basch, 1985; Spangrude, Heimfeld and Weissman, 1988). cKit
is critical for maintenance of HSCs, with loss-of-function mutations causing a decrease in HSC
populations in mice (Sharma, Astle and Harrison, 2007). In 2005 a defining protocol was put
forth which used a profile of signalling lymphocyte activation molecule (SLAM) family genes in
an attempt to further define and purify HSCs and their progenitors (Kiel et al., 2005). These SLAM
codes are generally accepted as a good method of distinguishing HSCs from myeloid or
macrophage, megakaryocyte, multipotent or lineage-restricted progenitors, with relatively few
markers (Kiel et al., 2005). Additionally, HSCs can be defined by their negative expression of a
panel of differentiated cell markers, known as ‘Lineage"®’; these include MAC-1 for
myelomonocytes, CD4 and CD8 for T cells, and B220, a splice isoform of CD45, for B cells

(Spangrude, Heimfeld and Weissman, 1988).
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HSCs are derived from the mesoderm, and initially reside in the aorto-gonado-mesonephros
region of the embryo at E10.5 in mice. In adult tissue HSCs are primarily found in the bone
marrow (Mdiller et al., 1994; Medvinsky and Dzierzak, 1996) where they are thought to make up
one in every ten thousand cells (Szilvassy et al., 1990). When quiescent, adult HSCs reside in a
hypoxic niche of the bone marrow, and if activated they re-join the cell cycle and either produce

progeny to replenish the stem cell niche or differentiate (Nombela-Arrieta et al., 2013).

1.3.3.2  HSC Differentiation

HSCs have the capacity to differentiate into all cells of the blood therefore any defects in HSC
formation, self-renewal or differentiation may affect haematopoiesis and/or the immune
response. The plasticity of HSCs decreases as they differentiate from short-term HSCs to
multipotent progenitor cells, which each have a shorter capacity of self-renewal (Kondo et al.,
2003; Shizuru, Negrin and Weissman, 2005). HSCs may then differentiate into either common
lymphoid progenitors or common myeloid progenitor cells (Figure 4). Lymphoid progenitors may
further differentiate into Natural Killer (NK) cells, dendritic cells, B cells or T cells. Downstream
of myeloid progenitors are erythrocytes and platelets (from megakaryocyte-erythroid
progenitor cells), neutrophils, eosinophils and basophils (from myeloblasts), and macrophages
(from monocytes) (Kawamoto et al., 2010; Eaves, 2015; Hamey et al., 2017). HSC differentiation

to the monocyte lineage is required for the formation of osteoclasts.
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Figure 4: HSC differentiation; HSCs differentiate from long-term to short-term HSCs, then to MPPs, before either
CLP or CMP cells. From these avenues they may further differentiate into many cell types in the blood and
tissues. (adapted from Shizuru, Negrin & Weissman, 2005). HSC = haematopoietic stem cell, MPP = multipotent
progenitor cell, CLP = common lymphoid progenitor, CMP = common myeloid progenitor.

Monocytes are a type of leukocyte with roles in innate and adaptive immunity, angiogenesis and
tissue remodelling (Jakubzick, Randolph and Henson, 2017) that usually reside in the peripheral

blood or the spleen (Swirski et al., 2009).

The key marker for identifying monocytes and other myeloid progenitors is CD14, which is highly
expressed on the plasma membrane and binds LPS in a complex with toll-like receptor 4 (TLR4)
and myeloid differentiation factor 2 (MD2) to cause downstream upregulation of cytokines
(Wright et al., 1990; Lee et al., 1992). There are two subtypes of monocytes based on their
marker expression; classical monocytes strongly express CD14 and are negative for CD16

expression, while non-classical monocytes are positive for both CD14 and CD16. The classical
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monocytes are the type most prevalent in humans (Passlick, Flieger and Ziegler-Heitbrock,
1989). Differentiation of HSCs to monocytes occurs in the bone marrow and is stimulated by M-
CSF, after which monocytes are able to migrate to the bloodstream and to other tissues where
they may differentiate to resident macrophages or dendritic cells (Stanley, Chen and Lin, 1978;

Wiktor-Jedrzejczak and Gordon, 1996).

Macrophages are large leukocytes, approximately 20-50uM in diameter, that are involved in
antigen presentation and phagocytosis of cells and pathogens (Tearney et al., 2003). There are
several sub-types of macrophages, which change type depending on the specific needs of the
organism, in a process referred to as macrophage polarisation. Classically activated
macrophages (M1) are inflammatory, and on the recognition of a potential threat, proliferation
of M1 macrophages is strongly increased. There is some debate over the characterisation of
other macrophages; some scholars designate alternatively-activated macrophages (M2) as
being involved in wound-healing, while regulatory macrophages (Mreg) are anti-inflammatory
to regulate immune response. However, others include anti-inflammatory macrophages under
the M2 classification also (Murray et al., 2014). Alternatively, macrophage polarisation has been
described as a spectrum, rather than a set of distinct populations, which allows for greater
flexibility in recognising and understanding their function (Mosser and Edwards, 2008). For
instance, macrophages residing in adipose tissue are usually similar to the regulatory
macrophages involved in wound healing, however they may become more M1-like in obese

individuals (Lumeng, Bodzin and Saltiel, 2007).

Macrophage polarisation depends on many varied stimuli, including cytokines, growth factors
and pathogen-associated molecular patterns (PAMPs). M1 macrophages are induced by
cytokines such as interferon-gamma (IFNy), granulocyte macrophage colony stimulating factor
(GM-CSF), or exposure to PAMPs such as LPS (Verreck et al., 2004; Martinez and Gordon, 2014;
Murray et al., 2014). They express the nuclear factor kappa light-chain enhancer of activated B

cells (NF-kB) transcription factor, which causes upregulation of tumour necrosis factor alpha
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(TNFa) and IFNy signalling, and downstream production of cytokines including IL1, IL6, IL8 and
IL12 (Wang, Liang and Zen, 2014). M2 macrophages may be activated by IL4, IL13 or M-CSF and
are responsible for the production of insulin-like growth factor 1 (IGF1) for fibroblast
proliferation, and resistin-like molecule alpha (RELMa) which encourages further production of
ECM components (Mosser and Edwards, 2008). Mregs are induced by the recognition of IL10,
IgG complexes, glucocorticoids, or apoptotic cells. They result in the upregulation of anti-

inflammatory cytokine IL10 and TGFB (Mantovani et al., 2004; Martinez and Gordon, 2014).

Macrophage polarisation is relevant to osteoclast differentiation as osteoclasts also originate
from the monocyte lineage. Therefore, if there are signals for macrophages to polarise to a
specific phenotype, there may be fewer osteoclast precursors available to differentiate to active
osteoclasts. An example of this is with IL4, which causes polarisation to M2 macrophages and
inhibits osteoclast differentiation (Moreno et al., 2003). However, the interplay between
macrophage polarisation and osteoclast differentiation is not so straightforward; While the
differentiation and polarisation of macrophages to the M1 phenotype may mean there are less
pre-monocytes available to differentiate to osteoclasts, some inflammatory conditions are
accompanied by bone loss. In fact, some papers designate RANKL-activated macrophages as an
M1 phenotype, however these are distinct to LPS-induced M1 macrophages, both in their
cytokine expression profiles and ability to differentiate to osteoclasts (Jeganathan et al., 2014;

Huang et al., 2017).

1.3.4 Osteoclastogenesis

1.3.4.1 Defining Osteoclasts

Osteoclasts are large multi-nucleated cells involved in the resorption of mineralised tissue. They
are essential for the development and maintenance of bone, and in the context of oral health
specifically they allow for the modification of the alveolar bone seen in tooth eruption and

orthodontic tooth movement (Okaji et al., 2003; Holliday et al., 2009; Wise, 2009).
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Osteoclasts are structured with a clear zone anchoring the cell to the bone, and a ruffled border
adjacent to the mineralised surface being resorbed (Nakamura, 2007). They are large cells, up
to 100uM in length, with at least three nuclei but usually more (Kleinhans et al., 2015). They are
characterised as staining positive for tartrate-resistant acid phosphatase (TRAP) which was once
used as a specific osteoclast marker in histology however it has also been found to be expressed
by macrophages and osteoblasts (Hayman, 2008). Nevertheless, TRAP staining is still used as a
method of identifying osteoclasts, alongside other characteristics such as nuclei number and the
expression of markers including osteoclast-associated receptor (OSCAR), cathepsin K, integrin
B3 and calcitonin receptor (Arai et al., 1999; Marino et al., 2014; Tevlin et al., 2014) (Lee,

Goldring and Lorenzo, 1995).

Identifying active osteoclasts, either in vivo or in vitro, requires proof of resorption usually by
measuring the size of resorption pits left behind in mineralised tissue (Vesprey and Yang, 2016).
In vitro this may be set up by seeding osteoclasts onto a slice of dentine or bone. The pattern of
pit resorption, either round or long, may also indicate differences in osteoclast activity (Merrild
et al., 2015). Once osteoclasts are deactivated they lose their distinctive ruffled border

morphology and detach from the bone surface (Fukushima, Bekker and Gay, 1991).

1.3.4.2 Osteoclast Differentiation and Activation

Osteoclasts are formed from the differentiation of HSCs to the myeloid lineage, whereby
osteoclast precursors fuse to form large, multinucleated cells (Figure 5) (Boyle, Simonet and
Lacey, 2003). These osteoclast precursors express CD14 and receptor activator of nuclear factor
NF-kB (RANK) and are generally found in the bone marrow and peripheral blood (Matsuzaki et
al., 1998; Schlegel et al., 2000), however may also be found in other areas of the body and
different sub-sets may have different marker expression and differentiation potential. There is

also some heterogeneity within osteoclast precursors of the same location, for instance cKit
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positive bone marrow cells were found to have greater differentiation potential towards

becoming osteoclasts than their cKit negative counterparts (Hayashi et al., 1997).

HSC Monocyte Pre-Osteoclast Fused Polykaryon Osteoclast
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Figure 5: Osteoclast differentiation; osteoclast precursor cells in the bone marrow differentiate into monocytes
in response to M-CSF. Monocytes differentiate to osteoclasts with exposure to M-CSF and RANKL. Osteoclast
precursor cells fuse to form multi-nucleated osteoclasts that are TRAP positive. Osteoclasts become polarised
with a distinct morphology anchored to the bone surface. NFATC1 stimulates the activation of osteoclasts with
the production of OSCAR and Cathepsin K (adapted from Boyle 2003 and Kim & Kim, 2016). HSC =
haematopoietic stem cell, NF-kB = nuclear factor kappa light-chain enhancer of activated B cells, NFATC1 =
nuclear factor of activated T Cells, TRAP = tartrate-resistant acid phosphatase, OSCAR = osteoclast-associated
receptor.

Two proteins essential for osteoclast differentiation are M-CSF and RANKL. The importance of
M-CSF was discovered when an osteopetrosis mouse model, caused by M-CSF deficiency, was
found to have decreased numbers of tissue-resident macrophages and osteoclasts compared to
controls (Naito et al., 1991). RANK knockout mice were also found to have severe osteopetrosis

due to an absence of osteoclasts (Dougall et al., 1999; Li et al., 2000)

Stromal cells produce M-CSF which binds to colony stimulating factor 1 receptor (c-Fms) on
osteoclast precursors, causing RANK to be expressed and promoting their proliferation and
differentiation to macrophages (Arai et al., 1999). RANKL is expressed on the osteoblast plasma
membrane and on proteolytic cleavage is released into the microenvironment where it binds to
its receptor, RANK (Lum et al., 1999). This initiates the recruitment of osteoclast precursors and
their adherence to bone, as well as cell fusion and differentiation to mature, multi-nucleated
osteoclasts (Bucay et al., 1998; Burgess et al., 1999; O’Brien, Williams and Marshall, 2000;
Kearns, Khosla and Kostenuik, 2008). Downstream of RANK activation, NF-kB and cFos are

upregulated and NFATC1 is expressed, causing terminal differentiation of osteoclasts
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(Takayanagi et al., 2002; Asagiri et al., 2005). NFATC1 is a transcription factor responsible for the
expression of TRAP, OSCAR and cathepsin K, all of which are important to osteoclast function
(Matsumoto et al., 2004; K. Kim et al., 2005; Y. Kim et al., 2005). OSCAR is part of the leukocyte
receptor complex family, and has roles in regulating the immune response, as well as
propagating an activation signal in osteoclasts (Kim et al., 2002). Cathepsin K is a protease that
degrades collagen and bone matrix (Gelb et al., 1996). One substrate of the TRAP enzyme is
osteopontin, which is secreted by osteoblasts to encourage the adherence of osteoclasts to
bone. TRAP dephosphorylates osteopontin which causes osteoclasts to detach from bone. In

this way, TRAP may have a regulatory role in bone homeostasis (Ek-Rylander et al., 1994).

There are several methods of differentiating osteoclast precursors to mature osteoclasts in vitro.
The treatment of osteoclast precursor cells with M-CSF and RANKL seems to be the most
common method. Generally, M-CSF is added first to stimulate macrophage differentiation,
followed by the addition of RANKL to promote cell fusion and further differentiation to
osteoclasts (Wani et al., 1999; Cody et al., 2011; Marino et al., 2014). Alternatively, direct co-
cultures of osteoblasts with HSCs have been shown to produce osteoclasts (Takahashi et al.,
1988). Prostaglandin E2 and vitamin D3 stimulate osteoblasts to produce M-CSF and RANKL,
therefore are useful in stimulating osteoclast differentiation in cultures where osteoblasts are
also present (Marino et al., 2014). Seeding osteoclast precursors at a high density effectively

increases the osteoclast yield in vitro (Tevlin et al., 2014).

Negative regulation of osteoclastogenesis is necessary to prevent aberrant bone loss. One
regulatory mechanism involves osteoprotegerin (OPG), which is produced by osteoblasts and
acts to competitively bind RANKL to prevent downstream activation of RANK on osteoclast
precursors (Bucay et al., 1998). This process is tightly controlled by the production of OPG-ligand
(OPGL), which binds to OPG in place of RANKL, negating the inhibitory effect on osteoclast
production (Burgess et al., 1999). In addition, active osteoclasts may be deactivated by increased

cytoplasmic calcium, or recognition of the hormone calcitonin. This results in cytoskeleton
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disruption and detachment of the osteoclast from the bone surface, effectively halting

resorption (Holloway et al., 1997, Nakamura, 2007).

1.4 Factors affecting Bone Remodelling

Bone is constantly remodelled throughout life according to chemical and mechanical cues
related to development and growth. This consists of a resorption phase where old bone is
removed, followed by the formation of new bone. Maintaining bone homeostasis requires a
tightly controlled balance of osteogenesis & osteoclastogenesis, and there are several clinical
and pathological conditions that alter these processes in the periodontium and the skeleton as
a whole. The two factors that are focused on in this thesis are mechanical strain and

periodontitis, which are discussed in more detail in sections 1.4.1 and 1.4.2.

Other factors that are not discussed in this thesis but may still be pertinent to bone remodelling

as a whole are:

e Mutations of genes involved in osteoblast or osteoclast differentiation and function eg.
RUNX2, Collal, Colla2, BMP1, Wntl, LRP5, RANK and Osteocalcin (Kornak and
Mundlos, 2003; Boudin and Van Hul, 2017).

e Deficiencies in certain vitamins and minerals eg. vitamin C is required for collagen
production (Murad et al., 1981), and vitamin D promotes osteoblast differentiation and
expression of osteocalcin, osteonectin and alkaline phosphatase, which are all required
for osteogenesis (Clarke, 2008). Calcium and calmodulin signalling regulate NFATC1
expression, and therefore have roles in regulating osteoclast activation (Kim and Kim,
2016).

e Hormonal changes, eg. oestrogen is thought to prevent apoptosis of osteocytes
therefore deficiencies in oestrogen, as seen in menopause, reduce osteocyte number
which effectively reduces their capacity to regulate osteogenesis (Plotkin et al., 2005).
Insufficient oestrogen levels lead to decreased OPG being produced and increased

osteoclastogenesis as a result (Bucay et al., 1998; Riggs, 2000).
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1.4.1  Mechanical Strain

One factor which is of particular interest to the dental field is that of mechanical strain. It is well
established that mechanical forces can affect bone mass and strength; Examples include tennis
players which have larger bones in their playing arm, and bed-bound patients or astronauts who
lose bone mass with lack of use or reduced gravity (Goodship et al., 1998; Haapasalo et al., 2000;
Klein-Nulend et al., 2003). However, much is still unknown about the exact effects these forces

have on the cell and the molecular mechanisms involved.

Mechanical strain is utilised in several clinical scenarios to remodel bone, with one such method
being in orthodontic treatments whereby the alveolar bone is remodelled to allow the teeth to
be moved (Krishnan and Davidovitch, 2009). Orthodontic tooth movement utilises both tensile
stretching and compression forces on different areas of the periodontium in order to remodel
the alveolar bone (Figure 6). Broadly, the compression of one side of the periodontium causes
bone resorption, while the constant tensile stretching of the bone and surrounding tissues on
the side away from the direction of tooth movement stimulates osteogenesis (Krishnan and

Davidovitch, 2009; Kitaura et al., 2014).

Orthodontic Force
Tensile Strain ~ Compression
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Figure 6: Orthodontic tooth movement causes bone remodelling; Compression activates osteoclasts to resorb bone,
while tensile strain activates osteogenesis and new bone is formed (adapted from Kitaura et al., 2014). PDL =
periodontal ligament.

There is a rising demand for orthodontic treatments in the UK, especially in adult patients

between 26-40 years of age (‘The number of adults seeking orthodontic treatment in the UK
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continues to rise’, 2018). However, these procedures are not without their risks, including that
of root resorption, enamel demineralisation, damage to the periodontium and an increase in
the rate of caries which can compromise the stability and functionality of the periodontium,
resulting in further health complications (Wishney, 2017). There is also the issue of relapse,
where the teeth move back towards their original position after the orthodontic treatment has
finished. While some studies have demonstrated a high percentage of relapse, it is dependent
on many factors and therefore difficult to determine the risk to the individual patient (Little,
Riedel and Artun, 1988; Littlewood, Kandasamy and Huang, 2017). Current clinical advice often
involves the use of retention devices, that may be removeable or fixed retainers, however this
requires a life-long commitment from the patient (Littlewood, Kandasamy and Huang, 2017).
Even if the orthodontic procedure does not encounter these risks, they are still painful and take
months or years to complete, therefore there is a demand for new molecular targets to reduce

the time and cost as well as improve the clinical outcomes of orthodontic treatment.

Distraction surgery is another technique that uses mechanical forces to stimulate bone growth,
and is used in many aspects of orthopaedic and craniomaxillofacial surgery. It consists of five
stages; firstly, the bone is separated via an osteotomy and a distractor is surgically fitted across
the gap. A latency period of 5-7 days allows for healing of the surgical site and for the distractor
to become stable within the bone (McCarthy et al., 2001). The distractor contains a screw that,
when turned, increases the gap between the two sides of the bone, allowing for gradual
separation in the distraction phase (Natu et al., 2014). Initial wound healing mechanisms are
employed, including the migration of inflammatory cells, and vascular endothelial growth factor
(VEGF) initiates angiogenesis (Cano et al., 2006). During the early stages of distraction
osteogenesis, there is an increase in OPG, a negative regulator of osteoclastogenesis.
Experiments using bisphosphonates have demonstrated that blocking osteoclastogenesis during
distraction osteogenesis or fracture healing leads to increased bone mass, due to a delay in the
onset of bone resorption (Smith et al., 2004). However, measured osteoclast activity is required

in order to remove the old bone and make way for osteogenesis. The mechanical strain
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employed initiates osteoblast differentiation and osteogenesis, and mineralisation occurs after
10-14 days (Karp et al., 1992; Natu et al., 2014). This strain usually consists of tension or
stretching force, however distraction devices that apply tension and compression forces have
been trialled and shown to have some success in regenerating cartilage as well as bone (Schuelke
et al., 2018). After the distraction phase, a consolidation period of 8 to 12 weeks allows for

healing of the site before the distractor is removed (Natu et al., 2014).

1.4.1.1  Mechanotransduction

Cells may be subjected to different types of mechanical strain, which are broadly categorised
into tension/tensile, compression or shear stress (Chen, 2008) (Figure 7). These forces may be
the result of outside influences as with orthodontic tooth movement, or by internal processes
such as the forces exerted on the periodontium during tooth eruption. Internal causes of
mechanical strain include cytoskeleton changes, the movement of blood through the
vasculature, muscle contraction or tissue growth, all of which may be potent signals (Henderson
and Carter, 2002; Ingber, 2006; Shwartz, Blitz and Zelzer, 2013). Mechanotransduction, the
conversion of mechanical stimulus to a chemical response, is thought to cause direct changes to
gene expression, protein conformation, molecule recruitment and effectors such asion channels
(Orr et al., 2006; Jaalouk and Lammerding, 2009; Lecuit, 2010). Mechanotransduction has been
shown to propagate signals much faster than diffusion or translocation-based signalling, and
mechanical forces have even been shown to displace organelles such as mitochondria up to
20uM (Wang et al., 2001; Na et al., 2008). In this way, mechanical strain can have widespread
effects on cellular processes, however in many cases the downstream effects are unknown.
Mechanosensors include the cytoskeleton, cilia, cell-cell adhesion complexes and focal
adhesions which connect the cell to the ECM (Jaalouk and Lammerding, 2009). Systems such as
these are particularly important, as force that deforms a random place on the cell membrane
will only have local effects, but force applied to integrins can be propagated right into the cell

(Wang et al., 2001).
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There is a theory called the tensegrity model which states that cells have an inbuilt tension in
their cytoskeleton that allows them to withstand mechanical forces (D E Ingber, 1997; D. E.
Ingber, 1997). This tension is produced by contraction of myosin motor proteins within
microfilaments in the cytoskeleton, which is increased on repeated exposure to strain (Xu, Tseng
and Wirtz, 2000; Ingber, Wang and Stamenovi¢, 2014). This tension or pre-stress is said to reduce
free movement and prime the cytoskeleton for an immediate response to any external forces
(Ingber, 2008). In this way, the configuration of the cytoskeleton is important to the cells’
reaction to strain; pre-stress of the cytoskeleton allows for a more efficient reaction to strain,
while the cytoskeleton is also key to mechanotransduction (McBeath et al., 2004; Ingber, 2008).
Additionally, changes in cell morphology begin with changes to the cytoskeleton, and this is also

seen in stem cells as they differentiate (Yourek, Hussain and Mao, 2007; Treiser et al., 2010).
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Figure 7: Mechanotransduction; Mechanical strain, including tensile, compressive or shear strain, can activate
mechanosensitive ion channels, or the force can be propagated into the cell via focal adhesion complexes or
through the movement of the cytoskeleton (adapted from Guilak et al., 2009, Martino et al., 2018). ECM =
extracellular matrix.

There are many known biological effects of mechanical strain, with more being uncovered as
the field develops. Dysfunction of mechanotransduction is implicated in many diseases,
including cancer metastasis and muscular dystrophy (Jeanes, Gottardi and Yap, 2008; Jaalouk
and Lammerding, 2009). The most commonly used example is that of mechanosensitive hair
cells in the inner ear. These stereocilia are precisely aligned and connected together at their tips
by tip links. Sound wave vibrations move the cilia, causing mechanical strain at the tip links which
results in the opening of ion channels and downstream signalling (Meyer et al., 2005; Muhamed,
Chowdhury and Maruthamuthu, 2017). Noise induced hearing loss can occur when exposure to
long periods of loud sound causes the hair cells to become damaged and die (Watanabe et al.,

2005; Jaalouk and Lammerding, 2009).
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Additionally, mechanical forces are involved in many aspects of development, including that of
the blood vessels, heart, lung, kidney and bone (Serluca, Drummond and Fishman, 2002;

Gutierrez, Suzara and Dobbs, 2003; Mammoto et al., 2009; Mammoto and Ingber, 2010).

One example is in the development of functional, contracting muscle which allows for the onset
of embryonic movement. The importance of embryonic movement to development is shown in
fetal akineia deformation sequence, a syndrome characterised by limb and craniofacial
deformities and abnormal growth caused by movement restrictions in utero (Shwartz, Blitz and
Zelzer, 2013). In fact, muscle contractions directly regulate the formation of bone ridges as sites
of attachment for tendons to bone during development (Blitz et al., 2009; Berendsen and Olsen,
2015), and muscular dysgenesis mice which lack muscle contraction were found to have reduced

chondrocyte proliferation and subsequently smaller skeletal growth plates (Blitz et al., 2009).

Mechanical loading has been investigated in relation to chondrocyte and osteoblast
differentiation, both essential to bone development. In vitro, primary chondrocytes exposed to
periodic matrix deformation which altered their mechanical environment had increased
expression of collagen-X, a marker of terminal differentiation of these cells (Wu and Chen, 2000).
In several animal studies, periodic strain on the mandible was found to increase the production
of Indian hedgehog (Ihh), an important signal in chondrocyte and osteoblast differentiation (Ng
TC, Chiu KW, Rabie AB et al.,, 2006). Additionally, osteoblasts express a number of
mechanosensitive ion channels including Piezol/2 and Transient Receptor Potential (TRP)
channels (Katsianou et al., 2018). In particular Polycystin-1, a member of the TRPP family, has
been demonstrated to instigate osteogenic differentiation of PDL-derived pre-osteoblasts by

upregulating RUNX2 expression in response to tensile strain (Dalagiorgou et al., 2013).

Mechanical loading also influences the size, shape and mass of bone; during development force
exerted by developing muscle was found to influence bone length (Sharir et al., 2011), but this
is also seen postnatally; for instance, in the example described above of tennis players having
larger bones in their racket arms and bed-bound patients losing bone mass due to the lack of
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strain from movement or gravity (Haapasalo et al., 2000; Shwartz, Blitz and Zelzer, 2013). One
paper utilising a microgravity model demonstrated that osteoblasts have much lower expression
of Piezol, a mechanosensitive ion channel, in response to decreased mechanical. In this instance
Piezol was found to have roles in MSC differentiation to the osteoblast lineage and Peizol
knockout mice had defects in osteogenesis, demonstrating the significance of mechanical strain
to bone remodelling (Sun et al., 2019). Additionally, osteoporosis patients were found to have
decreased levels of Piezol, a mechanosensitive ion channel which upregulates RUNX2

expression in osteoblasts in response to shear stain (Zhou et al., 2020).

Strain-related bone remodelling is altered with age, with younger individuals having a stronger
and more efficient response to changes in mechanical loading than older individuals. This is
thought to be related to a reduction in MSC abundance and plasticity with age (Pearson and
Lieberman, 2004; Pekovic and Hutchison, 2008; Berendsen and Olsen, 2015). Changes in strain
cause MSCs to reorganise their actin cytoskeleton and alter their nuclear pores, which has the
capacity to directly influence activation and differentiation (Pekovic and Hutchison, 2008; Swift
et al., 2013; Berendsen and Olsen, 2015). The actin cytoskeleton has been shown to stimulate
MSC differentiation to osteoblasts by propagating mechanical signals directly into the nucleus
(Sen et al., 2015, 2017). Additionally, different mechanical strain profiles have been shown to
have different effects on differentiation (Engler et al., 2006; Kurazumi et al., 2011). One paper
demonstrated that different mechanical environments had opposite effects on stem cell
differentiation, as culturing MSCs on soft gels was neurogenic, gels of medium stiffness were
myogenic and culturing on stiff gels or glass was osteogenic (Engler et al., 2006). Reorganisation
of the cytoskeleton was found to be key to this change, which may be due to substrate stiffness
mimicking the different tissues of the body, for instance brain tissue has less rigidity than bone.
Attempts to elucidate the effects of mechanical stress on MSCs have established that fluid shear
stress causes MSCs to differentiate to osteoblasts via Transient Receptor Potential Melastatin 7
(TRPM7), a mechanosensitive ion channel that upregulates Osterix expression (Y. S. Liu et al.,

2015). This is physiologically relevant with the movement of interstitial fluid inside the canaliculi,
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channels inside the bone (Wittkowske et al., 2016). The shear stress produced by the movement
of the fluid is thought to be sensed by the dendritic processes of osteocytes, via its actin
cytoskeleton (Klein-Nulend, Bacabac and Bakker, 2012; Cowin and Cardoso, 2015). These cells
are mechanosensors and are known to regulate bone resorption by interacting with osteoblasts,
however the exact mechanisms underlying how mechanotransduction in osteocytes may cause

MSC differentiation to osteoblasts are unclear.

Compression force has been established to have a chondrogenic effect on MSCs, perhaps
mimicking the tightly packed environment of MSC condensations during development (Luo and
Seedhom, 2007). MSCs exposed to periodic tensile strain seem to start expressing early
osteogenic markers, including alkaline phosphatase and bone morphogenic protein 2 (BMP2)
(Sumanasinghe, Bernacki and Loboa, 2006). However, little is known about the effects of
constant tensile strain on MSC differentiation, which is relevant to the periodontium during

orthodontic tooth movement.

1.4.1.2  Stretching Models

Several strain models are used in the literature to mimic the effects of mechanical strain under
different clinical scenarios (Kamble et al., 2016; Muhamed, Chowdhury and Maruthamuthu,
2017). In vivo tooth movement has been carried out in rodent, canine, porcine and rabbit
models, although more so in rat and dog models than other species (Meikle, 2005; Persson,
2005; lbrahim et al., 2017). Rat models are useful in terms of rodents’ prevalence in in vivo
research as a whole, with many cellular processes being well-established in this model.
Additionally, husbandry is relatively inexpensive and the ability to use transgenic models allows
for greater flexibility in experiment design. However, tooth movement experiments often cause
an initial reduction in bone volume in rats which is not seen in canine models (Ibrahim et al.,
2017). Canine models have also been used in periodontal research for many years, however
recently they appear to be being phased out due to ethical reasons (Bayne et al., 2015; Sneddon,

Halsey and Bury, 2017). Care must be taken in choosing the correct method for translational
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research and understanding its limitations, for instance rodent incisors are constantly occluded
due to gnawing behaviour therefore they are constantly growing, unlike human incisors

(Warshawsky et al., 1981).

A classic rat tooth movement experiment attaches the first molar to an orthodontic spring which
is anchored to the incisor to allow for movement of the molar towards the incisor tip (Nakano
et al., 2014; Hikida et al., 2016). While these achieve effective tooth movement, the growth of
the incisor means that the device needs to be re-adjusted, typically every week. This method
can also be achieved by surgically implanting a device into the alveolar bone to attach the
orthodontic spring to. These skeletal anchorage devices do not require re-adjustment of the
device therefore are better for long-term studies, however this method requires more invasive
surgery than others (Kaipatur et al., 2015). These methods are generally used to apply constant

tensile strain, similar to that used by current orthodontic methods.

Step-wise bite jumping appliances may be used which move the mandible intermittently (Ng TC,
Chiu KW, Rabie AB et al.,, 2006; Oksayan, Sokucu and Ucuncu, 2014). Devices to apply
compressive loads have also been used to examine periodontal compression in relation to jaw
movement or orthodontic tooth movement (Magara et al., 2012). Aside from tooth movement
models, other in vivo models of mechanical strain involve spinal cord compression in rats and
the effects of forced ventilation on mice (Abrams et al., 2009; Xue et al., 2013). With many of
these in vivo models, measuring the amount of strain is a challenge; some papers use strain
gauges or track magnets with MRIs, while others compare microCT images of before and after

strain (Huang et al., 2019).

For in vitro models, microfluidic devices are well-established for use in investigating shear stress
(Qi, Hoelzle and Rowat, 2012), however compression strain is more difficult to apply and
maintain in vitro (Anderson and Johnstone, 2017). Some methods involve compressing cells via
capillary action or by placing agarose sheets and coverslips or weights onto monolayer cultures,
although it is difficult to control the precise amount of compression the cells are receiving (King,
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Veltman and Insall, 2011). Compression systems are commercially available however the level
and duration of strain is more limited than with the majority of tensile strain models (Alihemmati
et al., 2017). Early experiments produced tensile strain in vitro using micropipettes, forceps or
magnets (Sun et al., 2004; Sniadecki et al., 2008; Kamble et al., 2016). While these were
effective, it was difficult to quantify the amount of strain applied, to ensure the strain was given
to the correct axis (for instance uniaxial or biaxial strain), or to do long-term or high throughput
experiments. Current in vitro models often rely on flexible culture plates composed of silicone
or polydimethylsiloxane (PDMS) membranes. These allow for the use of normal cell culture
techniques for the most part, however these materials are hydrophobic and therefore require
coating to allow cell attachment. Commonly used coating solutions include collagen, fibronectin
or laminin coating, which are fairly simple and inexpensive (Halldorsson et al., 2015). Sometimes
hydrogels, collagen gels or sponges are used to mimic the ECM and provide a 3D environment
for cells (Wu and Chen, 2000; Kanayama et al., 2008; Tondon and Kaunas, 2014). Alternatively,
alginate or gelatine scaffolds or hydrogels are used to mimic the in vivo situation (Altman et al.,
2002; Awad et al., 2004; Guilak et al., 2009). However, depending on the cell stretching
mechanism used, these gels or scaffolds may deform differently in some areas to others,
meaning not all cells are exposed to the same level or direction of strain at the same time. More
precise methods of applying tensile strain are achieved in vitro through computer-controlled
mechanical motors or pneumatic actuators acting on flexible PDMS membranes (Neidlinger-
Wilke et al., 1994; Ahmed et al., 2010; Huh et al., 2010; Moraes et al., 2010; Simmons et al.,
2011; Huang and Nguyen, 2013). Alternatively, microelectromechanical systems (MEMS) and
electromagnetic devices use actuators controlled by an electric charge, which again can be
controlled on a computer for more precise application of strain (Kamotani et al., 2008; Harshad
et al., 2016; Poulin et al., 2016). One such device produced by Professor Herbert Shea’s lab was
trialled as an in vitro cell stretching model for this thesis. Additionally, a commercial system

produced by Strex was used which used PDMS-based well plates (Tondon and Kaunas, 2014;
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Koseki et al., 2019; Yamada et al., 2019). The comparison and optimisation of these stretching

devices is discussed in section 3.2.2.

1.4.2 Periodontitis

Inflammation is known to stimulate osteoclast differentiation and activation, as is evidenced in
some inflammatory disorders that exhibit excessive bone loss. One such disease that is of
particular interest to the dental field is periodontitis. Periodontitis describes a chronic
inflammatory disease of the oral cavity stimulated in response to bacteria forming a plaque
biofilm over the tooth surface which extends below the gingival barrier (Figure 8). Cytokines and
growth factors, such as TNFaq, IL1, IL6, IL17, and TGFB activate T-cells and dendritic cells and
cause them to produce RANKL, the key factor involved in osteoclast differentiation (Cochran,
2008; Hienz, Paliwal and Ivanovski, 2015). Additionally, inflammation causes osteoblasts to
express monocyte chemoattractant protein 1 (MCP1) to recruit circulating osteoclast precursors
to the bone surface which then differentiate into active osteoclasts (Graves, Jiang and Valente,
1999; Chen et al., 2018). This increase in osteoclast activity is not balanced by osteogenesis,
resulting in alveolar bone loss, the destruction of the periodontium and subsequent tooth loss
(Wiebe et al., 1996; Hienz, Paliwal and Ivanovski, 2015). Inflammatory cues have previously been
established to alter the activation or differentiation status of stem cells and immune regulation
is inbuilt into many facets of macrophage polarisation, activation and differentiation (Pietras,
2017; Yang, Yu and Zhou, 2017; Cafiero et al., 2018). Therefore, there are many stages where

osteoclast differentiation may be affected by a dysregulated immune system.
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There are several species of bacteria associated with periodontal disease, however
Porphyromonas gingivalis (P.gingivalis) is the most commonly studied as an increase in the
prevalence of this species in the oral cavity unbalances the microbiome of patients with
periodontitis. Local inflammation ultimately leads to an increase in the number of active
osteoclasts which is not balanced by osteoblasts, and results in net alveolar bone loss (Cochran,

2008; Hienz, Paliwal and Ilvanovski, 2015).

Healthy Periodontium Periodontitis

Gingiva 7_\
Dentine J Pocket
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PDL - Bone Resorption
Bone +—

Figure 8: Periodontitis; In advanced periodontitis, excess inflammation results in alveolar bone loss and
destruction of the gingiva leading to deep periodontal pockets (adapted from Fan & Cook, 2004). PDL =
periodontal ligament.

Periodontitis can also activate monocytes that circulate to other parts of the body, and there is
some evidence for P.gingivalis itself travelling through the bloodstream and causing
inflammation at other sites (Hayashi et al., 2010). Links have been made between periodontal
disease and stroke (Sfyroeras et al., 2012; Chi et al., 2019), rheumatoid arthritis (Detert et al.,
2010), diabetes (Lakschevitz et al., 2011), cardiovascular disease (Belstrgm et al., 2012; Nguyen
et al., 2015) and pre-term births in pregnant women (Katz et al., 2009; Faas et al., 2014).
Between 2005 and 2015 there was an increase of 25.4% in the cases of periodontal disease
recorded worldwide, therefore considering the prevalence of this health condition it is even
more important to understand the mechanisms behind the disease (GBD 2015 Disease and

Injury Incidence and Prevalence Collaborators, 2016).

52



While the elevated presence of P.gingivalis is commonly associated with periodontal disease, it
is not considered to be solely responsible for causing the disease and its associated health
detriments, but rather that factors within the host play a large role (Page et al., 1997; Al-Qutub
et al., 2006). It is thought to be the host’s innate immune system reacting to the presence of the
pathogen which is ultimately responsible for alveolar bone loss, and may explain how some
patients with good oral health have periodontitis while others with poor dental health practices
never develop the disease (Al-Qutub et al., 2006). However, the exact mechanisms involved

remain unknown.

1.4.2.1 Lipopolysaccharide (LPS)

In periodontitis, cells in the periodontal pocket are constantly exposed to bacterial stimuli,
specifically that of lipopolysaccharide (LPS), a molecule found in the cell walls of Gram-negative
bacteria. It was originally referred to as endotoxin as it was thought to be a toxin released into
the environment by bacteria after destruction of their cell wall, compared to exotoxin which
were readily released into the environment (Rietschel and Cavaillon, 2003). The current
understanding is that LPS is released from the cell wall on the destruction of the bacterium and

actively secreted via outer membrane vesicles (Beveridge, 1999).

Generally, LPS consists of a polysaccharide O-antigen, an outer and inner polysaccharide core,
and lipid A (Figure 9). The structure and function of LPS as well as its downstream signalling
potential in mammalian cells has mostly been characterised using Escherichia coli (E.coli) LPS,
however many of the key structures are conserved across other Gram negative species (Raetz

and Whitfield, 2002).
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Figure 9: LPS chemical structure and location; LPS is located in the outer membrane of Gram-negative bacteria
and consists of lipid A, core polysaccharide and O-antigen. The lipid A and inner polysaccharide core are highly
conserved however the outer core and O-antigen differ between bacterial serotypes. The O-antigen has
between 4 and 40 replicates of the same structural unit, although only one is demonstrated here. (adapted from
Bagheri, Keller & Dathe, 2017, Beutler & Rietschel, 2003). LPS = lipopolysaccharide.

Lipid A is a hydrophobic phospholipid found in the outer membrane of Gram-negative bacteria,

and was found to be the endotoxic component of LPS capable of stimulating the inflammatory

response (Beutler and Rietschel, 2003). On destruction of the bacterium, lipid A molecules are

released from where they are anchored in the bacterial membrane, and may cause harmful

downstream effects on the host, including septic shock. The two phosphate groups and two

acyloxyacyl groups that comprise the basic structure of lipid A are conserved across the majority

of Gram-negative bacteria (Raetz and Whitfield, 2002).

Lipid A is attached to the rest of the LPS molecule by a polysaccharide core. This core is divided

into an inner, which is bound to lipid A, and an outer, which attaches to the O-antigen. The inner

core is structured as a chain of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues which is

conserved across the majority of Gram-negative bacteria (Rietschel et al., 1994). The structure

of the outer core is more varied across different species (Raetz and Whitfield, 2002).
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The O-antigen is a polysaccharide chain extending from the outer core to the cell surface of the
bacterium. It has roles in attempting to prevent activation of the host’s complement system, a
cascade of proteins that ultimately leads to the destruction of the pathogen (Joiner et al., 1983;
Whitfield, Amor and Koplin, 1997; Raetz and Whitfield, 2002). Across different species the O-
antigen has perhaps the most structural diversity compared to other parts of LPS, with changes
in the length and orientation of the chain, as well as acetylation or glycosylation modifications.
Additionally, some species, such as Salmonella minnesota, contain rough LPS which does not

contain an O-antigen at all (Triantafilou, Triantafilou and Fernandez, 2000).

Differences in LPS structure are seen between bacterial species and serotypes, altering which
receptors are activated on the host and therefore the downstream signalling activated. Two
species of note for this work are E.coli and P.gingivalis. E.coli is a prevalent, pathogenic strain of
Gram negative bacteria which is associated with many human diseases, including sepsis,
pneumonia, meningitis and urinary tract infections (Eisenstein and Jones, 1988; Marrie et al.,
1998; Conceicdo et al., 2012). It is well characterised in terms of its LPS structure, signalling and
downstream effects on its host, therefore it is useful to study both as a positive control and to
investigate the molecular mechanisms of inflammation and its effect on other processes in the
host cell. E.coli LPS causes activation of the TLR4 receptor present on many human cells including

macrophages, and the downstream signalling described earlier in this section.

P.gingivalis LPS has a similar structure to that of E.coli LPS, however it differs in in the number
of lipid A molecules, their position and phosphorylation (Kumada et al., 1995; Darveau et al.,
2004; Reife et al., 2006). Currently there is some debate over which host receptors are activated
by P.gingivalis LPS, which mainly centres around toll-like receptors (TLRs) 2 and 4. The general
consensus has been that both TLR2 and TLR4 are activated (Bainbridge, Coats and Darveau,
2002; Darveau et al., 2004; Nativel et al., 2017), however some papers argue that P.gingivalis
LPS acts exclusively through TLR4 and that studies citing activation of TLR2 have issues with LPS

purity (Nativel et al., 2017). It is important to note that these observations were specific to mice,
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and that human studies may demonstrate activation of TLR2. In addition, P.gingivalis LPS
activates an immune response in C3H/HelJ mice which do not have TLR4 activity (Kirikae et al.,
1999; Hirschfeld et al., 2001). Therefore, for the purpose of this work both TLR2 and TLR4 were

considered when P.gingivalis LPS was used.

1.4.2.1.1 Signalling & Inflammation

Recognition of LPS by macrophages is known to cause inflammation as the host attempts to
tackle the pathogen (Figure 10). This involves the upregulation of cytokines and recruitment and
activation of phagocytes and antigen-presenting cells (Beutler and Rietschel, 2003). The
downstream effects of LPS signalling are mediated by its receptors, including TLRs and CD14. In
addition to LPS, CD14 and TLRs 2 and 4 can also be stimulated by other PAMPs or endogenous

molecules, such as hyaluronan (HA) (Termeer et al., 2002).
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Figure 10: LPS signalling,; LBP binds LPS and presents it to CD14, which facilitates its binding to TLR4 and MD2.
Downstream of TLR4 signalling, AP-1 and NF-kB are activated and cytokines are produced that may act on the
cell to further activate or attempt to modulate inflammation. MyD88-dependant signalling also results in IRF5
upregulation, while MyD88-indepdendant signalling causes IRF3 production (adapted from Lu, Yeh & Ohashi,
2008).

LPS binding protein (LBP) binds LPS in plasma and transports it to cells of myeloid lineage, where
it may interact with cell surface receptors such as CD14 and TLR4 (Tobias, Soldau and Ulevitch,
1986; Wright et al., 1990; Ryu et al., 2017). CD14 binds LPS and regulates downstream signalling
by chaperoning it to TLR4 (da Silva Correia et al., 2001). TLR4 was discovered as an LPS receptor
when C3H/HeJ mice were found to have a spontaneous point mutation in the Lps locus, a
homologue of the human TLR4 gene, which eliminated any response to LPS exposure (Heppner
and Weiss, 1965; Watson and Riblet, 1974, 1975). TLR4 forms a complex with MD2 and once
activated will dimerize and stimulate a signalling cascade via its intracellular toll-interleukin 1

(TIR) domains. Several proteins contain a TIR binding domain which confers downstream
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signalling by TLR4, including myeloid differentiation primary response gene 88 (MyD88), TIR
domain-containing adaptor protein (TIRAP), TIR domain-containing adaptor inducing IFNf
(TRIF), TRIF-related adaptor molecule (TRAM), and sterile a and HEAT-armadillo motifs-
containing protein (SARM). There are thought to be two main signalling cascades connected to
LPS activation of TLR4; MyD88-dependant signalling utilises MyD88 and TIRAP and induces the
expression of inflammatory cytokines, while MyD88-independent signalling involves TRIF and
TRAM proteins and induces interferon (IFN) production for immune regulation (Akira and
Takeda, 2004). MyD88-independent signalling also causes LPS-induced endocytosis of TLR4,

which is CD14-dependant (Z. Jiang et al., 2005; Kagan et al., 2008; Zanoni et al., 2011).

Both pathways result in the activation and nuclear translocation of the nuclear factor kappa
light-chain enhancer of activated B cells (NF-kB) and activator protein 1 (AP-1); transcription
factors with roles in cytokine upregulation (Lu, Yeh and Ohashi, 2008). Downstream of LPS-
dependant TLR4 signalling, macrophages produce IL1, IL6, IL8, IL12, and TNFa (Akira and
Kishimoto, 1992; Tichomirowa et al., 2005). Each of these cytokines may then bind to receptors
on macrophages themselves. These autocrine loops stimulate and regulate the inflammatory
response, including the production of prostaglandin E2, IFN-B, TGFB, IL10 and macrophage

inhibitory protein (MIP-1a) (Xaus et al., 2000; Arango Duque and Descoteaux, 2014).

P.gingivalis is also said to cause inflammation by activating the complement system, as its
gingipain, a protease secreted by the bacteria, cleaves C5 to form C5a which activates C5aR to
trigger inflammation and TLR2-dependant cross-talk with leukocytes (Hajishengallis, Darveau
and Curtis, 2012). On activation, TLR2 forms heterodimers with TLR1 for downstream activation
of the MyD88-dependant pathway, or TLR6 for MyD88-independent signalling, resulting in NF-
kB and AP-1 activation and downstream cytokine production (Oliveira-Nascimento, Massari and
Wetzler, 2012). Dimerization with TLR1 is associated with Gram negative bacteria, while dimers

with TLR6 occurs due to recognition of Gram positive bacteria (Farhat et al., 2008). In addition
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to certain forms of LPS, TLR2 is also activated by lipoproteins and peptidoglycan (Lien et al.,

1999).

Chronic exposure to LPS can cause tolerance whereby the host’s innate immune response is
diminished, either as a survival mechanism or the result of a dysregulated immune system (Raetz
et al., 1991). Periodontitis is an example of how changes in inflammation may alter osteoclast
activation and result in disease, therefore it stands to reason that LPS tolerance, which
drastically modulates the immune response, may have roles in disease either by contributing to
or protecting against it. Therefore, this thesis attempted to investigate whether LPS tolerance

plays a role in disease progression by studying its effect on osteoclast differentiation.

1.4.2.1.2 LPSTolerance

LPS tolerance describes when cells that have been exposed to repeated LPS treatment exhibit a
diminished inflammatory response compared to cells exposed to LPS only once. It is also related
to concentration, with repeated low level LPS exposure allowing the organism to withstand
subsequent exposure to lethal levels of LPS (Heremans et al., 1990; Wilson et al., 1997; Rocksén
et al., 2004; Maitra et al., 2012). Tolerance has been described both in vivo and in vitro, and with
exposure to native LPS and non-toxic or synthetic forms of LPS such as MPLA (Qureshi et al.,
1998; Stark et al., 2016; Vergadi, Vaporidi and Tsatsanis, 2018). It results from the persistent
activation of TLRs causing the innate immune system to be reprogrammed (Biswas and Lopez-
Collazo, 2009; Vergadi, Vaporidi and Tsatsanis, 2018). A cell that has been tolerized to LPS has
lower expression of inflammatory cytokines TNFa, IL1 and IL6, and upregulation of anti-
inflammatory cytokines such as IL10, on further exposure to LPS (Medvedev, Kopydlowski and

Vogel, 2000).

There have been several LPS tolerance mechanisms proposed where TLR4 is altered in some way
to prevent downstream signalling (Figure 11). Some papers suggest a decrease in the expression
of TLR4 or modifications to the receptor (Medvedev et al., 2007), however several studies have
demonstrated that there is not a decrease in TLR4 expression in cells tolerized to LPS (Medvedev
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and Vogel, 2003; Medvedev et al., 2007). Post-translational modifications of proteins involved
in TLR4 signalling are altered in tolerized cells; this includes impaired phosphorylation of TLR4
and its downstream signalling partners TIRAP, MyD88 and IL-1R-associated kinase (IRAK)-Myd88
complexes (Medvedev et al., 2007), and the ubiquitination of IRAK1, TNF receptor-associated
factor (TRAF) -3 and -6, which leads to their degradation and inhibition of signalling through
these mediators (Boone et al., 2004; Xiong et al., 2011; Li et al., 2016). Cells tolerized to LPS also
have increased expression of negative regulators of TLR4 signalling, including Toll-interacting
protein (Tollip), SH-2 containing inositol 5' polyphosphatase 1 (SHIP-1), suppressor of cytokine
signalling 1 (SOCS-1), and tumour necrosis factor alpha-induced protein 3 (A20) (Piao et al.,
2009; Xiong and Medvedev, 2011). In fact, one paper demonstrated that LPS tolerance is not
achievable if SHIP-1 is inhibited or knocked out (Sly et al., 2004). Additionally, the activation of
microRNAs that target IRAK1 and TRAF6 in tolerised cells prevents downstream Myd88-
dependant signalling (Nahid et al., 2009; Curtale, Rubino and Locati, 2019). There may also be
an epigenetic cause, with one paper demonstrating TLR-induced chromatin modifications that
cause inflammatory genes to be silenced and anti-inflammatory genes to be primed for
activation (Foster, Hargreaves and Medzhitov, 2007). All of these factors ultimately lead to
inhibition of TLR signalling, decreased expression of the NF-«kB transcription factor, and a
subsequent reduction in inflammatory cytokine expression (Béhrer et al., 1997; Fan and Cook,

2004).
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Figure 11: The molecular mechanisms behind LPS tolerance; repeated exposure to LPS results in a reduction in
inflammatory cytokine expression and an increase in anti-inflammatory proteins. There are several known
inhibitors of various parts of MyD88-dependant TLR signalling that are implicated in LPS tolerance, however the
exact mechanisms remain unknown (adapted from Biswas & Lopez-Collazo, 2009, Lopez-Collazo & Fresno,
2013).

LPS tolerance may be a sign of a dysregulated immune system, however it was originally thought
to be a survival mechanism and there is still evidence for this in the literature. While
inflammation is a survival mechanism, it can have detrimental effects on the organism if it is not
well controlled. For instance, excess NF-kB and TNFa are thought to be responsible for the
potentially toxic effects of inflammation seen in conditions such as sepsis, as they maintain high
cytokine production which leads to tissue damage (Wentowski, Mewada and Nielsen, 2019).

Sepsis describes an acute intravascular infection, resulting in a large and prolonged
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overproduction of inflammatory cytokines and subsequent organ failure (van der Bruggen et al.,
1999; Wentowski, Mewada and Nielsen, 2019). LPS tolerance has been observed in septic
patients or models of sepsis; in one example, neutrophils that were isolated from the blood of
a septic patient did not exhibit an increase in inflammatory cytokine production when exposed
to a subsequent LPS challenge ex vivo, unlike control cells from a healthy patient (McCall et al.,
1993). Similarly, cells tolerized to low levels of LPS have been found to survive a subsequent
lethal dose of LPS, or have an attenuated inflammatory response to treatment with a higher
concentration of LPS which could cause inflammatory tissue damage (Heremans et al., 1990;

Wilson et al., 1997; Rocksén et al., 2004; Maitra et al., 2012).

However, patients that survive sepsis have an altered immune response which makes them
vulnerable to further infections (Munoz et al., 1991), similar to what is seen in cystic fibrosis
patients who became immunocompromised following tolerance to LPS (del Fresno et al., 2008,
2009). This is sometimes called compensatory anti-inflammatory syndrome, and demonstrates
that LPS tolerance may also cause health concerns (Bone, Grodzin and Balk, 1997; Adib-Conquy

and Cavaillon, 2009).

LPS tolerance has been well established to occur in monocytes and macrophages, however it
has also been demonstrate in neutrophils and epithelial, endothelial and dendritic cells in the
literature (Ogawa et al., 2003; Fekete et al., 2012; Glnther et al., 2017; Vergadi, Vaporidi and
Tsatsanis, 2018). Since osteoclasts come from the monocyte lineage, we considered two
hypotheses regarding LPS tolerance for this thesis: Firstly, that tolerised monocytes or
macrophages altered osteoclast differentiation in periodontitis, and secondly that the osteoclast
precursors themselves were tolerised to LPS which affected their differentiation to functional

osteoclasts.

In addition to investigating the effect of LPS tolerance on osteoclast differentiation, Hyaluronan
(HA) signalling was considered as a potential mechanism for several reasons. Not only is HA
synthesis upregulated in chronic inflammation, but HA has roles in modulating stem cell
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activation and differentiation (Vigetti et al., 2010; Cyphert, Trempus and Garantziotis, 2015).
Most significantly to this work, signalling via high molecular weight (HMW) HA has been shown
to inhibit osteoclast differentiation and has been investigated regarding periodontal wound

healing (Luo and Seedhom, 2007; Fujioka-Kobayashi et al., 2017).

1.4.2.2  Hyaluronan

HA is a glycosaminoglycan consisting of alternating D-glucuronic acid and N-acetyl D-
glucosamine disaccharide molecules bound by B1,3 and B1,4 glycosidic bonds (Figure 12). It is a
prominent component of the ECM, providing structure, elasticity and shock-absorbance to the
tissue, and hydration to the surrounding cells due to its hydrophilic properties (Day and
Prestwich, 2002; Vigetti, Karousou, et al., 2014). HA has also been identified to have signalling
properties, with roles in inflammation, cell migration, division, activation and differentiation

(Cyphert, Trempus and Garantziotis, 2015).
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Figure 12: Hyaluronan structure and synthesis; A: HA is composed of repeating units of glucuronic acid and N-
acetyl glucosamine; B: HAS enzymes produce HA into the extracellular space (adapted from Wheeler-James,
Farrar & Pitsilldes, 2010, Tammi et al., 2011). HA = hyaluronan, ECM = extracellular matrix, UDP = urine
diphosphate, NAD = nicotinamide adenine dinucleotide, NADH = nicotinamide adenine dinucleotide + hydrogen.

The substrates required for HA synthesis are formed from the conversion of N-acetyl
glucosamine 1-phosphate to urine diphosphate (UDP) N-acetyl glucosamine (UDP-GIcNAc) and
the production of UDP-glucuronic acid (UDP-GLcUA) by the removal of a hydrogen from UDP-

glucose. The removal of UDP from these substrates produces a disaccharide chain of alternating
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GLcUA and GIcNAc molecules, forming HA (Wheeler-Jones, Farrar and Pitsillides, 2010; Moretto

et al., 2015; Kuipers et al., 2016) (Figure 12).

Glycosaminoglycans often have many modifications including acetylation and sulfation,
however HA does not undergo any of these modifications and is not branched, meaning it is a
simple molecule that differs only in the number of disaccharide chains it possesses (Vigetti,
Karousou, et al., 2014). HA molecules can be as large as 10* kDa, and any HA molecule of
approximately 800 kDa or more is designated as high molecular weight (HMW) (Toole, 2001; Li
et al., 2007). The definition of low molecular weight (LMW) HA can vary from paper to paper,
however it often includes molecules below 25 disaccharides, or approximately 10 kDa (West et
al., 1985; Weigel and Baggenstoss, 2017). These distinctions are significant, as HMW and LMW
HA often have opposite signalling effects. Additionally, the molecular weight may also impact
HA’s role in the ECM. Many papers demonstrate that as HA size decreases, the molecule
undergoes a conformational change from a coil to a rod (Mendichi, Soltés and Giacometti
Schieroni, 2003; La Gatta et al., 2010). This has implications in its role as a structural molecule,

as the large, coiled molecules are more flexible than smaller, rod-like HA (La Gatta et al., 2010).

Unlike other glycosaminoglycans, HA is not synthesised in the Golgi apparatus but instead is
produced into the extracellular space by hyaluronan synthases (HAS) in the plasma membrane
(Laurent and Fraser, 1992). There are three types of these enzymes in mammals; HAS1 and HAS2
are associated with HMW HA, whilst HAS3 produces LMW HA (Tammi et al., 2011). Additionally,
LMW HA is also formed when HMW HA molecules are degraded by hyaluronidases, free radicals,
or lysosomes if HA is internalised by the cell (Greenwald and Moy, 1980; Soltés et al., 2006;

Girish and Kemparaju, 2007).

In adult tissue, expression of HAS enzymes is stimulated by TGFpB, IL-1B, TNFa, FGF2, EGF or
PDGF, which can be expressed locally or by circulating cells such as monocytes (Jacobson et al.,
2000; Oguchi and Ishiguro, 2004; Tammi et al., 2011). HAS2 is the most ubiquitous HAS enzyme
present in adult mammalian cells, and synthesis of HA via this enzyme is stimulated by
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inflammatory cytokines and NF-kB signalling (Vigetti et al., 2010). It has been suggested that HA
synthesis by HAS2 requires ubiquitination of K190, a lysine residue in the intracellular domain
HAS, and dimerization of HAS2, either as a homodimer or a heterodimer with HAS3 (Karousou
et al., 2010; Tammi et al., 2011). HAS1 requires a higher concentration of UDP-GICUA and UDP-
GlcNAc for HA synthesis than the other enzymes, therefore is more active in hyperglycaemia
when the proportions of these disaccharides are high (Rilla et al., 2013). HAS3 is highly expressed
in inflammatory conditions, upregulating production of LMW HA (Saari, 1991; McKee et al.,

1996) (Kultti et al., 2006; Tammi et al., 2011).

Once translated, HAS enzymes are transported from the ER to the Golgi then to the plasma
membrane, which is a glucose-dependant process (Millegger et al., 2003; Tammi et al., 2011).
HAS enzymes have been observed intracellularly as a reserve, however they are usually not
active until they reach the plasma membrane and can produce HA into the extracellular
environment (Rilla et al., 2005; Torronen et al.,, 2014). However, HA may be produced
intracellularly in times of hyperglycaemia, inflammation or ER stress (Hascall et al., 2004, 2014;
A. Wang et al., 2011). This was of particular interest for this thesis as glucose availability and
cellular stress are well-established modulators of the autophagy pathway (see section 1.5 for

details).

1.4.2.2.1 Signalling

HA signalling has been established in many cell types and with roles in angiogenesis,
inflammation, cell migration, activation and differentiation (Litwiniuk et al., 2016) (Figure 13).
The main receptor of HA is CD44, a membrane-bound receptor with an intracellular region and
extracellular binding domain, which is present on almost all cell types (Aruffo et al., 1990;
Bajorath et al., 1998). There are 10 isoforms of CD44 due to alternative splicing of the
extracellular portion of the protein, resulting in different HA binding properties; these isoforms
are present in different cell types, which may explain the range of downstream effects exhibited

by different cells (Lesley et al., 1997). In addition to stimulating downstream intracellular
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signalling, CD44 binding also mediates the binding of HA in the ECM to other molecules,
including the hyaladherins aggrecan, versican, and CD38 (Lesley et al., 1997; Day and Prestwich,
2002). HA in the ECM may also bind CD44 receptors on leukocytes leading to accumulation of
these cells and local inflammation (Termeer, Sleeman and Simon, 2003). On HA binding to CD44,
the receptors’ intracellular domain is cleaved and is translocated to the nucleus. There it
interacts with CBP-p300 to activate transcription of CD44, a positive feedback loop that results
in cell adhesion and migration (Ponta, Sherman and Herrlich, 2003; Nagano and Saya, 2004;
Misra et al., 2015). HA binding of CD44 also stimulates activation of Nanog signalling, which is
associated with stem cell activation and survival (Chanmee et al., 2015). Some papers have
found fragments of the HA molecule itself are internalised by CD44, where the intracellular HA
is then degraded in lysosomes (Harada and Takahashi, 2007). In inflammatory conditions
however these HA fragments are not internalised and are instead left in the ECM, able to interact
with receptors and confer downstream signalling which could lead to chronic inflammation

(Vigetti et al., 2010).
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Figure 13: Hyaluronan signalling; the four key receptors of HA (TLR4, HARE, RHAMM and CD44) result in
inflammation, proliferation, migration or cell adhesion (adapted from Litwiniuk et al., 2016). TLR4 = toll-like
receptor 4, HARE = hyaluronan receptor for endocytosis, RHAMM = receptor for hyaluronan-mediated motility,
CD44 = cluster of differentiation 44.

HA may also bind to receptor for hyaluronan-mediated motility (RHAMM) extracellularly which
increases intracellular RHAMM expression and activates downstream ERK, Ras, PI3k and NF-kB
signalling to stimulate inflammation, proliferation, angiogenesis and rearrangement of the
cytoskeleton (Cheung, Cruz and Turley, 1999; Jordan et al., 2015). RHAMM is also associated
with the retention of stem cell pluripotency during development (Choudhary et al., 2007). Other
receptors for HA include hyaluronan receptor for endocytosis (HARE) which causes clearance of
HA, and lymphatic vessel endothelial HA receptor (LYVE-1) which is expressed on endothelial
cells and instigates cell migration during wound healing (Baneriji et al., 1999; Zhou et al., 2000;

Stern, Asari and Sugahara, 2006).

The most important aspect of HA signalling is its size. While the exact mechanisms involved in
the signalling of HMW and LMW HA have yet to be fully elucidated, the downstream effects are
numerous; in general, HMW HA is anti-inflammatory while LMW HA is thought to be
inflammatory and potentially pathogenic (Powell and Horton, 2005; Cyphert, Trempus and

Garantziotis, 2015). One reason for this is that HMW HA promotes polarisation of macrophages
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to the M2 phenotype, which is more associated with wound healing, while LMW HA stimulates
the formation of M1 inflammatory macrophages (Rayahin et al., 2015). LMW HA is also
associated with proliferation, differentiation, angiogenesis and tumour progression, while the
opposite is true of HMW HA (West et al., 1985; Deed et al., 1997; Toole et al., 2005; Toole,
Ghatak and Misra, 2008; Zhao et al., 2016). The importance of HA molecular weight has been
demonstrated via CD44 signalling (Itano, 2008), however it has also been seen in the activation
of TLR2 and 4 receptors on macrophages (Termeer et al., 2002; D. Jiang et al., 2005). HA-induced
TLR2/4 signalling is MyD88-dependant, and results in the activation of NF-kB for downstream
inflammatory cytokine release, including that of TNFa and IL1B (Z. Jiang et al., 2005). It has been
reported that LMW HA, not HMW HA, can bind to TLR4, and that HMW HA causes upregulation
of the TLR negative regulator IL-1R-associated kinase-M (IRAK-M), therefore LMW HA is
associated with pro-inflammatory signals (McKee et al., 1996; Fresno et al., 2005). LMW HA also
activates dendritic cells through TLR4 signalling and has been shown to upregulate cytokine
expression to similar levels as LPS treatment (Gerber and Mosser, 2001; Termeer et al., 2002).
Interestingly, macrophages stimulated with LPS have increased expression of HAS1 and
inhibition of hyaluronidases 1 and 2, suggesting a role for HA in the innate immune response
(Chang et al., 2014). This theory is supported by the fact that LPS treatment causes CD44
expression to be upregulated on monocytes, which would increase the effect of HA signalling

(Gee et al., 2002).

Several studies have suggested that not all HA is active for signalling, with only HA ranging from
1.2-400kDa able to activate macrophages (McKee et al., 1996). However, these papers have
been hit with criticism for not ensuring samples were endotoxin free, and they often used
sonication to produce different sized HA fragments, which may not be representative of the
molecule size, shape or confirmation of native HA (Dong et al., 2016). Other papers have linked
the size of the receptors’ HA binding domain to the length of the HA molecule recognised, for
instance HA molecules of 10 disaccharides in length are thought to be the smallest HA molecule

that can bind to CD44 (Lesley et al., 2000; Day and Prestwich, 2002). This may explain why HA
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molecule size is one of the most important aspects of HA signalling. Another theory as to why
HA size confers different downstream signalling effects is that HMW HA binds and clusters
receptorsin a way that LMW HA does not, however the exact mechanisms have not been proven

(D. Jiang et al., 2005; Vigetti, Karousou, et al., 2014).

1.4.2.2.2 Hyaluronan: Relevance to Periodontitis

One hallmark of periodontitis is the breakdown of the extracellular matrix (ECM) composing the
periodontium. The relationship between cells and their ECM is highly important to their
differentiation, as evidenced in the effects of the mechanical environment on MSC
differentiation discussed earlier. HA is a significant component of the ECM in the periodontium
therefore the breakdown of the ECM in periodontitis would increase the amount of LMW HA in
the periodontium. This idea has been demonstrated in other diseases of chronic inflammation,
where the inflammation was linked to an upregulation of HA synthesis and fragmentation of HA
into the LMW form (Vigetti et al., 2010). This is significant as the presence of HMW HA was
shown to inhibit osteoclast differentiation by binding to TLR4 on BMCs and instigating their
differentiation to macrophages (Chang et al., 2007; Rayahin et al., 2015), however there is little
information in the literature on the effect LMW HA might have on osteoclast differentiation
specifically. HA not only has links to osteoclast differentiation but also their activity, as HA has
been shown to bind CD44 receptors on differentiated osteoclasts which decreases their
resorptive activity (Chang et al., 2007) therefore HA may be a significant component to consider

when looking at periodontitis.

HA has already been implemented as a therapy for Rheumatoid arthritis, another inflammatory
disease which results in the degradation of the synovial fluid surrounding joints of which HA is a
main component. In this case, HA is not only used as a treatment against disease but serum
concentrations of HA have been developed as a diagnostic tool (Dougados et al., 1993; Singh,
Kumar and Sharma, 2014). Currently, HA-based products have been effective in the treatment

of gingivitis due to its structural role in the ECM (Goa and Benfield, 1994; Jentsch et al., 2003)
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but little is known of its roles in periodontitis and its suitability as a possible treatment or

biomarker of disease.

Considering these factors, the hypothesis at the beginning of this work was that periodontitis

results in LPS tolerance which affects osteoclast differentiation via a change in HA signalling.

1.5 Autophagy

There are three types of autophagy in mammals, those being chaperone-mediated,
microautophagy and macroautophagy. Macroautophagy, hereafter referred to simply as
autophagy, is the most widely studied and has been implicated in changes in osteogenesis and
osteoclastogenesis, cell fate determination, and diseases of the immune system among others

(Yang and Klionsky, 2010).

Autophagy is an intracellular degradation system which is induced in times of cellular stress but
may also be a form of cell death (Hale et al., 2013; Ryter, Mizumura and Choi, 2014). It was first
discovered when membrane-bound vesicles were identified containing degraded mitochondria
or endoplasmic reticulum (Ashford and Porter, 1962; de Duve and Wattiaux, 1966). Originally it
was theorised to be simply a degradation system for damaged or misfolded proteins, but since
then the theory has expanded to include energy and nutrient production at times of cellular
stress (Yang and Klionsky, 2010). Autophagy is induced by nutrient deficiency, hypoxia, heat
stress, accumulation of reactive oxygen species (ROS) and oxidative stress, and ER stress due to

the accumulation of misfolded proteins.

1.5.1 The Autophagy Pathway

In normal conditions, mammalian target of rapamycin (mTOR) negatively regulates autophagy
by forming a complex with Unc-51 like autophagy activating kinase (ULK1), autophagy-related
gene 13 (ATG13) and FAK family kinase-interacting protein of 200kDa (FIP200) (Hale et al., 2013).
Initiation of autophagy involves the nucleation and formation of a double-membrane structure

called the phagophore (Figure 14).
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Figure 14: The autophagy pathway; Once autophagy is initiated, the phagophore membrane is produced and
elongated, and the substances to be broken down are encapsulated within the phagophore. The autophagosome
matures and fuses with a lysosome to form an autolysosome. As the substances within are degraded by acid
lysosome enzymes, so is the autolysosome itself. Drugs can interfere with this pathway, as rapamycin inhibits mTOR
to induce autophagy, while bafilomycin inhibits autophagosome lysosome fusion (adapted from Hansen, Rubinsztein
& Walker, 2018).

In the case of nutrient deficiency, AMP-activated protein kinase (AMPK) is activated and inhibits
mTOR, resulting in the dephosphorylation and release of ULK1 from the mTOR complex. ULK1
then phosphorylates ATG13 and FIP200 which induces nucleation, a process involving the
conversion of PIP2 to PIP3 by PI3K. The phagophore membrane is then elongated to encapsulate
the cargo for degradation and becomes a mature autophagosome (Hale et al., 2013). The
specific cargo to be degraded, be that protein or organelle, is tagged with ubiquitin, which is
identified and delivered to the phagophore by p62 (Shin, 1998; Myeku and Figueiredo-Pereira,
2011). Elongation requires the autophagy-related-12 (ATG12), -5 (ATG5) and -16 light 1
(ATG16L1) complex, and microtubule-associated proteins 1A/1B light chain 3B (LC3). First ATG12
is activated by autophagy-related 7 (ATG7) and becomes conjugated to ATG5 via autophagy-
related 10 (ATG10). ATG16L1 forms a complex with ATG12-ATG5 and this complex accumulates
on the autophagosome membrane as it forms (Hale et al., 2013). Meanwhile, autophagy-related
4B (ATG4B) cleaves 22 residues from the C-terminal of LC3 to form LC3-I. LC3-l is then conjugated
with phosphatidylethanolamine (PE) by ATG7 and autophagy-related 3 (ATG3), to form LC3-I|
which is incorporated into the autophagosome membrane (Saitoh et al., 2008). Once the

autophagosome is formed, ATG12-ATG5-ATG16L1 are removed and the autophagosome uses
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dynein motors to move along microtubules towards lysosomes (Mehrpour et al., 2010; Cheng
et al., 2015). The autophagosome then fuses with a lysosome to form an autolysosome, and the
cargo begins to be degraded by lysosomal proteases. The acidic environment of the
autolysosome also works to degrade the membrane and thus degrade the autolysosome itself

(Hale et al., 2013).

Both the nucleation and maturation of autophagosomes require Beclin, therefore binding of
Beclin by Rubicon or UV irradiation resistance-associated gene (UVRAG) allows for autophagy
regulation (Matsunaga et al., 2009; Mehrpour et al., 2010). Other regulatory mechanisms
involve the negative regulation of autophagy initiation by mTOR, and the inhibition of
autophagosome fusion with lysosomes by RAS-related protein Rab 7 (RAB7), soluble N-
ethylmaleimide-sensitive factor activating protein receptor (SNARE) proteins and homotypic
fusion and protein sorting (HOPs) complexes (Ganley et al., 2011; Moreau, Renna and

Rubinsztein, 2013; Jiang et al., 2014).

Autophagy results in the destruction of proteins and cellular debris which provides energy and
peptides that are recycled by the cell. Stem cells reside in a state of quiescence until activated,
when they require energy for cell division and an upregulation of proteins required for
differentiation. Since autophagy provides both energy and building blocks for the production of
new proteins and molecules, it can regulate stem cell activation (Valenti, Dalle Carbonare and
Mottes, 2016). The exact mechanisms and effects of autophagy on stem cell pluripotency and
differentiation are context dependant, for instance MSCs have been suggested to have a high
basal level of autophagy which is then reduced as they differentiate to osteoblasts (Oliver et al.,
2012); likewise, autophagy levels are high in HSCs, which seems to be crucial for their stemness
retention (Liu et al., 2010; Mortensen et al., 2011). However neural and cardiac stem cells have
low basal levels of autophagy which is increased as they differentiate (Vazquez et al., 2012;
Zhang et al., 2012). One theory as to the role of autophagy in stem cell maintenance or

differentiation, is that in removing unwanted proteins it prevents these proteins from impairing
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the identity of the stem cell, either in keeping itself pluripotent or in the initial stages of
differentiation (Vessoni, Muotri and Okamoto, 2012; Pan et al., 2013). Other papers have
suggested that by autophagy removing misfolded proteins or damaged organelles it allows the

stem cell to avoid becoming senescent, thus retaining it in a quiescent state (Pan et al., 2013).

Along with nutrient or peptide deficiency, autophagy can be stimulated in vitro using rapamycin,
a drug which targets mTOR, the negative regulator of autophagy (Ravikumar et al., 2004).
Inhibition of autophagy is possible by using bafilomycin which inhibits fusion of the
autophagosome to the autolysosome (Tanida et al., 2005). 3-methyladenine (3MA) is a PI3K
inhibitor which has also been used as an inhibitor of autophagy, however the literature seems
to suggest that 3MA may act to activate or inhibit autophagy under different circumstances

(Mizushima, Yoshimori and Levine, 2010; Wu et al., 2010).

1.5.2 Autophagy & Bone Remodelling

Autophagy has been demonstrated in many cell and tissue types, including that of bone (Shapiro
et al., 2014). Autophagy contributes to the action of osteoblasts, by increasing osteoid
mineralisation (Nollet et al., 2014) and blocking Beclin or ATG5 in bone marrow cells (BMCs) was
found to impair osteogenic differentiation and instead cause differentiation of adipocytes (Qi et
al., 2017). Additionally, Vitamin D3 which is required for osteogenesis was found to elevate
calcium levels in the cytosol to activate autophagy (Hgyer-Hansen, Nordbrandt and Jaattels,

2010).

Like autophagy, bone resorption by osteoclasts requires lysosomal activity. Furthermore,
osteoclast secretory function is thought to be regulated by autophagy as LC3, ATG5 and ATG7
are required for the localisation of lysosomes to the bone surface (DeSelm et al., 2011; Chung
etal., 2012). This is evidenced in mouse models, for example osteoclast-specific ATG5 knockouts
displayed impaired bone resorption resulting in excessive bone growth (Gelman and Elazar,
2011). Osteoclast differentiation is enhanced by the induction of autophagy, as evidenced in the

treatment of osteoclast progenitor cell line with rapamycin (Shui, Riggs and Khosla, 2002; Boyle,
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Simonet and Lacey, 2003). Additionally, mutations of p62 were found in 25% of patients with
familial Paget’s disease, a pathology characterised by hyper-active osteoclasts and bone loss
(Hocking et al.,, 2004) (Helfrich, 2005; Shaker, 2009). The effect of autophagy on
osteoclastogenesis is currently being researched as a potential target for the treatment of

osteoporosis (Lin et al., 2016).

In aged bones there is increased ROS production and a decrease in the production of sex steroids
such as oestrogen, resulting in upregulated autophagy (Wang et al., 2019). This has many
downstream effects, including reducing the proliferative and differentiation capabilities of both
osteoclast and osteoblast precursors in the bone marrow (K. Wang et al., 2011; Yin et al., 2019).
In addition, increased autophagy results in decreased osteoclast maturation and activation,
meaning less bone resorption, whilst osteoblasts undergo apoptosis (Wang et al., 2019). This
means that in the aged phenotype, both bone formation and resorption are reduced,
contributing to more fragile bones and reduced regenerative capacity if injury occurs (Almeida,
2012). However, while autophagy in the aged phenotype seems to have a destructive effect on
bones, the apoptosis of osteoblasts may not be a result of autophagy itself, as autophagy can be
used to prevent apoptosis and prolong cell survival (G. Liu et al., 2015). There is also the link
between autophagy and stem cell maintenance, which may be implicated in the role of

autophagy in aged bones (Pan et al., 2013).

1.5.2.1 Autophagy & Mechanical Strain

Autophagy is initiated in response to cellular stress, and it has been theorised that different
types, levels or intervals of mechanical strain can contribute to cell stress (Hirt and Liton, 2017).
The first paper to demonstrate strain-related autophagy induction showed compressive strain
inducing autophagosome formation increased by 20-fold compared to basal levels (King,
Veltman and Insall, 2011). Compression strain has also been linked to autophagy induction in
models of increased intercranial pressure, and activating autophagy with rapamycin was found

to have a protective effect on cartilage explants exposed to mechanical strain in vitro by reducing
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cell death (Tanabe et al., 2011; Caramés et al., 2012). One recent paper using an in vitro
compressive strain model found that PDL cells had increased autophagy levels when
compressed. They also suggested autophagy to be a negative regulator of compression-induced
osteoclastogenesis, as mice given rapamycin treatment whilst undergoing tooth movement had
decreased osteoclast differentiation and higher alveolar bone density than controls (Chen, Mo
and Hua, 2019). While this paper focussed on the effects of compression on autophagy levels in
the periodontium, there are few to no papers in the literature looking at autophagy levels in

relation to the tensile strain of orthodontic tooth movement.

One example of shear stress being linked to autophagy is in atherosclerosis, a chronic heart
disease where arterial plagues cause an increase in shear stress to the vasculature. Vascular cells
were found to have increased levels of autophagy in the atherosclerotic condition, with p62 and

LC3 expressed in atherosclerosis plaques (Guo et al., 2017).

Tension strain has been demonstrated to initiate apoptosis and autophagy-related cell death in
various tissues and cell types (Kearney, Prendergast and Campbell, 2008; Caramés et al., 2012).
Autophagy induction has been demonstrated to be protective in chondrocytes undergoing
intermittent tensile strain (Xu et al., 2014), and in the case of biaxial tensile strain of the
trabecular tissue of the eye (Porter, Jeyabalan and Liton, 2014). Additionally, exposure of mouse
BMCs to 5% intermittent tensile strain caused osteogenic differentiation (Zhou et al., 2018).
However, the effects of constant tensile strain on autophagy and how this relates to osteoblast

differentiation is as yet unknown.

1.5.2.2 Autophagy & Chronic Inflammation

There is strong evidence for a link between autophagy and the immune system in the literature.
One key paper that demonstrated this found that Streptococcus pyogenes was sequestered into
autophagosomes and degraded as part of the innate immune response (Nakagawa et al., 2004).
In this context autophagy avoids apoptosis of infected cells and instead eliminates the specific
pathogen within the cell.
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Inflammatory cytokines such as IL1b and TNFa have been demonstrated in the literature to
induce autophagy, while autophagy is inhibited by IL10, an anti-inflammatory cytokine (Harris,
2011). On the other hand, autophagy has been shown to affect inflammation, as damage-
associated molecular patterns (DAMPs) released from cells undergoing autophagy are known to

stimulate the immune response (Zhang et al., 2013).

There are currently no papers directly linking autophagy levels to LPS tolerance, however an in
vitro model of LPS tolerance in THP1 cells, a pre-monocyte cell line, showed an increase in LC3
puncta staining suggesting upregulated autophagy (Widdrington et al., 2018). In terms of
periodontitis specifically, there have been several papers demonstrating that autophagy levels
are higher in the PDL of patients with periodontitis compared to those without the disease,
which was thought to be a protective mechanism against apoptosis (Bullon et al., 2012; Jiang, Li
and Zhu, 2020). Another paper showed that the presence of butyrate, a key component of dental
plaque, induced autophagy in gingival epithelial cells which led to autophagic cell death (Tsuda
et al., 2010), therefore the effects of autophagy on cell death even within the periodontium

seems to depend on the specific cell type.

As discussed in section 1.5.2, autophagy has often been shown in the literature to stimulate
osteoclastogenesis. However, one recent paper found that inhibiting autophagy in PDL cells
reduced osteoclastogenesis via the upregulation of A20, an anti-inflammatory protein which
inhibits NF-kB signalling (Yan et al., 2020). Autophagy is known to be a highly context-dependant
process however, the findings of this paper are inconsistent with the role of autophagy in the
context of periodontitis seen in the literature thus far; periodontitis patients have upregulated
autophagy levels in the periodontium, yet increased alveolar bone loss is a hallmark of the
disease. This demonstrates that the effect of autophagy on osteoclastogenesis in the context of

periodontitis requires further research in order the elucidate the mechanisms at play.
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1.6 Aims

This thesis aimed to research the role of the autophagy pathway in two scenarios of abnormal

bone remodelling: orthodontic tooth movement and periodontitis.

Autophagy is an intracellular degradation system used to recycle misfolded proteins and make
available energy or nutrients at times of cellular stress. There is much evidence in the literature
that autophagy can be activated by both mechanical stretching and inflammation, however the
mechanisms involved are highly context dependant. Autophagy may also be important for bone
remodelling in the oral cavity. Two scenarios where bone remodelling is key to the physiological
outcome are orthodontic tooth movement and inflammatory-induced periodontal disease. This
thesis aims to investigate the hypothesis that autophagy is involved in bone remodelling during

orthodontic tooth movement and periodontal disease.

Tooth Movement

Itis well established in the literature that mechanical strain can activate the autophagy pathway,
however, it is still unclear whether mechanical strain-induced autophagy is protective or
destructive and how constant mechanical strain, as with orthodontic tooth movement, may
alter the autophagy pathway. It was theorised that perhaps cells exposed to tensile strain
undergo an altered state of autophagic flux which could contribute to MSC activation or

differentiation to osteoblasts.

Ultimately, understanding the molecular mechanisms underpinning orthodontic tooth
movement will help find new therapeutic targets to improve patient outcomes, and at present

these exact mechanisms are unknown.

Periodontitis

Periodontitis is a chronic inflammatory disease caused by the presence of Gram-negative
bacteria, including P. Gingivalis, leading to local inflammation in the periodontium, but it is also

clear that disease susceptibility and progression are affected by host factors.
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This study considered the notion that the chronic inflammation occurring in periodontitis may
result in LPS tolerance. LPS tolerance has been investigated in connection to many inflammatory
conditions, but its role in periodontitis has yet to be fully explored. Understanding that LPS
tolerance has been linked to chronic inflammation in other disease models and the known
effects of chronic inflammation on osteoclast function, this study aimed to investigate whether

LPS tolerance could affect osteoclastogenesis directly.

The proposed mechanism linking periodontitis and osteoclastogenesis was HA signalling. HA was
selected as a research target in this condition as not only is HA synthesis upregulated in chronic
inflammation, but also HA signalling affects bone resorption by inhibiting osteoclast
differentiation. Considering these factors, the hypothesis at the beginning of this work was that
periodontitis results in LPS tolerance which affects osteoclast differentiation via altered

autophagic flux and a change in HA signalling.

Summary of Aims

Therefore, the overall aims of this thesis were to investigate the mechanism of autophagy in:

1. Orthodontic tooth movement

2. Inflammation induced periodontitis

The first aim was undertaken by:

a. Optimising an in vitro cell stretching system for use as a model for orthodontic tooth
movement.

b. Determining the expression of osteogenic and autophagic proteins in rat periodontiums
during orthodontic tooth movement.

c. Determining osteogenic and autophagic gene and protein expression of osteoblast-
precursors in response to constant tensile stretching force in vitro.

d. Modulating autophagy in these models to determine its role on strain-induced

osteogenesis.
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The second aim was undertaken by:

a.

Optimising an in vitro protocol for LPS tolerance for use as an experimental model of
chronic inflammation in periodontitis, and to determine whether cells could be
tolerised to P.gingivalis LPS, as determined by their expression of inflammatory and
anti-inflammatory cytokines.

Determining the expression of autophagy genes and proteins in cells tolerised to LPS,
and how this may affect the differentiation of osteoclast precursors under
inflammatory conditions.

Establishing if LPS tolerance affects HA synthesis and whether HA signalling alters

osteoclast differentiation in vitro.
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2 Chapter 2: Materials & Methods

2.1 Cell Culture

2.1.1 Maintenance

All cells were incubated at 37°C with 5% CO,, and media was changed every 2-3 days unless
stated otherwise. Adherent cells were passaged by washing in Hank’s balanced salt solution
(HBSS; 14175-053, Gibco), then incubating in TrypLE (12563-029, Gibco) at 37°C until the cells
had detached from the plate surface. The TrypLE was neutralised by adding an equal volume of
culture media containing foetal bovine serum (FBS), and the solution was centrifuged at 1000rcf
for 5 minutes. The resulting supernatant was discarded, and the pellet re-suspended in culture
media and re-plated. Non-adherent cells were passaged by centrifugation of the media, re-

suspending the pellet in fresh culture media and re-plating.

Cells were frozen by collecting and centrifuging the cells at 1000rcf for 5 minutes, then re-
suspending the pellet in a 10:1 solution of FBS (F7524, Sigma) and dimethyl sulfoxide (DMSO;
D2650, Sigma). The solution was transferred to cryovials at a density of 1x10° cells per vial. These
were incubated overnight at -80°C, before transferring to liquid nitrogen for storage. Cells were

thawed by incubation in pre-warmed culture media.

Human bone marrow cells (hBMCs) were received from Professor Stefan Scheming of Lund
University. Cells were thawed and cultured in Dulbecco modified Eagle’s medium/F12 (DMEM-
F12;31331-028, Gibco) with 20% FBS (F7524, Sigma) and 1% penicillin-streptomycin-antimycotic
(Pen-Strep; 15240-062, Gibco), overnight at a density of 1.25x10° cells per ml. After which the
non-adherent cells, containing a population of CD14-positive monocytic cells, were removed
and used for osteoclastogenesis experiments, while the adherent cells, containing of population
of mesenchymal stem cell-like cells, were retained for osteogenesis work. hBMCs were
maintained by culturing cells in DMEM-F12 with 20% FBS, 1% Pen-Strep, and 1% MEM Vitamin

Solution (M6895, Sigma). THP1 cells were cultured in Roswell Park Memorial Institute 1640
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medium (RPMI; 11520586, Gibco) with 10% FBS, 1% Pen-Strep, and 2mM L-glutamine (G7513,

Sigma).

2.1.2 Osteogenesis Induction

Adherent hBMCs were incubated in culture media with the addition of established osteogenesis
induction reagents 100nM Dexamethasone (D4902, Sigma), 200mM B-glycerol phosphate
disodium salt pentahydrate (50020, Biochemika), and 50uM ascorbic acid (A4403, Sigma)
(Langenbach and Handschel, 2013). Cells were incubated at 37°C and 5% CO,, and media was

changed every 2 days.

2.1.3 Viral Infection

The K167 fluorescence ubiquitin cell cycle indicator (FUCCI) viral reporter system was provided
by Professor Alexander Zambon of the University of California (San Diego). hBMCs were infected
with the virus by incubating cells in DMEM-F12 with 20% FBS, 10ug/ml polybrene (TR-1003,
Sigma) and the lentivirus (at MOI: 1) for 24 hours. After which time the media was changed for
fresh culture media (DMEM-F12 with 20% FBS, 1% Pen-Strep, 1% MEM Vitamin Solution)
containing 10ug/ml Blasticidin and 25pg/ml Neomycin for antibiotic selection of the infected

cells.

2.1.4 Cell Stretching

The first cell stretching device tested was provided by Professor Herbert Shea of Ecole
Polytechnique Fédérale de Lausanne (EPFL). This system uses carbon electrodes printed onto a
polydimethylsiloxane (PDMS) membrane to form an electrical circuit between the stretching
device and a powerpack. When current is applied to the device the membrane is stretched. The
membranes were sterilised by incubating in 70% ethanol for 20mins then washing briefly in

sterile distilled water.

The Strex manual cell stretching system (STB-10-10, Strex Inc.) consisted of a metal scaffold into

which a PDMS block containing four wells (STB-CH-4W, Strex Inc.) could be inserted. The scaffold
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was attached to a screw which was turned to cause the block to be stretched. Each full turn of
the screw equated to 2.5% of stretch, with a maximum of 20% uniaxial stretching force. The
PDMS blocks were autoclaved to sterilise them before use. Adherent hBMCs were seeded at
6.25x10* cells for 4-well blocks, and 2.5x10° cells for 1-well blocks, and incubated at 37°C and

5% CO.. Cells were exposed to 10-20% uniaxial strain 24 hours later.

PDMS is a hydrophobic compound, therefore both cell stretching devices were collagen-coated
prior to cell seeding. The collagen coating solution was specified by Strex and consisted of a 1:1
solution of ImM hydrochloric acid (HCI; H1758, Sigma) and 3mg/ml rat-tail collagen | (A10483-
01; Gibco). The membrane was covered in collagen coating solution and incubated at 37°C for 6
hours. Membranes were washed with HBSS (14175-053, Gibco), before the cells were seeded in

culture media.

2.1.5 Cell Sorting

Magnetic-Activated Cell Sorting (MACS) was used to isolate CD14-positive cells from non-
adherent hBMCs for osteoclastogenesis induction experiments. The manufacturer’s instructions
were followed; briefly, media containing the non-adherent hBMCs was collected and spun down
at 600rcf for 5 minutes. Cells were counted and re-suspended in 80ul culture media, to which
20ul of CD14 MicroBeads (130-050-201, Miltenyi Biotec) was added. Cells were incubated at 4°C
for 1 hour, before washing with 1ml culture media and centrifugation at 600rcf for 5 minutes.
The pellet was re-suspended in 500ul culture media. A MS MACS column (130-042-201, Miltenyi
Biotec) was added to a MACS stand and rinsed with 500ul culture media. The cell suspension
was added to the column and washed with 500ul culture media three times. The resulting
solution was collected, containing the unlabelled cell fraction. The column was then removed
from the MACS stand and 1ml culture media was added. A plunger was pushed firmly over the
top of the column, and the resulting solution containing the CD14-labelled fraction was
collected. Both the labelled and unlabelled fractions were centrifuged at 600rcf for 5 minutes,

re-suspended in culture media, counted and seeded in plates for culture.

82



Cell counts for the CD14-labelled and unlabelled fractions were input into PRISM 5 software
(Graph Pad) and analysed by determining the percentage of each fraction from the total cell
number. A Student’s t-test was carried out and statistical significance was set at * p<0.05, **

p<0.01, and *** p<0.001.

2.1.6 Osteoclastogenesis Induction

CD14-positive hBMCs were isolated using MACS, as described above, and cultured in culture
media overnight. Cells were seeded a density of 5x10° cells/ml and treated with 25ng/ml
macrophage colony-stimulating factor (M-CSF; 216-MC-005, R&D) for 5 days, then with 25ng/ml
M-CSF and 100ng/ml receptor activator of nuclear factor kappa-B ligand (RANKL; Hu
Recombinant RANKL, R&D) for a further 5 days. Cells were incubated at 37°C and 5% CO,, and

media was changed every 2 days throughout.

2.1.7 LPS Tolerance

THP1 cells were treated with 10ng/ml phorbol 12-myristate 13-acetate (PMA; P8139, Sigma) for
24 hours, washed three times with HBSS then seeded at 1.25x10%/ml and incubated in fresh

culture media for 24 hours.

After this point, cells were treated differently according to three different conditions: control

(no exposure to LPS), single exposure (1x) or multiple exposure (2x) to LPS.

Control cells were maintained in only culture media throughout the experiment.

‘1x’ cells were incubated in culture media only during the first treatment, and treated with

1ug/ml LPS at the second treatment only.

‘2x’ cells were treated with 1ug/ml of either Escherichia coli LPS (E.coli LPS; tIrl-peklips, Invivogen)
or Porphyromonas gingivalis LPS (P.gingivalis LPS; LPS-PG Ultrapure, trirl-ppglps, Invivogen) for
4 hours, then cells were washed twice with HBSS and cultured in fresh culture media for 24

hours. Cells were then treated with 1pg/ml LPS for the second time. After 4 hours, cells were
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either collected for analysis or washed twice with HBSS and placed in fresh culture media.

Further collections took place at 24 hours and 72 hours post-second LPS treatment.

All cells were incubated at 37°C and 5% CO2, and media was changed every 2 days.

2.2 RNA Analysis

2.2.1 RNA Extraction & Quantification

RNA was extracted from cells based on the acid guanidinium thiocynate-phenol-chloroform
method (Chomczynski and Sacchi, 1987). Briefly, cells were washed with HBSS before incubation
in Tri-reagent (93289, Sigma) for 5 minutes at room temperature. Chloroform (C2432, Sigma)
was added at a 5:1 ratio (lysate:chloroform). Samples were mixed by vortexing, and centrifuged
at 13000rpm for 15 minutes at 4°C. This allowed the formation of three layers: a pink layer on
the bottom containing protein, a white interphase layer containing DNA, and a clear supernatant
containing the RNA. The supernatant was collected and an equal volume of isopropanol (34965,
Sigma) was added. At this stage 1ul GlycoBlue (AM9515, Ambion Applied Biosystems) was added
to each sample, so that the pellet could be identified later. The samples were mixed by vortexing
and incubated overnight at -20°C, after which they were centrifuged at 13,300rpm for 45
minutes at 4°C. The supernatant was discarded and replaced with 1ml 70% ethanol (20821.321,
VWR Chemicals) made up with 0.1% diethyl pyrocarbonate (DEPC; D5758, Sigma) treated water.
Samples were centrifuged at 9000rpm for 10 minutes at 4°C, and the resulting pellet was re-

suspended in an appropriate volume of DEPC-treated water. RNA samples were stored at -80°C.

The concentration and purity of the RNA was determined by quantifying the samples using a
NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific). The sample
concentrations were normalised against that of the DEPC-treated water alone. Purity was
determined by examination of the 260/280 and 260/230 ratios; 260/280 indicates the presence
of protein or other contaminants that absorb UV at 280nm or below, while 260/230 specifies
contaminants that absorb UV at 230nm or below. A 260/280 of 1.8-2.1 and a 260/230 ratio

greater than 1.5 was accepted as adequate purity for further analysis.
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2.2.2 Reverse Transcription

RNA samples were converted to cDNA by reverse transcription polymerase chain reaction (RT-
PCR), using a High Capacity cDNA Reverse Transcription kit (4368814, Applied Biosystems), in
accordance with the manufacturer’s instructions. A Veriti™ Thermal Cycler 96 well (Applied
Biosystems) machine was used to subject the samples to a RT-PCR program consisting of 25°C
for 10 minutes, 37°C for 120 minutes, 28°C for 5 minutes, then 4°C for storage. cDNA samples

were diluted in DEPC-treated water at a ratio of 1:9, and stored at -20°C.

2.2.3 Q-PCR

Quantitative polymerase chain reaction (Q-PCR) was used to analyse the relative expression of

the gene of interest.

2.2.3.1 Primer Design

Primers were designed using the coding sequence for each gene, which was taken from NCBI

gene (http://www.ncbi.nlm.nih.gov/gene/), and the Primer 3 website

(http://biotools.umassmed.edu/bioapps/primer3 www.cgi). The resulting primers were

validated using the UCSC Genome Institute website (http://gsenome.ucsc.edu/cgi-

bin/hgPcr?command=start). Primers were designed to cross exons, in order to reduce the risk

of DNA contamination being amplified, and were designed against the 5" end of the cDNA to

ensure RNA degradation would not result in the removal of the primer’s binding site.

2.2.3.2  Primers Used

Details for the primers used are recorded in Table 1:

Gene Forward Primer Reverse Primer

36p4 GCAATGTTGCCAGTGTCTGT GCCTTGACCTTTTCAGCAAG
ATG3 TTTGGCTATGATGAGCAACG AAGTTCTCCCCCTCCTTCTG
ATG5 CAGATGGACAGTTGCACACA CTGTTGGCTGTGGGATGATA
DMP1 GACTGCCAAGACGGCTATTA CTCTTTGGCTGTGTTCTGGT
GAPDH ATCACTGCCACCCAGAAGAC CAGTGAGCTTCCCGTTCAG
HAS1 GAGGCCTGGTACAACCAGAA TGTACAGCCACTCACGGAAG
HAS2 TCCCGGTGAGACAGATGAGT ACAGATGAGGCTGGGTCAAG
HAS3 GTCATGTACACGGCCTTCAA CTGCTCAGGAAGGAAATCCA
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IL10 CTGCCTAACATGCTTCGAGA GGTCTTGGTTCTCAGCTTGG
IL1B GGAGAATGACCTGAGCACCT GGAGGTGGAGAGCTTTCAGT
IL6 AGTCCTGATCCAGTTCCTGC AAGCTGCGCAGAATGAGATG
IL8 TCCAAACCTTTCCACCCCAA CCAGTTTTCCTTGGGGTCCA
LC3 CGTCCTGGACAAGACCAAGT TCCTCGTCTTTCTCCTGCTC
Osteopontin ACTGATTTTCCCACGGACCT CCATTCAACTCCTCGCTTTC
p62 TGGACCCATCTGTCTTCAAA ATGGACAGCATCTGGGAGAG
RUNX2 AAATGCTGGAGTGATGTGGT TATGAAGCCTGGCGATTTAG
TNFa GTCAACCTCCTCTCTGCCAT CCAAAGTAGACCTGCCCAGA

Table 2: Primers used for Q-PCR.

2.2.3.3  Program

Primer stocks were produced by diluting the forward and reverse primer in sterile DEPC-treated
water, to a ratio of 1:1:18. Primers and cDNA samples were prepared using the LightCycler 480
SYBR Green | Master (04887352001, Roche), according to the manufacturer’s instructions.
Briefly, this consisted of preparing master-mixes of SYBR Green, sterile water and primer stock
(2:2:1) or SYBR Green, sterile water and cDNA sample (3:1:1). Samples were tested in triplicate,
in order to determine the reliability of results by calculation of the standard deviation from Ct

values.

A LightCycler 480 Instrument Il 384-well block real-time PCR machine (Roche) was used, and
samples were subjected to 45 cycles of the following program: 95°C for 5 minutes, 60°C for 20
seconds, 72°C for 10 seconds, 95°C for 5 seconds, 65°C for 1 minute, 97°C until the temperature

was reached, before dropping to 95°C.

2.2.3.4 Data Analysis & Statistics
Data was exported into Excel for comparative Ct analysis. Experimental data was analysed using
PRISM 5 software. A two-way ANOVA with Bonferoni correction was performed, and statistical

significance was set at * p<0.05, ** p<0.01, and *** p<0.001.

Melting curves were analysed to determine the reliability of results; a peak seen before the true
melting curve could indicate issues with the primer design causing primer dimers to form, while
a peak seen after the melting curve could indicate non-specific binding of the primer and sample.

Samples with peaks outside the expected melting curve range were rejected.
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2.3 Protein Analysis

2.3.1 Protein Extraction & Quantification

Protein lysis buffer was prepared using Halt Protease and Phosphatase Inhibitor Cocktail (78442,
Thermo Fisher Scientific) and Pierce RIPA Buffer (89901, Thermo Fisher Scientific) in a 1:100
ratio. Adherent cells were washed with HBSS and covered with protein lysis buffer. A sterile cell
scraper was used to detach the cells from the plate surface, and the cell suspension was
collected and incubated on ice for 30 minutes with frequent agitation. The samples were
centrifuged at 10,000rpm for 10 minutes at 4°C, and the supernatant was collected. Protein

samples were stored at -20°C.

Quantification of the protein was carried out using a Bicinchoninic acid assay kit (BCA; 23227,
Thermo Fisher Scientific), following the manufacturer’s instructions. Briefly, samples were
diluted 1:10 in phosphate buffered saline (PBS; P4417, Sigma), and pipetted alongside BCA
standards in a 96well plate. The BCA reagents were made up in a 1:50 ratio of reagent A:B, and
200ul added to each well. The plate was incubated at 37°C for 20 minutes, before the
absorbance of each sample was measured using a Tecan spectrophotometer (Genios). Data was

analysed in Excel.

2.3.2  Western Blotting

Protein samples were extracted using the above protocol, then western blots were carried out
using the NuPage® electrophoresis system (Invitrogen) and iBind™ Western System (Invitrogen),
according to the manufacturer’s instructions. Briefly, samples were prepared with NuPage® LD
Sample buffer (NP0007, Invitrogen), NuPage® Reducing Agent (NP0009, Invitrogen), DEPC-
treated water, and an equal concentration of protein per sample. Samples were heated at 95°C
for 5 minutes then placed on ice. Running buffer was prepared with distilled water, using the
buffer most suited to the protein of interest: 3-(N-morpholino)propanesulfonic acid (MOPS
buffer; NPO0OO1, Invitrogen) for the majority of proteins of 14kDa and above, and 2-(N-

morpholino)ethanesulphonic acid (MES buffer; NP0O002, Invitrogen) for better separation of
87



small proteins between 2.5 and 60 kDa. The NuPage® XCell SureLock™ Mini-Cell Electrophoresis
System (electrophoresis apparatus; EI0001, Invitrogen) was assembled with a pre-cast 4-12%
Bis-Tris gradient gel (NPO336BOX, Invitrogen), and filled with running buffer. The samples were
loaded into each well, alongside PageRuler protein ladder (26616, Thermo Fisher Scientific) and
Magic Mark XP protein standard (LC5602, Invitrogen), and the gel was exposed to 200V for 45-

50 minutes, using a Powerease 300W power-pack (Invitrogen).

Blotting pads were pre-soaked in transfer buffer for 30 minutes at 4°C. A Polyvinylidene fluoride
(PVDF) filter paper sandwich contained PVDF membranes which were activated in 100%
methanol (494437-2L, Sigma) then placed in distilled water. The membranes contained either
0.22uM (LC2002, Invitrogen) or 0.45uM (LC2005, Invitrogen) pores, depending on the size of the
protein of interest. Transfer buffer (NPO006-1, Invitrogen) was prepared with methanol and
distilled water. Depending on the size of the protein of interest, the proportion of methanol
could either be decreased from 10% to 5% for large proteins, or increased up to 20% for small
proteins. After the electrophoresis was completed, the gel was released from the cassette and
the NuPage® XCell Il Blot Module (transfer apparatus; E19051, Invitrogen) was assembled with
the following: two blotting pads, one filter paper, the gel, the transfer membrane, one filter
paper and two more blotting pads. The inner chamber of the transfer apparatus was filled with
transfer buffer, and the outer chamber with distilled water. The power-pack was connected and

run at 36V for 1 hour 45 minutes.

A ponceau stain was carried out on the membrane to ensure the transfer had been successful:
the membrane was immersed in Ponceau S solution (P7170-1L, Sigma) for 3 minutes at room
temperature, then washed twice for 5 minutes with 5% acetic acid (ARK2183, SAFC) in distilled
water. Red bands on the membrane indicated the presence of protein. The membrane was then

washed for 5 minutes with distilled water, three times for a total of 15 minutes.

The iBind™ Western System was used for blocking and antibody incubation. iBind™ buffer
(SLF1020, Invitrogen) was prepared as per the manufacturer’s instructions, and used to dilute
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the primary and secondary antibodies to the desired concentration. The membrane was
incubated in iBind™ buffer for 5 minutes at room temperature. An iBind™ card (SLF1010,
Invitrogen) was placed inside the iBind™ apparatus (SLF1000, Invitrogen) and the surface was
saturated in iBind™ buffer. The membrane was placed protein-side down onto the iBind™ card
and the lid of the apparatus was closed. The primary and secondary antibody solutions and
iBind™ buffer were placed in the specified slots of the apparatus, and the membrane was
incubated until the apparatus slots were dry; approximately 2 hours 45 minutes at room

temperature, or overnight at 4°C.

The membrane was washed briefly in distilled water, before a second wash for 5 minutes at
room temperature. ECL buffer was prepared using a 1:1 ratio of peroxide solution and ECL
Enhancer Solution from the Western Sure premium chemiluminescent substrate kit (926-95000,
LiCOR). This buffer was incubated on the surface of the membrane for 5 minutes at room
temperature, then the membrane was imaged using a C-Digit 3600 scanner (LiCOR). Western

blot membranes were washed in distilled water and stored in clingfilm at -20°C after use.

If they were to be probed for another antibody, they were stripped using Restore Plus Western
Blot Stripping buffer (46430, Thermo Fisher Scientific) for 5 to 10 minutes at room temperature,
before washing with distilled water three times. The antibody incubation steps were then

repeated as described using the iBind™ system, above.

Details for the antibodies used are recorded in Table 2:

Antibody Supplier Catalogue Number Lot Number
anti-rabbit RUNX2 (M70) Santa Cruz SC-10758 G2815
anti-mouse GAPDH (96C5) Santa Cruz SC-32233 K1216

Rabbit HRP Cell Signalling 7074P2 26

Mouse HRP Cell Signalling 7076P2 5

Table 3: Antibodies used for Western Blotting
2.3.3 Flow Cytometry
Cells were analysed for their expression of MSC markers using a Human Mesenchymal Stem Cell

Marker Antibody Panel kit (SC017, R&D Systems). The kit contained several primary antibodies,
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including antibodies of interest Stro-1, CD19, CD44, CD45, CD90, CD105, CD106, CD146 and
CD166. Mouse IgG1 (MAB002, R&D Systems), and IgG2a (MABOO3, R&D Systems) and IgM (14-
4752, eBioscience, Affymetrix) were used as controls. Alexa 488 donkey anti-mouse IgG

(A21202, Life Technologies) was used as the secondary antibody.

Cells were detached from the plate surface using TrypLE, and the resulting cell suspension was
neutralised with culture media and centrifuged at 1000rcf for 5 minutes. The pellet was re-
suspended in 1ml flow staining buffer (FC001, R&D Systems) and the cells were counted using
the Countess Il FL (Life Technologies). The cell suspension was made up to ensure a density of
2x10° cells per ml. Samples were incubated in primary antibody at 1:10 dilution for 30 minutes
at room temperature, before washing with flow staining buffer and centrifugation at 1000rcf for
5 minutes. The pellet was re-suspended in 100ul flow staining buffer and incubated with
secondary antibody at 1:20 dilution for 30 minutes at room temperature. Samples were then
washed with flow staining buffer and centrifuged at 1000rcf for 5 minutes. The pellet was re-
suspended in 200ul flow staining buffer and the samples run through a BD Accuri C6 flow

cytometer (BD Biosciences), with BD CSampler software.

Results were analysed using FlowJo (BD Biosciences) where the following gating strategy was
implemented: first the forward and side scatter dot plot was used to gate the hBMCs and isolate
the cell data from that of cell debris or other particles. A histogram was used to compare the
FITC fluorescence of the gated population from each sample against that of the appropriate
isotype control. The percentage of cells positive for each marker was quantified by setting a bar
gate at 1% for the isotype control, and recording the percentage within this bar gate from each
sample. The median fluorescence intensity was calculated within the FlowJo software based on

the gated population from each sample.

The percentage of positive cells within the gate and the median fluorescence intensity were
input into PRISM 5 software and analysed using a two-way ANOVA with the statistical
significance set at * p<0.05, ** p<0.01, and *** p<0.001.
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2.3.4 Enzyme-Linked Immunosorbent Assay (ELISA)
Cell culture media was collected as supernatant from cells and stored at -20°C. ELISAs were
carried out on supernatant samples to analyse the concentration of TNFa produced and

secreted by the cells.

Purified mouse anti-human TNF (TNFa capture antibody; 551220, BD Biosciences) was diluted
to 1ug/ml in PBS, and 50ul was added to each well of a 96well microtiter plate. The plate was
covered with a film lid and incubated overnight at 4°C. Wells were washed three times with
ELISA wash buffer, containing 0.05% Tween 20 (P1379, Sigma) in PBS. Blocking buffer was
prepared with 2% bovine serum albumin (BSA; A2153, Sigma) in PBS, and 100ul was added to
each well. The plate was incubated at room temperature for 4 hours, then washed three times
with ELISA wash buffer. Standards were prepared in culture media using serial dilutions of
recombinant human TNFa protein (210-TA-005, R&D) in order to produce a standard curve at
the following concentrations: Ong, 0.06ng, 0.18ng, 0.55ng, 1.66ng, and 5ng. 50ul of standard
and supernatant samples were added to the plate and incubated overnight at 4°C. Wells were
washed three times in ELISA wash buffer. Biotin mouse anti-human TNF (TNFa detection
antibody; 554511, BD Biosciences) was diluted to 0.5ug/ml in blocking buffer, and 50ul was
added to each well. The plate was incubated for 4 hours at room temperature, before washing
three times in ELISA wash buffer. Streptavidin horseradish peroxidase (890803, R&D) was
prepared at a ratio of 1:250 in blocking buffer, and 50ul was added to each well. The plate was
incubated at room temperature for 1 hour, then washed three times in ELISA wash buffer. 3,3'
,5,5'-Tetramethylbenzidine (TMB) peroxidase solution was prepared with a 1:1 ratio of TMB
Peroxidase Solution (50-76-01, Invitrogen) and Peroxidase Substrate Solution B (50-65-00,
Invitrogen), and 100ul was added to each well. The plate was incubated at room temperature
for approximately 12 minutes, until the colour had developed. Stop solution (SS01, Invitrogen)
was added to each well to stop the reaction, and the absorbance was measured at 405nm using

a FLUOstar Omega spectrophotometer (BMG Labtech).
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Absorbance data was exported to Excel and used to calculate the concentration of TNFa in the
sample based on the standard curve. PRISM 5 software was used to carry out a Student’s t-test,

and statistical significance was set at * p<0.05, ** p<0.01, and *** p<0.001.

2.3.5 Cell Fixation

Adherent cells cultured in normal cell culture plates were fixed by washing in HBSS and
incubating in 4% paraformaldehyde (PFA; 158127-500G, Sigma) in PBS, for 20 minutes at room
temperature. Cells were then washed three times in PBS, before covering in fresh PBS. The

plates were covered in parafilm to prevent the sample drying out, and were stored at 4°C.

2.3.5.1  Fixation of Cells from Stretching Experiments
Cells cultured on PDMS sheets were gently washed with HBSS and fixed by incubation in 4% PFA
in PBS for 20 minutes at room temperature. PDMS sheets were then washed three times in PBS

before placing into a well plate containing fresh PBS and stored at 4°C.

Cells cultured on Strex well blocks were fixed by washing the wells gently with HBSS and
incubating in 4% PFA in PBS, for 20 minutes at room temperature. Wells were then washed three
times in PBS very gently, before covering in fresh PBS. A scalpel was used to cut the membrane
out of the surrounding well and into several square pieces, depending on the number of
antibody combinations that would be used. The sections of membrane were placed into well
plates and submerged in fresh PBS. The plates were covered in parafilm to prevent the samples

from drying out, and were stored at 4°C.

2.3.5.2  Fixation of Non-Adherent THP1 Cells

Non-adherent THP1 cells were collected into eppendorf tubes and centrifuged at 1000rcf for 5
minutes. The supernatant was removed, and the pellet was re-suspended in HBSS to wash the
cells. The cells were spun down again and the pellet re-suspended in 4% paraformaldehyde (PFA;
158127-500G, Sigma) in PBS, for 20 minutes at room temperature. Cells were washed by

continued spinning down and re-suspension of the pellet with PBS.
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2.3.6  Immunofluorescence

2.3.6.1 Immunofluorescence Staining: Monolayer Cell Culture in Well Plates

Fixed cells were washed in PBS either with or without 0.1% triton (PBS-T; Triton-X100, Sigma).
Triton was used if the protein of interest was expected to be located inside the cell so that the
antibody would be able to penetrate the cell membrane, however for proteins expected to be
found in the plasma membrane, triton would compromise the integrity of the membrane and
therefore the protein of interest, consequently PBS alone was used. Wells were incubated for 1
hour at room temperature in blocking buffer, made up of either PBS or PBS-T with 5% donkey
serum (D9663, Sigma), 0.25% bovine serum albumin (BSA; A2153, Sigma), and 0.25% cold water
fish gelatine (G7765, Sigma). Samples were then covered in blocking buffer containing the
desired concentration of primary antibody and incubated overnight at 4°C. Slides were washed
three times in PBS or PBS-T before being covered in blocking buffer containing secondary
antibody at the desired concentration. After 2 hours of incubation at room temperature and in
the dark, nuclei were counterstained with 2ug/ml 4’, 6-diamindino-2-phenylindole (DAPI;
D9542, Sigma) in PBS or PBS-T, for 10 minutes at room temperature and in the dark. Wells were
washed twice in PBS or PBS-T and mounted using DAKO Fluorescent Mounting Media (53023,
DAKO). Samples were incubated in the dark at room temperature for 2 hours, to allow the

mounting media to polymerise, then were stored at 4°C.

2.3.6.2 Immunofluorescence Staining: Cells from Stretching Experiments

Fixed PDMS membranes containing adherent cells from stretching experiments were washed
with PBS or PBS-T, depending on the location of the protein of interest, prior to incubation in
blocking buffer for 1 hour at room temperature. Samples were then submerged in blocking
buffer containing the desired concentration of primary antibody and incubated overnight at 4°C.
Membranes were washed three times in PBS or PBS-T before being submerged in blocking buffer
containing secondary antibody at the desired concentration. After 2 hours of incubation at room

temperature and in the dark, nuclei were counterstained with 2pg/ml DAPI in PBS or PBS-T, for
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10 minutes at room temperature and in the dark. Samples were washed twice in PBS or PBS-T
and mounted onto modified polysine slides (J2800AMNZ, Thermo Fisher). Strips of PET plastic
were made from OCT moulds (4133, Sakura Finetek) and adhered onto the surface of the slide
using clear nail polish to create a well-like structure. The membrane was placed cell-side up
inside the well-like structure and mounted using DAKO Fluorescent Mounting Media and a
24mm (10573462, Thermo Fisher) or 50mm (12373128, Thermo Fisher) coverslip, depending on
the membrane size. Slides were incubated in the dark at room temperature for 6 hours, to allow

the mounting media to polymerise, then were stored at 4°C.

2.3.6.3 Immunofluorescence Staining: Non-adherent THP1 Cells

Fixed cells were re-suspended in blocking buffer, made up of PBS with 5% donkey serum (D9663,
Sigma), 0.25% bovine serum albumin (BSA; A2153, Sigma), and 0.25% cold water fish gelatine
(G7765, Sigma) and incubated for 1 hour at room temperature. Samples were then spun down
at 1000rcf for 5 minutes and the pellet resuspended in blocking buffer containing the desired
concentration of primary antibody and incubated overnight at 4°C. Cells were washed three
times in PBS using the spinning down method, as before, before being re-suspended in blocking
buffer containing secondary antibody at the desired concentration. After 2 hours of incubation
at room temperature and in the dark, nuclei were counterstained with 2ug/ml 4’, 6-diamindino-
2-phenylindole (DAPI; D9542, Sigma) in PBS, for 10 minutes at room temperature and in the
dark. Cells were washed twice in PBS using the re-suspension method, as before. After washing,
cells were spun down and re-suspended in 50ul DAKO Fluorescent Mounting Media (53023,
DAKO) and the liquid was placed in a drop on the middle of a slide. The coverslip was carefully
placed onto the droplet, spreading it out beneath the coverslip. Samples were incubated in the
dark at room temperature for 2 hours, to allow the mounting media to polymerise, then were

stored at 4°C.

2.3.6.4 Antibodies Used

Details for the antibodies used for immunofluorescence of fixed cells are recorded in Table 3:
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Antibody Supplier Catalogue Number | Lot Number
Alexa 488 donkey anti-goat Life Technologies A11055 1182671
Alexa 488 donkey anti-mouse Life Technologies A21202 1820538
Alexa 488 donkey anti-rabbit Life Technologies A21206 1387792
Alexa 488 donkey anti-rat Life Technologies A21208 1789917
Alexa 568 donkey anti-goat Life Technologies A11057 1235787
Alexa 568 donkey anti-mouse Life Technologies A10037 1303018
Alexa 568 donkey anti-rabbit Life Technologies A10042 1964370
Alexa 647 donkey anti-rabbit Life Technologies A31573 1903516
DMP1 R&D AF4386 0

DMP1 (LFMb-31) Santa Cruz SC-73633 C0308

HAS3 (3C9) Novus NBP2-37494 140326
LAMP1 (D2D11) Cell Signalling 9091 2

LC3A/B (D3U4C) Cell Signalling 127415 3

MAP LC3 a/b Santa Cruz SC-16756 B0615
Osteopontin Larry Fisher LF-166 1

RUNX2 (M70) Santa Cruz SC-10758 G2815
Tubulin (YOL1/34) Abcam Ab6161 GR229236-2

Table 4: Antibodies used for Inmunofluorescence of fixed cells

2.3.6.5 Imaging & Quantification

Immunofluorescence images were taken using a DMI6000 confocal microscope with a TCS SP8
attachment (Leica), and LAS AF software. The same image acquisition settings were used to
obtain images within the same experiment in order for the relative fluorescence to be compared

between experiment groups. Images were processed using Photoshop CC (Adobe).

Quantification of RUNX2-positive cells was carried out using Photoshop and Image-J (Fiji).
RUNX2-positive cells were classified as cells with RUNX2 staining co-expressed with DAPI-stained
nuclei, as RUNX2 is a transcription factor that is active in the nucleus. The number of RUNX2-
positive cells were determined by marking a dot over the nucleus in a separate layer in
Photoshop. This layer was then exported and opened in Image-J where it was made a binary
image and the analyse particles function was used to count the number of dots denoting RUNX2-
positive cells. The result for each image was recorded in an Excel spreadsheet then PRISM 5
software was used to carry out either a Student’s t-test or ANOVA with Bonferoni correction,
depending on the requirements of the data. Statistical significance was set at * p<0.05, **
p<0.01, and *** p<0.001.
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The fluorescent intensity of RUNX2-positive nuclei was determined in Photoshop; the nucleus
of each RUNX2-positive cell was drawn round using the lasso tool, and the histogram function
was used to record the mean fluorescent pixels within the drawn area in the red channel. The
result for each RUNX2-positive cell was recorded in an Excel spreadsheet then statistical analysis
was carried out in PRISM-5, as above. Additionally, three RUNX2-negative cells were recorded
per image and used as a negative control to compare against the results obtained from the

RUNX2-positive cells.

Imaris image analysis software (Bitplane) was used to produce 3D images from Z-Stacks and for
quantification of LC3 puncta and cytoskeleton breakage. LC3 puncta, representing
autophagosomes, were quantified using the spots function and the acceptable vesicle size was
set to a range of 300nM to 1uM in order to reduce the risk of background staining being
guantified as a LC3-positive vesicle. The number of spots for each image was produced within
the statistics section of the Imaris software and were exported to Excel before inputting into

PRISM-5 for statistical analysis.

Cytoskeletal breakage was determined by creating a surface representative of the a-tubulin or
phalloidin staining in Imaris software. The surface had background subtraction set at 1uM and a
voxel filter applied, to reduce background staining being included in the analysis. The area and
volume of the surface as well as the number of disconnected components were produced within

the statistics section of the Imaris software, and were exported to an Excel spreadsheet.

Statistical analysis was carried out in PRISM 5 software using either a Student’s t-test or ANOVA
with Bonferoni correction, depending on the requirements of the data. Statistical significance

was set at * p<0.05, ** p<0.01, and *** p<0.001.

2.3.7 Tartrate-Resistant Acid Phosphatase (TRAP) Staining
TRAP staining was carried out to determine the presence of osteoclasts. Adherent cells were
fixed as described previously, and an acid phosphatase staining kit (387A-1KY, Sigma) was used

for TRAP staining. This was performed according to the manufacturer’s instructions, although
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the volumes of solutions required were reduced for staining cells rather than tissue sections.
Briefly, the staining solution was prepared using diazotized fast garnet GBC solution, naphthol
AS-Bl phosphate, acetate, tartrate, and distilled water. The solution was pre-warmed to 37°C,
then 200ul added to each well of a 96 well plate. Cells were incubated in the staining solution
for 1 hour at 37°C, before washing with distilled water. Wells were mounted in with
ImmunoHistoMount™ (11161, Sigma) and imaged using a MC170 HD camera (Leica) attached to

a DMIL LED microscope (Leica), and using LAS AF Lite software (Leica).

Quantification of TRAP-positive multinucleated cells was carried out using Photoshop and
Image-J. For each TRAP-positive cell with 3 or more nuclei a dot was marked in a separate layer
in Photoshop. This layer was then exported and made a binary image in Image-J before the
analyse particles function was used to count the number of dots denoting TRAP-positive and
multinucleated cells. The same method was used to quantify the total cell number, the results
for each image were recorded in an Excel spreadsheet and the percentage of osteoclasts in each
image were calculated. PRISM 5 software was used to carry out either a Student’s t-test or
ANOVA with Bonferoni correction, depending on the requirements of the data. Statistical

significance was set at * p<0.05, ** p<0.01, and *** p<0.001.

2.4 In vivo Sample Processing & Analysis

2.4.1 Rat Tooth Movement Samples

A tooth movement experiment was carried out in a rat model by Professor Kai Yang of Capital
Medical University, Beijing. Five female Sprague Dawley® rats were used per time point, which
were 6 weeks old at the start of the experiment. The first molar was anchored to the upper
incisor via an orthodontic spring, allowing the molar to be moved towards the distal part of the
maxilla. The experiment was carried out over 21 days, with the device being re-fitted every 7
days, as the continuous growth of the incisor affected the angle of strain. Animals were sacrificed
at 10 time points during that period: Ohr, 1hr, 3hr, 6hr, 12hr, 24hr, 72hr, 7day, 14day and 21day-

post the initial onset of strain. The maxillae were dissected out and fixed with 4% PFA for 48
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hours, before washing with PBS and decalcification with 18% ethylenediaminetetraacetic acid in
PBS (EDTA) for 1 month. Samples were paraffin embedded and sectioned at 5uM, in the sagittal
plane. Slides containing formalin fixed paraffin embedded (FFPE) samples were obtained from
Professor Kai Yang and transported to Plymouth University for haematoxylin and eosin (H&E)

and immunofluorescence (IF) analysis.

2.4.2 H&E Staining
H&E staining was carried out to analyse tissue structure. Solutions of 95% and 70% ethanol
(20821.321, VWR) were prepared in distilled water, and Eosin Y (318906-500ml, Sigma) was

diluted 1:4 in 80% ethanol.

Slides were heated at 55°C for 20 minutes to melt the wax, then were submerged twice in xylene
(534056, Sigma) for 5 minutes at room temperature. Samples were then submerged twice in
100% ethanol for 5 minutes, then once in 95% ethanol (in distilled water) for 2 minutes and in
75% ethanol (in distilled water) for 2 minutes, before washing briefly in distilled water. The tissue
was covered in Harris haematoxylin solution (HH516-500ml, Sigma) and incubated at room
temperature for 8 minutes, before washing under running tap water for 5 minutes. Slides were
then submerged in 1% acid alcohol (56694-100ML-F, Fluka) for 30 seconds, and washed under
running tap water again for 5 minutes. The slides were then dipped 10 times into 95% ethanol,
before the tissue was covered in eosin solution for 8 minutes. Slides submerged twice in 100%
ethanol for 5 minutes, then placed into xylene twice for 5 minutes. Samples were mounted with
Eukitt mounting media (03989-100ML, Fluka) and 55mm coverslips, and stored at room
temperature. Images were taken using a MC170 HD camera (Leica) attached to a DMIL LED

microscope, and LAS AF Lite software.

2.4.3 Immunofluorescence

2.4.3.1 Immunofluorescence Staining: FFPE Samples
FFPE samples were deparaffinised by heating to 55°C for 20 minutes. The slides were then

submerged twice in xylene for 5 minutes, twice in 100% ethanol for 1 minute, then once in 95%
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ethanol (in distilled water) and in 75% ethanol (in distilled water) for 1 minute. Samples were
then washed in distilled water, before being submerged in citrate buffer and microwaved on full
power (approximately 900watts) for 1 minute, before immediately being immersed in cold tap
water. Samples were washed once more in cold tap water, then once in either PBS or PBS-T,
depending on the location of the protein of interest. Slides were incubated for 1 hour at room
temperature in blocking buffer, made up of either PBS or PBS-T with 5% donkey serum, 0.25%
BSA, and 0.25% cold water fish gelatine. The sections were then covered in blocking buffer
containing the desired concentration of primary antibody and incubated overnight at 4°C. Slides
were washed three times in PBS or PBS-T before being covered in blocking buffer containing
secondary antibody at the desired concentration. After 2 hours of incubation at room
temperature and in the dark, nuclei were counterstained with 2ug/ml DAPI in PBS or PBS-T, for
10 minutes at room temperature and in the dark. Slides were washed twice in PBS or PBS-T and
mounted using DAKO Fluorescent Mounting Media and 55mm coverslips. Slides were incubated
in the dark at room temperature for 2 hours, to allow the mounting media to polymerise, then

were stored at 4°C.

2.4.3.2 Antibodies Used

Details for the antibodies used for immunofluorescence of FFPE tissue are recorded in Table 4:

Antibody Supplier Catalogue Number | Lot Number
Alexa 488 donkey anti-goat Life Technologies A11055 1182671
Alexa 488 donkey anti-mouse Life Technologies A21202 1820538
Alexa 568 donkey anti-rabbit Life Technologies A10042 1826664
DMP1 R&D AF4386 0

MAP LC3 a/b Santa Cruz SC-16756 B0615
Osteopontin Larry Fisher LF-166 1

RUNX2 (M70) Santa Cruz SC-10758 G2815

Table 5: Antibodies used for immunofluorescence of FFPE tissue

2.4.3.3 Imaging & Quantification
Immunofluorescence images were taken using a DMI6000 confocal microscope with a TCS SP8

attachment, and LAS AF software. The same image acquisition settings were used to obtain
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images within the same experiment in order for the relative fluorescence to be compared

between experiment groups. Images were processed using Photoshop.

The mask function in Imaris software was used to split images of rat maxilla into three regions
containing the bone-PDL, PDL and PDL-dentine. For each region the quantification of LC3 puncta
was carried out using Imaris and the number of fluorescent intensities of RUNX2-positive cells
were determined using Photoshop and Image-J. Statistical analysis was carried out using PRISM

5 software, as was described for fixed cells (section 2.3.6.5).
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3 Chapter 3: The role of Autophagy in the Periodontium during

Experimental Orthodontic Tooth Movement

3.1 Introduction

Tooth movement exposes cells of the periodontium to different mechanical stresses, including
compression and tensile strain. These forces have different effects on stem cell differentiation
for bone remodelling including that of osteoblasts for osteogenesis (Engler et al., 2006;
Dalagiorgou et al., 2013; Zhou et al., 2020). However, the exact mechanisms involved in this
process are unknown. Additionally, while it is well established in the literature that mechanical
strain can activate the autophagy pathway, it is still unclear whether mechanical strain-induced
autophagy is protective or destructive and how constant mechanical strain, as with orthodontic
tooth movement, may alter the autophagy pathway. It was theorised that perhaps cells exposed
to tensile strain underwent an altered state of autophagic flux which could contribute to MSC
activation or differentiation to osteoblasts. However, papers linking osteogenesis and
autophagy have mostly been in in vitro studies rather than in vivo, and there are few papers

exploring autophagy levels in the PDL during tooth movement.

This chapter investigates the effect of constant tensile strain on MSC differentiation into
osteoblasts and attempts to establish the autophagic status of cells exposed to this mechanical
strain, both in vivo and in vitro. The in vivo model system provided rat periodontium samples
which were analysed for their expression of osteogenesis and autophagy markers at different
stages of tooth movement. An in vitro cell stretching system was then trialled and optimised for
use as an in vitro tooth movement model. hBMCs, containing osteoblast progenitors, were then
analysed for their expression of osteogenesis and autophagy markers on exposure to constant
tensile strain. The in vitro model was also used to further investigate the interplay between
autophagy, osteogenesis and mechanical strain by experimental modification of the autophagy

pathway.
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3.2 Results

3.2.1 Tooth Movement In Vivo

In order to investigate the effect of mechanical strain on osteogenesis, a tooth movement
experiment was carried out in female Sprague Dawley® rats by Professor Kai Yang of Capital
Medical University in Beijing. This well-established model simulates tooth movement from
orthodontic procedures, as the rat’s first molar is anchored to the upper incisor by an

orthodontic spring and is moved towards the distal end of the incisor (Figure 15).
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Figure 15: Tensile strain models of orthodontic tooth movement; A: A rat tooth movement device where the first
molar is moved by attachment to the incisor via an orthodontic spring (adapted from Kitaura et al., 2014); B: X-ray
images demonstrating the lateral view and photographic images of the medial view of the tooth movement device
in situ. The movement of M1 is demonstrated by the widening of the gap between M1 and M2 from 24hr to 7days
stretched. M1 = the first molar, M2 = the second molar, M3 = the third molar.

Rodent incisors continuously grow in order to compensate for gnawing behaviours. This meant
that the angle of strain was slightly altered at different points during the experiment as the
growing incisor moved the device in relation to the plane of the teeth. To compensate for this,
the device was re-fitted every 7 days during the 21 day stretching period. Additionally, the
nature of many orthodontic devices is such that there is a greater force exerted at the crown
compared to the root. Therefore, the exact stretching conditions the periodontium was placed
under was not constant during the experiment, thus the accuracy of this model when compared
to the clinical situation, where the same level and angle of strain is used throughout, is
debateable. However, it should be noted that in using this as a model of orthodontic tooth
movement in human orthodontic tooth movement using braces, there are slight alterations in

the strain patterns throughout treatment, which is mirrored by the above model.
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Rats were 6 weeks old at the beginning of the experiment; at this age the rats have reached
sexual maturity and their teeth are fully developed and erupted, thus are classified as adults
(Denes et al., 2018). Postnatally, each day for a rat relates to approximately 34.8 days of
development for a human, when the differences in developmental stages and lifespan are
considered (Sengupta, 2013). In considering the translational capacity of the work, the 21 day
stretching period accounts for just over 2 human years, and with the average orthodontic
treatment period for humans being between 2-3 years, the rat experiment may be comparable
to the duration of human orthodontic tooth movement (Fink and Smith, 1992; Mavreas and

Athanasiou, 2008).

Animals were sacrificed at Ohr, 1hr, 3hr, 6hr, 12hr, 24hr, 72hr, 7day, 14day and 21day-post the
initial onset of strain with 5 animals in each group, and sagittal sections of the FFPE maxillae
were obtained for analysis. It is well-established in the literature that in the scenario of tooth
movement, one side of the periodontium will be exposed to tensile stretching force while the
otheris compressed. The stretched side undergoes osteogenesis, while the compressed side has
increased bone resorption, and in this way the alveolar bone is remodelled, and the tooth is
moved (Krishnan and Davidovitch, 2009). Therefore, the regions of interest of the periodontium
included the alveolar bone, periodontal ligament and dentine between the first and second

molars which had undergone constant tensile strain as the first molar was moved.

3.2.1.1  Morphology

H&E staining was used to analyse morphological changes in the periodontium when exposed to
constant tensile strain for between 1 hour and 7 days (Figure 16). Haematoxylin stains nucleic
acids while eosin is a non-specific protein stain, therefore H&E staining can be used to identify

basic cell shape, size and location within the tissue (Fischer et al., 2008).
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Figure 16: H&E staining demonstrates a morphological change in the periodontium of rats exposed to tensile strain; The
black box on the 4x images (top row) is the area of interest shown in the 40x images (bottom row). N=3. B = bone, P =
periodontal ligament, D = dentine.

H&E staining demonstrated a morphological change in the periodontium of rats exposed to
tensile strain. Indents in the bone were observed along the bone-PDL border on the side that
had been stretched from 1 hour to 3 days. These indents seemed to have cells accumulated in
them, which was especially obvious at 3 hours and 1 day. The indents ranged from slight, to
holes that spanned the width of the bone, seen at 3 hours, or going down into the length of the
bone, with the most pronounced indent being observed at 3 days stretched. By 7 days stretched
the bone had less indents observed along the stretched side. There were also changes in the
PDL, as it appears wider from 1 day to 7 days stretched, compared to the previous time points.
The organisation of the PDL at 7 days stretched seemed more uniform than that of previous time

points, with longer fibres between the nuclei than that seen at 0 hours.
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3.2.1.2 Osteogenic Marker Expression
Immunofluorescence was carried out for osteogenesis marker Osteopontin and DMP1, a protein

involved in dentine and bone mineralisation (Figure 17).

0 hr 1hr 3hr

Figure 17: Immunofluorescent staining for osteogenesis markers Osteopontin and DMP1 in the periodontium of rats
exposed to tensile strain. N=3. DMP1 = dentin matrix protein 1, OP = osteopontin, B = bone, P = periodontal ligament, D
= dentine.

There was an upregulation in DMP1 in the bone from 0 hour to 7 days stretched, with the highest
expression being observed at 3 hours. The osteopontin staining increased steadily along the
bone-PDL border over time as the tissue was stretched. In the PDL itself osteopontin expression
was more varied, with little expression being observed at 0 and 1 hour, an upregulation in the
PDL at 3 hours, a reduction at 1 day then another increase at 3 days before a reduction in
expression at 7 days stretched. At 3 hours stretched osteopontin staining was higher on the side
of the PDL that was being compressed by the tooth movement compared to the side that was
being stretched. The cementum along the PDL-dentine border also seemed to show osteopontin
staining from 1 hour to 7 days stretched, with no staining observed in this area at 0 hour. DMP1
staining was also observed along the cementum at 1 hour, 3 hours, 1 day and 7 days stretched,

with no staining observed at 0 hour or 3 days.
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Additionally, RUNX2 staining was carried out to analyse the expression of the master
transcription factor of osteogenesis (Figure 18). The images were divided into regions of the
periodontium using Imaris image analysis software and RUNX2 staining was quantified with two
parameters: firstly, the number of RUNX2-positive cells, that being cells where RUNX2 staining
was found co-localised with the nucleus, and secondly the fluorescence intensity of RUNX2

staining.
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Figure 18: Osteogenesis and autophagy marker expression of rat periodontiums exposed to tensile strain; A:
Immunofluorescence staining and Imaris regions for RUNX2, the master transcription factor of osteogenesis; B:
Immunofluorescence staining and Imaris regions using the Imaris spots function to demonstrate LC3 puncta staining, a
marker of autophagy; C: Quantification of the percentage and fluorescent intensity of RUNX2-positive cells, and the
number of LC3 puncta per cell in each region. N=3. IF = immunofluorescence, RUNX2 = Runt-related transcription factor
2, LC3 = Microtubule-associated protein 1 light chain 3, B = bone, P = periodontal ligament (PDL); D = dentine.
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Compared to the 0 hour control, there was a decrease in the number of RUNX2-positive cells at
1 hour and 3 hours but an increase at 24 hours after the onset of strain. The greatest percentage
of RUNX2-positive cells were identified in the bone-PDL region of the periodontium at 24 hours
stretched. The relative expression of RUNX2 was compared by analysing the fluorescent
intensity of RUNX2 staining in the RUNX2-positive cells. RUNX2 fluorescent intensity was
decreased at 1 hour and 3 hours compared to 0 hour, but was increased at 24 hours stretched.
The bone-PDL region was had a higher relative fluorescent intensity of RUNX2 than the PDL or

PDL-dentine regions (Figure 18C).

3.2.1.3 Autophagy Marker Expression

Autophagy levels were analysed in the rat tooth movement samples using immunofluorescence
and quantification of LC3 puncta staining (Figure 18). Puncta staining of LC3 is widely accepted
to be indicative of autophagy activation as it represents the conversion of LC3-I, present in the
cytosol, to LC3-1l, bound to the autophagosome membrane (Mizushima, Yoshimori and Levine,
2010). The LC3 puncta present in different areas of the periodontium were quantified using the

spots function in Imaris, an image analysis software.

LC3 staining was increased at 1 hour and 3 hours stretched compared to 0 hour, but was then
decreased at 24 hours. Imaris image analysis software was used to divide the images into three
distinct regions, those being the bone-PDL, PDL and PDL-dentine, in order to better analyse the
effects of stretching force on the periodontium (Figure 18B). The Imaris spots function was used
to quantify LC3 puncta staining in each region which was normalised to the number of cells in
the region to provide the number of LC3 puncta per cell. This quantification supported the
observation that there was an increase in LC3 puncta at 1 hour and 3 hours compared to 0 hour.
The highest number of LC3 puncta were observed in the bone-PDL region at 1 hour and 3 hours
stretched. The number of LC3 puncta per cell was then decreased at 24 hours back to basal levels

in the PDL and PDL-dentine regions, however in the bone-PDL region LC3 puncta was decreased
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compared to the 1 hour and 3 hour samples, but was still higher than was observed at 0 hour

(Figure 18C).

3.2.1.4 Cytoskeleton Expression

The cytoskeleton is a key cellular structure for mechanotransduction, therefore the rat tooth
movement samples were analysed for tubulin staining, a cytoskeleton marker. The following
immunofluorescence staining was carried out by Charlotte lllsley at Plymouth University and

these samples were then provided for analysis.

O hr 3 hr
P -

Figure 19: Cytoskeletal changes in the periodontium of rats exposed to tensile strain, as determined by
immunofluorescence; A: Immunofluorescence for a-tubulin. N=3, B = bone, P = periodontal ligament, D = dentine.

Tubulin expression was decreased in the PDL after 1 hour of stretching compared to the 0 hour
control, after which there was an increase in tubulin staining observed from 3 hours to 7days
(Figure 19). The staining pattern observed at 7 days looked to indicate cells with long, thin
morphology which could suggest the fibroblasts present in the PDL were staining positive for
tubulin. There were also hole structures seen in the PDL with the absence of a-tubulin staining

at 3 hours and 1 day after the onset of strain.

3.2.2 Optimising an In Vitro Cell Stretching Model

An in vitro cell stretching model was required in order to analyse the effects of constant tensile
strain on stem cell activation and differentiation to osteoblasts. Initially, a collaboration was set
up with Professor Herbert Shea of Ecole Polytechnique Fédérale de Lausanne (EPFL), who was

developing a cell stretching device for biological research.
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3.2.2.1 Optimising the Culture Conditions

Initial experiments were aimed at optimising the culture conditions required to grow cells on
polydimethylsiloxane (PDMS) and to determine which type of PDMS would be the best choice
for producing the cell stretching devices. EPFL provided two types of PDMS in sheet form:
LSR4305 Silbione and DC186 Sylgard. The sheets were produced by making up the PDMS
solution, pouring it onto an A4 acrylic sheet and allowing it to set then covering it in a thin plastic

to prevent damage or dust sticking to the PDMS during transit to Plymouth University.

A 1cm by 1cm square was cut out of each sheet and the thin plastic covering removed before
the PDMS square was sterilised in 100% ethanol for 20mins at room temperature. The squares
were then washed briefly in sterile distilled water, placed into wells of a 12well cell culture plate
and coated by covering in a sterile collagen coating solution and incubating at 37°c for 2hrs. The
coating solution was aspirated and the sheets washed gently with HBSS in order to remove any
excess solution, before cells were seeded. Primary human periodontal ligament fibroblast (HPLF)
cells were used to optimise the initial culture solutions, as not only were they accessible and
easy to maintain in culture, but they were relevant to the PDL during orthodontic tooth

movement and therefore were considered for potential future experiments.
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LSR4305 Silbione DC186 Sylgard Plastic Culture Dish

20x

Figure 20: Cell morphology when cultured on different types substrates; Brightfield images demonstrating the
confluence and morphology of human periodontal ligament fibroblasts (HPLF) when cultured on LSR4305 Silbione or
DC186 Sylgard PDMS compared to that of a plastic cell culture dish. HPLF = human periodontal ligament fibroblast,
PDMS = polydimethylsiloxane.

Some detachment of the cells and collagen coating was observed on the LSR4305 Silbione PDMS
which was not observed on the DC186 Sylgard PDMS (Figure 20). Additionally, cells cultured on
the normal culture dish had a long, fibroblastic morphology which was comparable to cells
cultured on the DC186 Sylgard PDMS, whereas the LSR4305 Silbione PDMS contained cells which
were shorter and had a rounder cell body. Therefore, it was determined that the DC186 Sylgard

PDMS was the best choice for use in future experiments.

EPFL provided a tester device consisting of the DC186 Sylgard PDMS assembled within the
structure of the device but not including the electrode contact points required for the device to
be stretched (Figure 21). This device was sterilised, washed and collagen coated using the
previously established protocol. HPLF cells were seeded onto the device at a density of 5x10*

cells and incubated overnight at 37°c and 5% CO2.

111



Tester Device Plastic Culture Dish

Figure 21: Cell morphology on EPFL cell stretching devices; Brightfield images demonstrating the confluence and
morphology of HPLF cells cultured on the EPFL tester device compared to that of a plastic cell culture dish. HPLF =
human periodontal ligament fibroblast.

After 24 hours cells were observed to have attached to the device with the expected
morphology. These cells were cultured on the device for a further 5 days and were found to
grow well and reach near full confluency. There did seem to be some detachment of the collagen
coating, and thus also the cells, in some areas of the membrane however the majority had good
cell confluency. This indicated that the culture conditions previously established by PDMS sheet

cultures would be sufficient for use on the actual stretching devices.

3.2.2.2 EPFL Cell Stretching Device

EPFL provided several batches of stretching devices using the DC186 Sylgard PDMS. The design
of the stretching device was being optimised throughout the collaboration as this was an
ongoing project for Professor Shea’s group, however there were some basic components to the
device that were consistent in all of the batches. An example set-up of the EPFL stretching device

is depicted in Figure 22.
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Figure 22: An example set up of the EPFL stretching device (batch 4); A: An overview of the entire set-up, including
the stretching device within its holder, attached to the power-pack which is attached to the computer; B: the
attachment of the power-pack to the device, with the black wire connecting the ground and the red wire connecting
the high voltage; C: a screenshot of the software which allowed the powerpack to be turned on and adjustments
made to the voltage, intervals and duration of stretching; D: the powerpack with a top voltage of 5000 Volts; E: the
holder where the device would be placed contained gold contact points to connect the carbon electrodes on the
PDMS to the wires inserted into the bottom of the holder, in order to close the circuit and connect the stretching
device to the powerpack; F: the stretching device within the holder; the red arrow denotes the carbon electrodes
within which the device would be stretched. EPFL = Ecole Polytechnique Fédérale de Lausanne.

The device consisted of a PDMS membrane stretched taut between rings of PET plastic, and
printed with carbon electrodes on the PDMS surface. Once assembled, the carbon electrodes
came into contact with metal electrodes on wires which connected the device to a power-pack.
The power-pack was connected to a computer containing specialised software that could control
the voltage used and duration the device would be stretched (Poulin et al., 2016). It is important
to note that the only area of the membrane that would undergo stretching was the space

between the carbon electrodes (see the red arrow depicted in Figure 22F).

Initial experiments were carried out by culturing HPLF cells on these devices in order to establish
how the device worked and the methods that would be suitable for analysing any molecular and
cellular changes resulting from cell stretching. Several other cell types were also tested on the
device, including the human bone marrow cells (hnBMCs) which contain several cell types

including mesenchymal osteoblast progenitors and were therefore clinically relevant to
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osteogenesis during orthodontic tooth movement. An overview of these experiments and their

outcomes is shown in Table 6.

EPFL Cells
. Stretching Outcome Key Takeaways
Device | (Passage)
Cell culture was successful and the
Cell attachment observed . .
stretching device could connect to
HPLF (P8) N and cells were able to be
. . the software and powerpack and
stretched using the device.
stretch the cells.
Cells attached and stretched.
Bubl:'>les opserved n Fhe Any liquid present on the sides or
media during stretching, underside of the membrane should
HPLF (P10) v thought to be from the edge . .
be avoided to prevent the device
of the membrane where the short-circuitin
carbon electrodes meet the &
gold electrode contacts.
Batch 1 The deV|c.e was fully
assembled prior to collagen
coating or cell seeding to
prevent liquid being present The culture conditions were
HPLF (P11) N on both sides of the sufficient for HPLF attachment and
membrane. Cells attached stretching.
and stretched with consistent
stretching movements and
no sparks observed.
Good cell attachment but the
hBMC (P8) X . dish was knocked in Culture conditions were sufficient for
incubator and the membrane hBMC attachment.
was dry
Thought that Ki67 FUCCl-infected
hBMCs may not withstand culturing
Ki67 EUCCI Low cell attachment and in this way. Decided to attempt the
X morphology was not as FUCCI reporter again once the
hBMC (P14) )
expected for fibroblasts system was set up and to revert back
Batch 2 to using hBMCs to determine if it
was a cell issue or another problem.
EPFL informed us that the batch 2
PDMS membrane split devices were made of PDMS that
hBMC (P1
C (P13) X overnight was out of date. The devices were
discarded.
Devices had been produced using a
different oil in the oil-backing layer
Batch 3 hBMC (P8) X No cell attachment was that seemed to be seeping through
observed onto the surface of the device.
Washing was unsuccessful, the
devices were discarded.
Good ce'II attachment. hBM(Cs cultured on the EPFL
Software issue meant the . . .
. stretching device could be fixed and
device could not connect to . .
stained for immunofluorescence
the powerpack therefore the analysis. Re-installed the drivers and
Batch4 | hBMC (P5) X device could not be ysis.

stretched. Phalloidin staining
of fixed cells could be
visualised using the confocal
microscope.

tested that the software could once

again connect the powerpack to the

device and stretch the device using a
batch 3 device.
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Good cell attachment. CMDII
could be visualised using the . . .
confocal microscope. Cells hBI.VICS (.:OU|d .be V|suaI|§ed for live
hBMC (P5) were stretched and imaged cell imaging u§|ng the Leica confocal
. . microscope.
using the time lapse feature
of the Leica software.
Some technical issues with keeping
Good cell attachment. the device stationary and in focus, as
Ki67 FUCCI Visualised cells using the even small strain caused the device
hBMC (P8) confocal microscope and to shift slightly. hBMCs infected with
imaged during strain. the Ki67 FUCCI virus were less
proliferative.
Ki67 FUCCI Good cell attachment seen a | The while film was determined to be
hBMC (P10) few hours after cell seeding, an interaction between the media
however 24hrs after seeding and oil from the oil backing layer,
Batch 5 . a white film was observed which was once again seeping
Ki67 FUCCI X across the membrane that through onto the top of the
hBMC (P11) obscured the view of the membrane. The devices were
cells. discarded.

Table 6: An overview of the work carried out with the EPFL stretching devices and the key lessons learnt from these
experiments. HPLF = human periodontal ligament fibroblasts, hBMC = human bone marrow cells, Ki67 FUCCI hBMC =
human bone marrow cells infected with the Ki67 fluorescence ubiquitin cell cycle indicator (FUCCI) viral reporter, PDMS
= polydimethylsiloxane, Ki67 FUCCI CLE = cervical loop epithelial cells infected with the Ki67 fluorescence ubiquitin cell
cycle indicator (FUCCI) viral reporter.

The first batch of devices had some success in culturing HPLF cells, with good confluency and
cell morphology similar to the cells when cultured on normal plastic dishes. In the initial test of
the stretching function of the device, the device was assembled and stretched while dry in order
to ensure all the components functioned properly, and the membrane was clearly seen to be
moving when looked at down the microscope. However, when the device was stretched with
cells and media present the movement of the device was much more subtle and some bubbles
and even sparks were observed on one side of the device, near where the electrodes connected.
The cells remained attached to the device throughout the test and were still attached with
normal morphology after culturing 24 hours in the incubator after the test, therefore this did
not seem to affect cell viability but there were questions as to whether this issue would affect
gene expression or alter the electrical circuit and efficiency of the stretching device. It was
decided that for future experiments the devices should be fully assembled, including the wires
attached, prior to collagen coating and cell seeding in order to prevent any liquid being present
on the sides or underside of the device which might cause it to short circuit. Some larger cell
culture dishes were obtained for this purpose, so that the device could be fully assembled but

still kept in as sterile conditions as possible.
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The second batch of devices were produced by myself on a visit to EPFL where | was trained in
the production of the cell stretching devices. These devices differed in design to the first batch
of devices that we received, as they contained silver contacts requiring conductive gel for easier
attachment to the powerpack, a thicker plastic casing that ensured the PDMS ring was not
required, and a higher number of carbon electrodes across the surface of the membrane for a
larger surface area the cells could be stretched in. They also included an oil backing layer covered
in thin cover-glass on the underside of the membrane which aimed at improving the visualisation
of cells by microscopy. On my arrival to EPFL it was discovered that the only PDMS they had in
stock was out of date however despite this we proceeded with making the devices. Several of
the devices produced had the membrane split at some point during production, resulting in a
batch of 30 devices remaining by the end of the process which were transported to Plymouth
University for stretching experiments. However, they had a high failure rate during experiments
including the membrane splitting and cells not attaching despite the same protocols being used
as previous tests. Our collaborators determined that the PDMS being out of date may have
resulted in more imperfections being present in the membrane which distorted the strain the
membrane was under simply from being held taut in the device. This batch of devices was

therefore discarded.
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The third batch of devices also had issues with cell attachment (Figure 23A), with few hBMCs
observed attached to the device 24hrs after seeding. From looking at the device down the
microscope, some bubbles or round particles were observed which had not been seen in
previous batches. Other devices from the same batch seemed to have beads of liquid on the
membrane surface which was also observed for devices that had not been collagen-coated and

should therefore have been dry (Figure 23C-D).
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Figure 23: Cell attachment issues on the EPFL cell stretching devices; Brightfield images demonstrating issues with
cell attachment on batch 3 EPFL devices; hBMCs had poor cell attachment 24hrs after seeding onto the EPFL
membrane (A) compared to the normal cell morphology seen when grown on a plastic culture dish (B). A new device
was collagen coated and observed prior to seeding cells (C) and compared with an un-coated device from the same
batch (D), where some bubble/bead-like particles were observed. EPFL = Ecole Polytechnique Fédérale de Lausanne.

These beads would be present even after sterilising and washing the membranes and could be
seen to absorb into a tissue but would then appear again a short time later. Our collaborators

informed us that they had been experimenting with different oils for the oil backing layer in
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order to refine their protocol, and had sent us a batch of devices which contained safflower oil
rather than the Cargille microscopy immersion oil which was used in previous batches. They
determined that the oil may be seeping through the membrane causing the beaded liquid that
was observed. This would also have affected attempts to collagen coat and seed cells onto the
device, resulting in the high failure rate of this batch of devices. To attempt not to waste the
devices, several solutions were tested for washing including ethanol, methanol, detergent and

glycerol due to its nature of being a polyatomic alcohol (Figure 24).

Prior to Washing 70% Ethanol Water

Glycerol

Figure 24: Washing steps used on EPFL devices with poor cell attachment; Brightfield images demonstrating the
effects of washing EPFL devices with different solutions in order to remove the oil accumulated on the surface of the
membranes. PBS-T = phosphate buffered saline triton, EPFL = Ecole Polytechnique Fédérale de Lausanne.

The glycerol wash seemed to have the greatest effect in decreasing the number of oil droplets
observed on the membrane, however none of the solutions tested were able to completely
remove the oil and even if the membranes were sterilised and collagen coated immediately after
washing, cells were not successfully seeded on these membranes. It was decided that this batch

of devices could not be used either.
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The fourth batch of devices did not have as many technical issues and were used to determine
whether cells could be imaged on the stretching devices. Firstly, phalloidin was used to stain the

actin cytoskeleton of hBMCs cultured on the EPFL stretching device (Figure 25A).
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Figure 25: The use of EPFL cell stretching devices for cell imaging; Confocal images demonstrating the imaging
capabilities of hBMCs cultured on the EPFL stretching devices. A: phalloidin staining demonstrated
immunofluorescence imaging could be used to analyse cells after stretching; B: hBMCs infected with the Ki67 FUCCI
viral reporter system could be imaged live during stretching. hBMC = human bone marrow cells, Ki67 FUCCI hBMC =
human bone marrow cells infected with the Ki67 FUCCI cell cycle reporter system.

The cells could be observed using a Leica confocal microscope, however phalloidin could not be
used to image the cells during the stretching process, only after fixation of the cells. Therefore,
a viral reporter system was trialled for live cell imaging. hBMCs infected with the Ki67
fluorescence ubiquitin cell cycle indicator (FUCCI) viral reporter were cultured on the EPFL
stretching device (Figure 25B). This reporter system utilises fluorescent-tagged proteins that are

involved in different stages of the cell cycle and then rapidly degraded, allowing the
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determination of a cell’s cell cycle stage by the presence of red, green or yellow fluorescence
(Zambon, 2010; Henderson, Lim and Zambon, 2014). The infected cells did not seem to
proliferate as fast as normal hBMCs cultured on the EPFL devices and more debris was observed
in the media suggesting there was some cell death in wells containing infected hBMCs. However,
green and red fluorescence was observed in Ki67 FUCCI hBMCs, indicating that the EPFL

stretching devices could be used for live cell imaging using this reporter system.

The fifth batch of devices received were again seeded with hBMCs that had been infected with
the Ki67 FUCCI viral reporter system in order to observe any cell cycle progression occurring
during stretching. Good cell attachment was observed initially after seeding however after 24
hours a white, opaque film had formed over the membrane (Figure 26). This obscured the view
of the cells both using brightfield and fluorescence, therefore these devices could not be used

to track cell cycle changes during stretching.

Batch 4 EPFL Device Batch 5 EPFL Device

Figure 26: Defects observed with batch 5 EPFL cell stretching devices; Brightfield images demonstrating a white
film that observed on batch 5 EPFL devices compared to the clarity of the batch 4 devices. Ecole Polytechnique
Fédérale de Lausanne.

Several devices were tested and it was suspected that the film was likely to be an interaction
between the media and oil from the oil backing layer which was slowly seeping through the

membrane, therefore unfortunately these devices were also discarded.

Ultimately it was decided that the EPFL devices could not be used at that time to carry out the

planned experiments, due to an issue in the consistency and volume of devices that would be
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required. Therefore, stretching devices were sourced from Strex. The company provided
stretching devices that were cruder in design than the EPFL system but were more reproducible

and able to be obtained in a higher volume.

3.2.2.3 Strex Cell Stretching Device

The Strex manual cell stretching system consisted of a metal scaffold into which a PDMS block
containing four wells could be inserted. The scaffold was attached to a screw which was turned
to stretch the wells. Each full turn of the screw equated to 2.5% of stretch, with a maximum of

20% uniaxial stretching force.

The collagen coating solution specified by the manufacturer consisted of a 1:1 solution of 1mM
hydrochloric acid (HCI) and 3mg/ml rat-tail collagen |. The membrane was covered in collagen
coating solution and incubated at 37°C for 6 hours. Membranes were washed with HBSS, before
the cells were seeded in culture media. Adherent hBMCs were seeded at 6.25x10* cells/cm?, as
recommended by the supplier, and incubated at 37°C and 5% CO2. Cells could then be exposed

to constant uniaxial strain 24 hours later.

In general, the Strex system was more reliable than the EPFL system and was able to be used to
produce enough results for the later experimental work, however there were a few technical
difficulties encountered that could not be avoided. Firstly, the blocks varied from batch to batch
in their uniformity. Despite using the recommended technique for setting up the device, some
of the blocks failed during stretching and detached themselves from the stretching apparatus.
In another instance, one batch had a series of filamentous lines across the membrane when
looked at down the microscope, and another had visible particles present prior to washing or

collagen coating (Figure 27).
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A Before Collagen Coating After Collagen Coating 24hr After Seeding

Figure 27: Defects observed with Strex cell stretching devices; Brightfield images of various defects observed in the
Strex stretching device membranes A: Representative images showing the particles observed on some membranes
which were not removed by washing during the collagen coating process; B: representative images demonstrating
defects in some membranes that obscured the field of view to varying degrees.

While these defects did not seem to affect the stability of the membranes, with no devices failing
during stretching, they did pose difficulties when using the membranes for immunofluorescence
as these defects auto-fluoresced and marred the field of view. The biggest problem encountered
with the Strex cell stretching system however was cell detachment, as the cells were attached
to the collagen coating rather than the membrane itself. Care was taken during washing steps
to try to avoid dislodging the collagen from the membrane, however despite this some samples
were still compromised in this way. It was observed that there were greater variances in the
success of collagen coating and cell attachment in experiments that required several well blocks

to be coated (Figure 28).
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A Strex Block 1 Well 1

Figure 28: Cell attachment on Strex cell stretching devices; Representative brightfield images demonstrating the
variation in the success of cell attachment within the same experiment. A&B: Images show wells in the Strex cell
stretching block which were coated and seeded with hBMCs at the same time with the same components, the only
difference being A depicts the first and B the last well to be collagen coated; C: the expected cell morphology and
attachment in a plastic cell culture dish for comparison.

This was improved by coating the membranes in smaller batches, as although efforts were made
to mix the solution, the viscosity of the collagen meant that it did not form a totally homogenous
mixture. Vortexing was not recommended as it would introduce air bubbles, therefore collagen
coating solutions were made up immediately before use and only for one block at a time. One
factor that was found to be very important in the success of cell attachment over time was
confluency. Once the cells began to reach around 80% confluency they were at risk of detaching
from the membrane surface. The hBMCs grew well and could withstand seeding at lower cell

densities, reducing the risk of cell detachment.

In terms of sample collection, the Strex devices did not require any additional optimisation for
RNA or protein collection, with the protocols used being very similar to that of normal culture
dishes. However, the normal fixation and immunofluorescence protocol had to be adapted for
the Strex system. Fixing and staining the cells in situ in the wells was attempted, however the
flexible nature of the block meant that it was difficult to get the membrane to lay flat. This meant
that it was difficult to focus several cells in the same field of view and obtain good images.
Placing the block onto a petri dish or glass slide for imaging helped to flatten the membrane
somewhat, however this then raised the block above the stage and gave an extra layer for the
laser to penetrate meaning cells could not be visualised at higher magnifications. Additionally,

using this method meant a higher volume of antibody was required which was not cost effective.
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Instead, a method was developed that consisted of excising the membrane, staining in a well
plate then mounting on a slide, which provided better imaging results. As the underside of the
membranes had not been collagen-coated they were still hydrophobic and were at risk of
floating and exposing the cells to the air during incubations, therefore membranes were placed
cell-side down in the well plate for staining. This meant that the cells would always been
submerged in liquid throughout the staining protocol but meant that even more care had to be
taken during the solution replacement, washes or movement of the membrane to avoid the cells

from touching the bottom or sides of the plate.

These methods were developed in order to use the Stex cell stretching device as an in vitro

model for investigating the effect of constant tensile stretching on osteogenesis.

3.2.3 Human Bone Marrow Cell Characterisation

Primary human bone marrow cells (hBMCs) were used as a source of MSC-like and osteoblast
progenitor cells. When first placed in culture, hBMCs were small, round, non-adherent cells.
Over time in culture some cells adhered and these adherent cells were isolated for this work.
After around two passages the hBMCs had a longer and more fibroblastic morphology. The cells
were characterised for their marker expression and capacity to differentiate to osteoblast-like
cells, to ensure their suitability for use as a model of the osteoblast-precursors that would be

affected by tensile strain in the periodontium.

3.2.3.1.1 MSC Marker Expression

hBMCs were analysed for their expression of a panel of human MSC markers using flow
cytometry (Figure 29). A commercial kit provided a panel of antibodies including Stro-1, CD44,
CD90, CD105, CD106, CD146 and CD166. The kit also contained two HSC markers, CD19 and
CD45, which were used as negative MSC markers. For each marker tested, the first graph
demonstrates the forward and side scatter, with the gate used to isolate the hBMCs from cell
debris or other particles, and the heat signature showing the relative number of cells present

within that gate. The second graph shows the histogram peak shift in FITC fluorescence for each
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sample compared to the relevant isotype control. The percentage of positive cells is quantified

by setting the bar gate at 1% for the isotype control.
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Figure 29: MSC and HSC marker expression of hBMCs, as determined by flow cytometry; A: Forward-side
scatter dot plots for each marker demonstrating the gating, and histogram graphs demonstrating the peak shift
of the marker compared to the isotype control (IgG1, IgG2 or IgM); B: The fold change in FITC fluorescence of

each marker, demonstrating their relative expression by hBMCs. N=4. BMC = bone marrow cell, MSC =
mesenchymal stem cell, HSC = haematopoietic stem cell.
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The hBMCs contained a population of cells that were positive for all the MSC markers, to varying
degrees. There was a larger proportion of cells that were positive for CD44 and CD90, which was
significant compared to the isotype control (p=<0.001). A smaller proportion of cells were
positive for CD105, CD146, CD166 and Stro-1, and hBMCs contained a very small proportion of
CD106 positive cells although these were not found to be significantly different when compared
to the isotype control. The HSC markers, CD19 and CD45, were negative for the hBMCs with no
significant difference between sample and isotype control, suggesting that the adherent hBMCs

tested did not contain HSCs.

Different passages of hBMCs, ranging from P3 to P12, were tested for their expression of these
markers. All the passages contained a comparable proportion, around 60%, of CD90 positive
cells, however there was a higher proportion of CD45 in the lower passage cells (P3 and P5)

compared to the higher passage cells (P12).

These results suggest that the hBMCs contain a population of cells that are MSC-like, in that they

express cell surface markers associated with MSCs.

3.2.3.1.2 Osteogenic Differentiation

The plasticity and differentiation potential of hBMCs was tested by treating them with a well-
established osteogenic induction medium (Figure 30). Cells were incubated in culture media
containing dexamethasone, B-glycerol phosphate and ascorbic acid, for 7 or 14 days.
Dexamethasone enhances hBMCs’ responsiveness to RUNX2 and BMP2 which promote
osteogenic differentiation (Yuasa et al., 2015). Ascorbic acid is required for collagen production
and therefore for the production of osteoid, while B-glycerol phosphate promotes

mineralisation (Langenbach and Handschel, 2013).
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Figure 30: Osteogenic differentiation of hnBMCs; A: Q-PCR data demonstrates increased expression of
osteogenesis markers RUNX2 and DMP1 in hBMCs that had undergone the osteogenic induction protocol,
compared to un-treated controls; B: Western blot for RUNX2 demonstrates increased expression in cells that had
undergone the osteogenic induction protocol, with GAPDH as the loading control. N=3, statistical significance
determined by two-way ANOVA with Bonferoni correction comparing the osteogenic induction sample to the
corresponding control at each time point, and set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). RUNX2 = runt-
related transcription factor 2, DMP1 = dentin matrix protein 1, GAPDH = glyceraldehyde 3-phosphate
dehydrogenase.

Treated hBMCs had significantly increased expression of RUNX2, a key gene for initiating
osteogenesis, compared to controls (p=<0.001). Additionally, RUNX2 expression had almost
doubled from 7 days to 14 days in treated cells. Treated samples had decreased DMP1
expression at 7 days compared to controls (p=<0.01) but expression was increased in treated
samples at 14 days (p=<0.001). There was no change in osteopontin gene expression between
the control and treated cells at either time point (Figure 30A). Western blotting showed that at
the protein level RUNX2 was expressed at 7 and 14 days in the treated samples, while no bands
were observed in the control samples at either timepoint. A darker band observed in the 14 days
treated sample lane indicates that the amount of RUNX2 protein was increased from 7 days to
14 days in the treated samples (Figure 30B). This suggests that hBMCs have the capacity to
differentiate to osteoblast-like cells, therefore are suitable for use in determining the effect of

constant tensile strain on differentiation.
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These hBMCs that had undergone the osteogenesis induction protocol were also analysed for
their expression of autophagy-related genes, to determine the cells’ basal levels of autophagy

during osteogenesis (Figure 31).

[ Control 7day Il Control 14day
[ osteogenic Induction 7day 2 Osteogenic Induction 14day
54- k%
3 i
- 3
< ook sk
= ok k
o * %k
£27
4]
=
2 ] |—|
]
o

0_

LC3 ATG5

Figure 31: Autophagy expression in hBMCs undergoing osteogenic differentiation; Q-PCR data demonstrates
LC3 and ATG5 gene expression are increased in hBMCs undergoing the osteogenic induction, compared to un-
treated controls. N=3, statistical significance determined by two-way ANOVA with Bonferoni correction
comparing the osteogenic induction sample to the corresponding control at each time point, and set at *
(p=<0.05), ** (p=<0.01) and *** (p=<0.001). LC3 = microtubule-associated protein 1 light chain 3, ATG5 =
autophagy-related 5.

Treated hBMCs had increased expression of autophagy markers LC3 and ATG5 compared to the

corresponding control at both 7 and 14 days (p=<0.001).

3.2.4 Tooth Movement In Vitro

Once it was established that the hBMCs contained a population of cells that were MSC-like and
could differentiate to osteoblast-like cells, these cells were used to determine the effects of
constant tensile strain on osteogenic differentiation using the Strex manual cell stretching
device. Due to the constraints of the cell stretching system, specifically that of cell detachment
when full confluency was reached, only experiments up to 72 hours of strain were viable.
Experiments were carried out using the cells’ standard maintenance culture media without the
addition of the small molecules used in the osteogenic induction protocol (used for experiments
shown in Figures 30 & 31), so that any changes in osteogenic marker expression were

attributable to the stretching alone.
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3.2.4.1 Stretching hBMCs
hBMCs were exposed to 20% constant uniaxial strain for 6, 24 or 72 hours, before RNA was

collected and cells fixed for immunofluorescence (Figure 32).
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Figure 32: Osteogenesis and autophagy marker expression of hBMCs exposed to constant tensile strain; A: Q-PCR
data demonstrates the expression of RUNX2, the master transcription factor of osteogenesis, is altered by exposure to
tensile strain; B: Immunofluorescence for osteogenesis markers RUNX2, osteopontin and DMP1, and autophagy
marker LC3; C: Q-PCR data demonstrates a change in the expression of autophagy genes in stretched hBMCs. N=5,
statistical significance determined by two-way ANOVA with Bonferoni correction comparing the stretched sample to
the control at each time point, and set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). RUNX2 = runt-related
transcription factor 2, LC3 = microtubule-associated protein 1 light chain 3, DMP1 = dentin matrix protein 1, p62 =
protein 62, ATG3 = autophagy-related 3, ATG5 = autophagy-related 5.

RUNX2 gene expression was initially downregulated at 6 hours in stretched samples (p=<0.05)
but was increased at 24 hours compared to controls (p=<0.01). At 72 hours stretched RUNX2
expression was decreased again (p=<0.001; Figure 32A). Immunofluorescence revealed that at
24 hours RUNX2 staining was increased and was nuclear localised, while staining was much

lower in control cells. Osteopontin and DMP1 staining was increased, and DMP1 was found to
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be nuclear localised in stretched cells compared to controls (Figure 32B). Stretched cells were
also analysed for their expression of several autophagy-related genes, including p62, LC3, ATG3
and ATG5. At 6 hours stretched cells had upregulated expression of p62 (p=<0.001), while there
was little change in LC3, ATG3 or ATG5 expression compared to control cells. LC3 expression was
significantly increased in stretched cells compared to controls at 24 hours (p=<0.001), while
ATG3 expression was decreased (p=<0.01). At 72 hours stretched LC3 and ATG5 expression were
downregulated in stretched samples compared to controls (p=<0.001 and p=<0.05,
respectively). There was no change observed in p62 or ATG3 expression at this time point (Figure
32C). The level of autophagy occurring in stretched cells was determined by the presence of LC3
puncta staining, quantified using IMARIS software. At 24 hours, stretched cells had an increase

in the number of LC3 puncta staining observed compared to control cells (Figure 32B).

3.2.4.2  Strain and Cytoskeleton Breakage In Vitro

hBMCs were exposed to 20% constant uniaxial strain for 6 or 72 hours, before
immunofluorescence for a-tubulin. Z-stacks were input into Imaris software and a surface was
created for the a-tubulin staining. The Imaris software provided statistics for the area, volume
and the number of disconnected components for that surface, allowing for quantification of

cytoskeleton breakage (Figure 33).
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Figure 33: Cytoskeletal changes in hBMCs exposed to constant tensile strain; A: Immunofluorescence for a-tubulin in
cells exposed to stretching force for 6 or 72 hours; B: Imaris software was used to produce a surface corresponding to
the a-tubulin staining; C: The area, volume and number of disconnected components quantified from the Imaris o-

tubulin surface. N=3, statistical significance determined by two-way ANOVA with Bonferoni correction comparing the

stretched sample to the corresponding control at each time point and set at * (p=<0.05), ** (p=<0.01) and ***
(p=<0.001). IF = immunofluorescence.

While cells are positioned randomly in the control conditions, hBMCs stretched for 72 hours
alter their alignment in line with the direction of strain (Figure 33A). The surfaces created using
Imaris demonstrate the a-tubulin filaments analysed, which are comparable to the staining
observed (Figure 33B). Quantification of these a-tubulin filaments showed an increase in area
and volume at 6 hours (p=<0.05), which was decreased at 72 hours stretched compared to
controls (p=ns). There was little change in the number of disconnected components at 6 hours
stretched, however this was increased at 72 hours stretched compared to controls (p=<0.01;

Figure 33C).
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3.2.5 Autophagy Modulation using an In Vitro Stretching Model

In order to investigate the role of autophagy in strain-induced osteogenesis two drugs that
modulate autophagy were used. Rapamycin is a well-established activator of the autophagy
pathway, while bafilomycin inhibits autophagy. The previously established in vitro cell stretching
model was used, with cells being treated with either rapamycin or bafilomycin 24 hours prior to
exposure to constant tensile strain. Due to the constraints of the cell stretching system,
specifically that of cell detachment when full confluency was reached, only experiments up to

72 hours of strain were viable.

3.2.5.1 Autophagy Induction and Strain In Vitro
hBMCs were treated with rapamycin, an inducer of autophagy, prior to exposure to 20%

constant tensile strain for 6, 24 or 72 hours (Figure 34).
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Figure 34: Autophagy activation enhances osteogenic differentiation in response to tensile strain in vitro; A:
RUNX2 gene expression in hBMCs treated with autophagy-inducer rapamycin prior to exposure to tensile strain; B:
RUNX2 and LC3 expression in cells exposed to stretching force for 6 hours, as shown by immunofluorescence; C:
RUNX2 and LC3 expression in cells exposed to stretching force for 24 hours, as shown by immunofluorescence. N=4,
statistical significance determined by two-way ANOVA with Bonferoni correction comparing each sample to the
corresponding control at each time point, and set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). RUNX2 = runt-
related transcription factor 2, LC3 = microtubule-associated protein 1 light chain 3, Rapa = rapamycin.

There was no significant change in RUNX2 gene expression in cells exposed to rapamycin alone
or rapamycin and stretching force at 6 hours compared to controls. At 24 hours the cells that
were treated with rapamycin and stretched had significantly increased RUNX2 expression
(p=<0.001), which was higher than that of stretched cells that had not been exposed to
rapamycin treatment. Compared to controls, RUNX2 expression was greatly increased in cells
that had been treated with rapamycin at 72 hours (p=<0.001). Cells that were treated with
rapamycin and exposed to stretching force also had increased RUNX2 expression compared to

controls at 72 hours (p=<0.001), however this was less than that of cells that had been treated
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with rapamycin alone (Figure 34A). RUNX2 protein expression was unchanged across all
conditions at 6 hours, however at 24 hours it was increased in cells that were stretched, exposed
to rapamycin, or exposed to both rapamycin and stretching force, compared to controls. The
highest level of nuclear RUNX2 was observed in cells treated with rapamycin alone. LC3-1l puncta
staining were observed in control cells at 6 hours, but were reduced in cells that were stretched
for 6 hours. There was a slight increase in LC3 puncta in cells treated with rapamycin and
rapamycin and stretching force, compared to controls at 6 hours. There was relatively little LC3
puncta staining observed in control cells at 24 hours, but this was increased in stretched cells.
Cells treated with rapamycin had increased LC3 puncta staining at 24 hours, however the most
LC3 puncta were observed in cells treated with rapamycin and stretching force for 24 hours

(Figure 34B).

3.2.5.2 Autophagy Inhibition and Strain In Vitro
hBMCs were treated with bafilomycin to inhibit autophagy prior to exposure to 20% constant

tensile strain (Figure 35).
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Figure 35: Autophagy inhibition impedes osteogenic differentiation in response to tensile strain in vitro; A:
RUNX2 gene expression in hBMCs treated with bafilomycin, an inhibitor of autophagy, prior to exposure to tensile
strain; B: RUNX2 and LC3 expression in cells exposed to stretching force for 24 hours, as shown by
immunofluorescence; C: Osteopontin and DMP1 expression in cells exposed to stretching force for 24 hours, as
shown by immunofluorescence. N=4, statistical significance determined by two-way ANOVA with Bonferoni
correction comparing each sample to the corresponding control at each time point, and set at * (p=<0.05), **
(p=<0.01) and *** (p=<0.001). RUNX2 = runt-related transcription factor 2, LC3 = microtubule-associated protein 1
light chain 3, DMP1 = dentin matrix protein 1, Baf = bafilomycin.

At 6 hours, there was a reduction in RUNX2 expression in stretched cells (p=<0.001), but no
significant change was observed in cells treated with bafilomycin or bafilomycin and strain. At
24 hours the cells exposed to bafilomycin and 20% tensile strain had a reduction in RUNX2
expression compared to controls (p=<0.001), while cells that were only stretched had increased
RUNX2 levels (p=<0.001; Figure 35A). Immunofluorescence of 24 hour samples demonstrated

an increase in nuclear-localised RUNX2 and LC3 puncta staining in cells exposed to stretching
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force. Cells exposed to bafilomycin had RUNX2 staining however this seemed to be mostly
cytosolic rather than localised to the nucleus. Cells exposed to bafilomycin and 20% tensile strain
had some nuclear RUNX2 staining but mostly the staining was cytosolic. In both the cells treated
with bafilomycin and those treated with bafilomycin and stretching force there was a reduction
in LC3 puncta staining compared to controls (Figure 35B). Osteopontin staining was high in
controls and reduced in cells exposed to bafilomycin at 24 hours. Cells exposed to stretching or
bafilomycin and stretching had comparable osteopontin staining to controls. DMP1 staining was
observed in controls and seemed to be nuclear-localised, which was comparable to the staining
seen in cells treated with bafilomycin and 20% tensile strain. Some DMP1 staining was observed
in the nuclei of cells exposed to stretching force alone, however this was much less than in

controls. Little to no DMP1 staining was observed in cells treated with bafilomycin (Figure 35C).
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4 Chapter 4: The Association of Autophagy with

Osteoclastogenesis

4.1 Introduction

Periodontitis is an important health issue both in terms of its prevalence and its contribution to
alveolar bone loss. This chronic inflammatory disease is caused by the presence of excess
P.gingivalis bacteria causing local inflammation in the periodontium, but it is also clear that
disease susceptibility and progression are affected by host factors. LPS tolerance has been
investigated in connection with many inflammatory conditions, and has been found to alleviate
or exacerbate disease, but its role in the chronic inflammation seen with periodontitis has yet
to be fully explored. Therefore, it was decided to investigate whether LPS tolerance could affect
osteoclastogenesis, with the idea that tolerance may be achieved through the chronic

inflammation observed in periodontitis.

There were two key considerations made in terms of the cells affected; are the osteoclast
precursors themselves that are affected by tolerance to LPS, altering their differentiation? Or is
it the interaction of tolerised cells such as monocytes with osteoclast precursors which affects
their differentiation? In addition, it was decided to investigate both E.coli and P.gingivalis LPS
for tolerance, as while P.gingivalis was the strain implicated in periodontitis, E.coli is well-
established to cause LPS tolerance in the literature and is relevant to many diseases of chronic

inflammation.

The mechanism considered in linking osteoclastogenesis and periodontitis was HA signalling, as
not only is HA synthesis upregulated in chronic inflammation, but HA affects bone resorption by
inhibiting osteoclast differentiation. Activation of osteoclast differentiation processes has also
been suggested as a downstream effect of autophagy in the literature, however there has been
little exploration of this in relation to periodontal disease. Additionally, there were a small

number of publications indicating that autophagy targets HASs to prevent downstream HA
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signalling. Different molecular weights of HA have been linked to inflammation and LPS
tolerance, as wells as to the activation or inhibition of osteoclast differentiation, therefore we

aimed to investigate the links between autophagy, HA and osteoclastogenesis.

4.2 Results

4.2.1 Characterising hBMCs as cells capable of Osteoclast Differentiation

hBMCs were exposed to an osteoclast differentiation protocol to determine whether they had

the capacity to differentiate to osteoclast-like cells (Figure 36).

The first protocol trialled was to culture hBMCs overnight, collect the non-adherent cells and
seed them into cell culture plates, with 25ng/ml macrophage colony-stimulating factor (M-CSF)
and 100ng/ml receptor activator of nuclear factor kappa-B ligand (RANKL) added to the culture
media. The cells were cultured for 14days, changing the media every 2-3days before the cells
were then fixed and stained with TRAP, which denotes the presence of osteoclasts. The cells did
attach to the plate surface however the morphology was mostly small, round cells and there
were very few cells if any that were TRAP-positive and multi-nucleated which could be

confidently classified as osteoclasts.

The protocol was optimised based on suggestions from the literature, to increase the density of
CD14-positive cells and to stagger the addition of receptor activator of nuclear factor kappa-B
ligand (RANKL) as this was involved in late-stage osteoclast differentiation. hBMCs were cultured
overnight, the non-adherent cells were collected and underwent magnetic-activated cell sorting
(MACS) for CD14, to isolate the CD14-positive cells (Figure 36A). CD14-positive cells accounted
for 29% of non-adherent hBMCs on average, which was statistically significant according to a
Student’s t-test (p=<0.001; Figure 36B). These cells were seeded at a high density (5x10°/ml) and
treated with 25ng/ml macrophage colony-stimulating factor (M-CSF) for 5 days to stimulate
differentiation to monocytes, followed by the addition of 100ng/ml RANKL for 5 days to

stimulate osteoclast precursor cell fusion and differentiation to osteoclasts (Figure 36A).
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Figure 36: Establishing an osteoclast differentiation protocol for hBMCs; A: Non-adherent hBMCs were
cultured for 24 hours and the CD14-positive cells were isolated and treated with M-CSF for 5 days, before the
addition of RANKL for a further 5 days. Brightfield images demonstrate morphological changes as the cells
differentiate to osteoclasts (20x). B: Quantification of the percentage of non-adherent hBMCs that were CD14-
positive. N=6, statistical significance determined by Student’s t-test comparing the CD14-labelled to the
unlabelled samples. C: Phase contrast images of TRAP stained hBMCs after they had undergone the osteoclast
differentiation protocol (10x and 20x); C: Quantification of the number of osteoclasts identified in cells treated
with the osteoclast differentiation protocol compared to controls. N=6, statistical significance determined by
Student’s t-test comparing the M-CSF+RANKL treated cells to the control samples, and set at * (p=<0.05), **
(p=<0.01) and *** (p=<0.001). CD14 = cluster of differentiation 14, M-CSF = macrophage colony stimulating
factor, RANKL = receptor activator of nuclear factor NF-kB ligand.

This protocol yielded a high proportion of osteoclast-like cells compared to controls cells that
were CD14-labelled but not treated with M-CSF and RANKL, as demonstrated by the significantly

increased number of TRAP-positive cells with three or more nuclei (p=<0.001; Figure 36C-D).

4.2.2 Determining the effects of LPS on Osteoclast Differentiation
In order to represent the chronic inflammation of periodontitis, the effect of LPS tolerance on
osteoclast differentiation was investigated. There were broadly two avenues that could have

been pursued: firstly, that LPS tolerance affected osteoclast precursors themselves, and
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secondly in LPS tolerance affecting other cells that would then cross-talk with osteoclast
precursors. In the context of periodontal disease, either scenario could have been relevant as
P.gingivalis has been shown to activate monocytes which then circulate in the bloodstream to

cause chronic inflammation systemically (Hayashi et al., 2010).

The first step was to determine the effects of LPS treatment on osteoclast differentiation hBMCs.
hBMCs underwent the osteoclast differentiation protocol established in Figure 36 with the
addition of LPS to the media at the same time M-CSF was added. Therefore, hBMCs were
cultured overnight, the non-adherent cells were sorted for CD14 using MACS. The CD14-positive
cells were seeded in culture media containing 25ng/ml M-CSF and 1ug/ml LPS for 5 days, and
25ng/ml M-CSF, 1pg/ml LPS and 100ng/ml RANKL for a further 5 days. Cells were fixed and TRAP
stained to determine the effects of LPS on the differentiation of hBMCs to osteoclast-like cells

(Figure 37).
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Figure 37: The effect of LPS on osteoclast differentiation of hnBMCs; A: Phase contrast images of TRAP-stained
hBMCs cultured M-CSF and RANKL with or without E.coli LPS, or culture media alone (the Control); B:
Quantification of TRAP-stained and multinucleated osteoclasts in each sample. N=4, statistical significance
determined by Student’s t-test comparing each sample to the control, and set at * (p=<0.05), ** (p=<0.01) and
*** (p=<0.001). LPS = lipopolysaccharide, M-CSF = macrophage colony stimulating factor, RANKL = receptor
activator of nuclear factor NF-kB ligand.

hBMCs treated with LPS had decreased numbers of osteoclast-like cells compared to cells
treated with M-CSF and RANKL, which was statistically significant according to a Student’s t-test
(p=<0.001; Figure 37B). Additionally, cells treated with LPS had lower osteoclast-like cells
observed than control samples consisting of cells that were CD14-positive but not treated with
M-CSF, RANKL or LPS. This suggests that hBMCs treated with LPS had a reduced capability to
differentiate to osteoclast-like cells. Based on these results it was decided that the direct
interaction between hBMCs and LPS was not an accurate model of periodontitis since bone loss,
and thus osteoclasts, is a hallmark of the disease. Therefore, the hypothesis where LPS tolerance

affects the cells surrounding osteoclast precursors was explored.
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4.2.3 LPS Tolerance

THP1 cells, a pre-monocyte cell line, were used to represent the peripheral monocytes that
would likely come into contact with LPS and circulate to cause systemic inflammation. These
cells have also been established in the literature to exhibit LPS tolerance which gave a starting

point for establishing the LPS tolerance protocol.

Due to the role of P.gingivalis in periodontitis, the LPS of this bacteria was used in this
experimental model. E.coli LPS was also used as a positive control and during the optimisation
of the protocols, due to its known clinical relevance in other inflammatory conditions such as
sepsis, and its common use in LPS tolerance work published in the literature. While P.gingivalis
is the bacterial strain most implicated with periodontitis, its presence alone is not sufficient to
cause disease as it has also been found in the periodontal flora of patients without the disease
(Grossi et al., 1994; Alpagot et al., 1996; Griffen et al., 1998). The discrepancy in severity of
periodontal disease seen in different patients is thought to be caused by an underlying
mechanism within the host which either protects against or enhances disease, and which was

of interest for this thesis.

THP1 cells were exposed to a LPS tolerance protocol (Figure 38A) which began with cells being
treated with 10ng/ml phorbol 12-myristate 13-acetate (PMA) for 24 hours in order to stimulate

differentiation of cells to inflammatory macrophages and prime the cells for inflammatory cues.
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Figure 38: Establishing an LPS tolerance protocol for THP1s; A: The protocol timeline for THP1 cells in the
Control, 1x LPS exposure and 2x LPS exposure sample group. The time-point shows the accumulative time at
each stage will samples being collected at 4, 24 and 72 hours after the second LPS treatment (80, 100 and 148
hours into the experiment, respectively); B: THP1 cells treated with PMA for 24 hours had increased secretion of
TNFa than controls, as determined by ELISA. N=3, statistical significance determined by Student’s t-test
comparing the PMA-treated to the control samples, and set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001).
PMA = phorbol 12-myristate 13-acetate, LPS = lipopolysaccharide, TNFa = tumour necrosis factor alpha.

THP1s that had been pre-treated with PMA had increased TNFa protein expression compared
to controls, which was statistically significant according to a Student’s t-test (p=<0.001; Figure
38B), indicating a stimulation of inflammation pathways. After PMA treatment, cells were
exposed to either 1ug/ml E.coli or P.gingivalis LPS which is the concentration widely used for
these compounds and in tolerance work (Ye et al., 2008; Belfield et al., 2017). Cells were washed
and cultured in culture media for 24 hours before the first treatment with 1ug/ml LPS. After 4
hours, cells were washed and cultured in culture media for 24 hours before the second LPS

treatment for 4 hours. Cells were either collected 4 hours post-second LPS treatment or washed
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and placed in culture media until collections at 24 hours and 72 hours (Figure 38A). Tolerance
refers to a downregulation in the inflammatory response in cells with repeated LPS exposure

compared to cells which had only been exposed to LPS once.

4.2.3.1 E.coliLPS

E.coli LPS is well characterised in the literature and therefore was used for the LPS tolerance
protocol in order to optimise the model and determine the potential mechanisms taking place
in THP1s treated with multiple exposures to LPS (2x) compared to single exposure (1x) or control

cells.

4.2.3.1.1 E.coli LPS Tolerance of Inflammatory Pre-Monocytes
THP1 cells that had undergone the tolerance protocol with E.coli LPS were analysed for their

expression of inflammatory and anti-inflammatory cytokines (Figure 39).
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Figure 39: E.coli LPS tolerance of THP1 cells; A: Inflammatory cytokine gene expression demonstrates THP1 cell
tolerance, as determined by Q-PCR; B: TNFa protein expression of THP1 cells after exposure to the tolerance protocol,
as determined by ELISA. N=6, statistical significance determined by two-way ANOVA with Bonferoni correction
comparing each sample to the corresponding control at each time point, and set at * (p=<0.05), ** (p=<0.01) and ***
(p=<0.001). 1x = single LPS exposure, 2x = multiple LPS exposure, IL = interleukin, TNFa = tumour necrosis factor
alpha.

1x cells were found to have an upregulation of inflammatory cytokine gene expression

compared to unstimulated controls. This included increased IL168, IL6 and IL8 expression at 4, 24

and 72 hours post-second LPS treatment (p=<0.001). TNFa mRNA was upregulated at 4 and 24

hours (p=<0.001), and TNFa protein expression was increased at 24 and 72 hours in 1x cells
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compared to controls (Figure 39B). Anti-inflammatory cytokine IL10 had slightly increased gene
expression at 4, 24 and 72 hours (p=<0.001). 2x cells had increased TNFa mRNA compared to
controls, but vastly less expression than was seen by 1x cells at 4 and 24 hours, with little change
at 72 hours. TNFa protein expression was increased in 2x cells compared to control cells at 72
hours, but was decreased compared to 1x cells at 24 and 72 hours. 2x cells’ expression of IL18
and /L6 was comparable to controls at 4 hours (p=ns), but /L8 expression was increased at 4
hours (p=<0.001). While transcription of these inflammatory cytokines was higher than controls
at 24 hours, it was lower than that of 1x cells. At 72 hours, IL18 and IL6 expression were
increased in 2x cells compared to controls (p=<0.01 and p=<0.001, respectively), while /L8
expression was comparable to controls (p=ns). There was little difference observed between
controland 2x cells in IL10 expression at 4 and 24 hours, however it was significantly upregulated
at 72 hours in 2x cells (p=<0.001; Figure 39A). These results indicated that THP1 cells could show
tolerance to E.coli LPS at 24 hours after the second LPS treatment, based on RNA and protein

expression.

4.2.3.1.2 Investigating E.coli LPS Tolerance and the expression of Hyaluronan Synthases

HA is a molecule found in the ECM which has roles in structural support and shock absorbance
however it may also act as a signal (Day and Prestwich, 2002; Cyphert, Trempus and Garantziotis,
2015). HA signalling was considered as the mechanism regulating osteoclast production in this
model, as it is established in the literature that HA modulates osteoclast differentiation and
activation (Xu et al., 2007; Rayahin et al., 2015). Additionally, one paper linked immune
tolerance to intracellular deposition of HA in a model of autoimmune type 1 diabetes. Blocking
HA synthesis was found to inhibit tolerance and subsequent progression of the autoimmune
disease in this model (Nagy et al., 2015). This suggests a link between HA and tolerance which,

despite being in a different disease area, was believed to be worth exploring.

Signalling functions generally depend on the molecular weight of the HA produced: high

molecular weight (HMW) is thought of as immunosuppressive, while low molecular weight
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(LMW) is associated with inflammation and thought of as more pathogenic (Powell and Horton,
2005; Cyphert, Trempus and Garantziotis, 2015). There are three enzymes involved in the
production of HA, which are located in the plasma membrane and produce HA into the ECM
(Rilla et al., 2005; Torronen et al., 2014). HAS 1 and 2 produce HMW HA, while HAS3 produces

LMW HA (Tammi et al., 2011).

Therefore, to determine whether LPS tolerance was linked to hyaluronan signalling, THP1 cells
that had undergone the LPS tolerance protocol were analysed for mRNA and protein expression

of the hyaluronan synthase (HAS) enzymes (Figure 40).
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Figure 40: Hyaluronan expression in THP1 cells tolerised to E.coli LPS; A: Expression of the HAS genes that produce
HA, as determined by Q-PCR; B: Expression of HAS3 protein by immunofluorescence. N=6, statistical significance
determined by two-way ANOVA with Bonferoni correction comparing each sample to the corresponding control at
each time point, and set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). 1x = single LPS exposure, 2x = multiple LPS
exposure, HAS = hyaluronan synthase.

HAS1 expression was increased in 2x cells at 4 hours and 24 hours compared to controls (p=<0.01
and p=<0.001, respectively), while 1x cells had upregulated HAS1 at 24 hours only (p=<0.001).

HAS2 expression was significantly decreased in 1x cells at 4 hours (p=<0.001), but slightly
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upregulated for 2x cells at 4 hours and 24 hours, and 1x cells at 24 hours. 2x THP1s had increased
expression of HAS3 mRNA at 4 and 24 hours-post second LPS treatment (p=<0.05 and p=<0.001,
respectively). 1x cells had downregulated expression of HAS3 at 4 hours and upregulated
expression at 24 hours (p=<0.001), but not as high as was seen for 2x cells (Figure 40A). However,
at protein level it was observed that 2x cells had reduced immunofluorescence staining of HAS3
at 4 hours and 24 hours. HAS3 staining was present in control cells and seemed to be increased

in 1x cells (Figure 408B).

The discrepancy between HAS3 mRNA and protein expression in 2x THP1s could be explained
by post-transcriptional modifications resulting in ubiquitination of the protein. However, the
speed in which the reduction of HAS3 staining is observed (within 4 hours) could indicate
another cause. Autophagy was considered as a potential mechanism of rapid removal of HAS3

protein, as it has been found to be utilised and have roles in many processes.

4.2.3.1.3 Investigating E. coli LPS Tolerance and the expression of Autophagy

Autophagy is a process by which proteins are rapidly captured in vesicles called
autophagosomes. These vesicles fuse with lysosomes to form autolysosomes, and the proteins
are degraded. Autophagy has been demonstrated to rapidly tag, capture and degrade proteins,
and has been found to regulate many molecular processes. THP1 cells that had undergone the
LPS tolerance protocol were analysed for their expression of key autophagy genes, including

p62, ATG5 and LC3 (Figure 41).

148



>

3 Control 3 1xtps W 2xLPS =3 Control B 1xtps I 2xLPS 3 Control 3 ixtps W 2xLPS
—3n ok —4 ok —15-
2] [] (Y]
> > > ok
L 8 - @
;2‘ *ok é kK §1o. *okok
o o o
= EZ- € *Hk
.§1' g q>) 5 Rk
. 51_ kK %
o %k ) *kk o) -
Io Q:o oc

4hr 24hr 72hr 4hr 24hr 72hr 4hr 24hr 72hr

or)

Control 1x LPS 2x LPS

LAMP1
T tooum

Figure 41: Autophagy expression in THP1s tolerised to E.coli LPS; A: Expression of autophagy genes, as
determined by Q-PCR; B: Expression of LC3 puncta, representative of autophagy activation, and LAMP1, a
lysosome marker, as determined by immunofluorescence. N=6, statistical significance determined by two-way
ANOVA with Bonferoni correction comparing each sample to the corresponding control at each time point, and
set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). 1x = single LPS exposure, 2x = multiple LPS exposure, p62 =
protein 62, ATG5 = autophagy-related 5, LC3 = microtubule-associated protein 1 light chain 3, LAMP1 =
lysosomal-associated membrane protein 1.

1x cells had downregulated p62 gene expression at 24 hours post-second LPS treatment. p62

was upregulated at 4 and 24 hours in 2x cells. ATG5 and LC3 were upregulated in 2x cells at 4
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and 24 hours, compared to controls. 1x cells had upregulated ATG5 and LC3 expression at 24
hours, which was higher than that of 2x cells. ATG5 and LC3 were downregulated in 2x cells at

72 hours, but all other conditions had little to no change in autophagy markers at 72 hours

(Figure 41A).
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Figure 42: Hyaluronan and autophagy expression in THP1 cells tolerised to E.coli LPS; Immunofluorescence for
autophagy protein LC3, lysosomal marker LAMP1 and HAS3 expression. N=3, statistical significance determined
by two-way ANOVA with Bonferoni correction comparing each sample to the control, and set at * (p=<0.05), **
(p=<0.01) and *** (p=<0.001). 1x = single LPS exposure, 2x = multiple LPS exposure, HAS3 = hyaluronan synthase
3, LC3 = microtubule-associated protein 1 light chain 3, LAMP1 = lysosomal-associated membrane protein 1.
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As evaluated by immunofluorescence staining, there was little change in LC3 or lysosomal-
associated membrane protein 1 (LAMP1), a lysosome protein, expression levels between control
and 1x cells at 24 hour post-second LPS treatment (Figure 42B). However, staining for LC3 and
LAMP1 were increased in 2x THP1s compared to 1x or control cells, and patterns of expression
seemed to indicate co-localisation of these markers in 2x cells, which was investigated at higher

maghnification (Figure 42).

The presence of LC3 puncta staining is widely accepted to be indicative of autophagosome
formation due to the conversion of LC3-1 to LC3-Il. At high magnification, 2x cells were found to
have more puncta LC3 staining, while in 1x and control cells the LC3 staining was more dispersed
across the cell. LAMP1 protein expression was analysed to determine whether active autophagy,
with the formation of autolysosomes, was taking place. LAMP1 was found to be upregulated
and co-localised with LC3 staining in 2x THP1s. LAMP1 staining was also observed in control and
1x cells and was localised to one side of the cell, while in 2x cells this staining was seen in puncta

across the cell (Figure 42B).

4.2.3.2 P.gingivalis LPS

P.gingivalis LPS is the form of LPS most associated with periodontal disease, therefore it is
clinically relevant to study the mechanisms associated with tolerance against P.gingivalis LPS.
The LPS tolerance protocol established with E.coli LPS (Figure 38) was caried out using
P.gingivalis LPS with the expression of cytokines being analysed at 4 hours, 24 hours and 9 days
after the second exposure. The later time-point of 9 days post-exposure was included due to
discrepancies in the literature on the time-point required to obtain a tolerance phenotype using

P.gingivalis LPS.

4.2.3.2.1 P.gingivalis LPS Tolerance of Inflammatory Pre-Monocytes

Cells that had undergone the tolerance protocol with P.gingivalis LPS were analysed for their
expression of inflammatory and anti-inflammatory cytokines (Figure 43). When repeating this
experiment there were issues in the reliability of the data with several markers producing no Ct
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value during Q-PCR analysis. While this could indicate that the expression of these markers was
low, these results were not able to be replicated across different experiments therefore the

results shown are the culmination of only two datasets (n=2).
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Figure 43: P.gingivalis LPS tolerance of THP1 cells; A: Inflammatory cytokine gene expression demonstrates
THP1 cell tolerance, as determined by Q-PCR; B: TNFa protein expression of THP1 cells after exposure to the
tolerance protocol, as determined by ELISA. N=2, statistical significance determined by two-way ANOVA with
Bonferoni correction comparing each sample to the corresponding control at each time point, and set at *
(p=<0.05), ** (p=<0.01) and *** (p=<0.001). 1x = single LPS exposure, 2x = multiple LPS exposure, IL =
interleukin, TNFo = tumour necrosis factor alpha.
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Compared to controls, 1x cells had upregulated expression of inflammatory cytokines IL18, IL8
and TNFa at 4 hours (Figure 43). However, at 24 hours and 9 days-post second LPS treatment
there was no change observed in inflammatory cytokines gene expression in 2x THP1 cells
compared to 1x or control cells. 1x cells were also found to have little change in anti-
inflammatory /L10 expression. There was no significant difference observed in IL6 gene
expression at any time point between the three conditions. 2x THP1 cells were found to have
increased expression of /L18, IL8 and TNFa genes compared to control and 1x cells at 4 hours.
This was maintained for IL168 at 24 hours, but no change was observed between 2x and control
cells for IL8 or TNFa at this time point. 2x cells were observed to have decreased expression of
IL18, IL8 and TNFa at 9 days compared to 1x and control cells, and anti-inflammatory /IL10 was
upregulated at 4 and 24 hours in 2x cells (Figure 43A). TNFa protein was greatly increased in 1x
cells at 24 hours, and slightly increased at 9 days, compared to controls. 2x cells had increased
TNFa protein at 24 hours compared to controls, however this was less than that for 1x cells. At
9 days, 2x cells had decreased production of TNFa compared to both 1x and control cells (Figure
43B). These results suggest that tolerance could occur in THP1s at 9 days post second P.gingivalis
LPS treatment, however the variability in the results obtained across different datasets reduces

the reliability of these results.

4.2.3.2.2 Investigating P.gingivalis LPS Tolerance and the expression of Hyaluronan Synthases
To determine whether LPS tolerance affected hyaluronan signalling, THP1 cells that had
undergone the LPS tolerance protocol were analysed for the expression of HAS enzymes (Figure

44A,C).
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Figure 44: Hyaluronan and autophagy expression in THP1 cells after multiple exposures to P.gingivalis LPS; A:
HAS3 gene expression, as determined by Q-PCR; B: Autophagy gene expression, as determined by Q-PCR; C:
Immunofluorescence for autophagy protein LC3 and HAS3. N=2, statistical significance determined by two-way
ANOVA with Bonferoni correction comparing each sample to the corresponding control at each time point, and
set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). 1x = single LPS exposure, 2x = multiple LPS exposure, HAS3
= hyaluronan synthase 3, p62 = protein 62, LC3 = microtubule-associated protein 1 light chain 3, ATG5 =
autophagy-related 5.

HAS3 gene expression was upregulated in 2x THP1 cells at 4 hours post-second P.gingivalis LPS
treatment. 2x cells had no change in HAS3 gene expression at 24 hours or at 9 days, when
tolerance was indicated. There was little to no change observed for 1x cells compared to controls
(Figure 44A). Immunofluorescence staining demonstrated an increase in HAS3 protein in 1x
THP1 cells at 4 hours post-second LPS treatment, while 2x cells had a marked decrease in HAS3

protein (Figure 44C).

4.2.3.2.3 Investigating P.gingivalis LPS Tolerance and the expression of Autophagy
The expression of autophagy-related genes was analysed to investigate a link between LPS
tolerance and autophagy (Figure 44B-C). At 4 hours post-second LPS treatment, there was an

upregulation in LC3 gene expression in 2x THP1 cells. There was little to no change in p62 or
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ATG5 expression in 2x cells. 1xcells were observed to exhibit a downregulation in LC3 gene
expression compared to controls, and no change in p62 or ATG5 expression (Figure 44B). High
magnification staining demonstrated an increase in number and size of LC3 puncta present in 2x

THP1s than were present in control or 1x cells at 4 hours (Figure 44C).

4.2.4 Determining the effects of Hyaluronan on the Differentiation of Osteoclast
Precursors

To determine the effect of HA on osteoclast differentiation, hBMCs were treated with high

(HMW) or low molecular weight (LMW) HA protein alongside the osteoclast differentiation

protocol. As it wasn’t known what stage of differentiation the HA may affect, adding the HA at

‘early’ (alongside M-CSF; Figure 45A) or at ‘late’ differentiation (alongside RANKL; Figure 45B)

was also tested. TRAP staining was carried out and osteoclasts were counted as TRAP-positive

cells with three or more nuclei.

For the purpose of this work, LMW HA was defined as 14-40 kDa, while HMW HA was more than
950 kDa, fitting with the general guidelines seen in the literature (Toole, 2001; Weigel and

Baggenstoss, 2017).
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Figure 45: The effect of hyaluronan on osteoclast differentiation; A: Phase contrast images of TRAP stained
hBMCs treated with HA at the early osteoclast differentiation stage, and quantification of osteoclast
percentage in each sample; B: Phase contrast images of TRAP stained hBMCs treated with HA at the late
osteoclast differentiation stage, and quantification of osteoclast percentage in each sample. N=4, statistical
significance determined by two-way ANOVA with Bonferoni correction comparing each sample to the
corresponding control at each time point, and set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). LMW HA =
low molecular weight hyaluronan, HMW HA = high molecular weight hyaluronan.

hBMCs treated with HMW or LMW HA had increased numbers of osteoclasts compared to
controls, however the cells treated with LMW HA had the highest number of osteoclasts.
Additionally, the osteoclasts in the wells treated with LMW HA were larger on average than the
osteoclasts from the control or HMW HA conditions. The cells treated with LMW HA from the
‘early’ stage had the highest number of osteoclasts (Figure 45B). From these results it was
determined that there was a difference in osteoclast production when cells are exposed to HA

treatment, specifically LMW HA, and that, while this change could be seen whether the cells
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were treated at the early or late stages, treatment at the early differentiation stage had the

greatest effect on osteoclast formation.

4.2.5 Determining the effects of LPS and Hyaluronan treatment on the Differentiation
of Osteoclast Precursors

The hypothesis was that there was a difference in HA secretion between THP1s exposed to LPS

once (1x) or multiple times (2x) which contributed to the difference in osteoclast production and

bone loss seen with some patients with periodontitis. The question now was which specific cell

populations were directly affected. Was it the osteoclast precursors themselves, or cells of the

inflammatory monocyte/macrophage lineage communicating with osteoclast precursors at the

bone surface to alter their differentiation?

The osteoclast differentiation protocol on the hBMCs (osteoclast precursors) was carried out
with the addition of E.coli LPS and/or HA treatment, to determine whether osteoclast

differentiation was affected by LPS and HA (Figure 46).
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Figure 46: The effect of hyaluronan and LPS on osteoclast differentiation; A: Phase contrast images of TRAP
stained hBMCs treated with LPS alongside the osteoclast differentiation protocol, and quantification of
osteoclast percentage; B: Phase contrast images of TRAP stained hBMCs treated with HA and LPS at the early
osteoclast differentiation stage, and quantification of osteoclast percentage in each sample; C: Phase contrast
images of TRAP stained hBMCs treated with HA and LPS at the late osteoclast differentiation stage, and
quantification of osteoclast percentage in each sample. N=4, statistical significance determined by two-way
ANOVA with Bonferoni correction comparing each sample to the corresponding control at each time point, and
set at * (p=<0.05), ** (p=<0.01) and *** (p=<0.001). LPS = lipopolysaccharide, LMW HA = low molecular weight
hyaluronan, HMW HA = high molecular weight hyaluronan.

In the control condition, hBMCs treated with the osteoclast differentiation protocol, there was
a high number of osteoclasts identified, numbering 42.9% on average. By contrast, there were
very few osteoclasts identified when hBMCs were treated with LPS alongside the osteoclast
differentiation protocol. Similarly, in conditions where cells were treated with HA alongside LPS,
there were significantly fewer osteoclasts identified than in the control condition. When HA was
given at the early differentiation stage, there was little difference between the LPS alone, LMW

HA with LPS or HMW HA with LPS conditions in terms of the number of osteoclasts identified
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(Figure 46A). Of the combination treatments, LMW HA with LPS at the late differentiation stage
had the highest number of osteoclasts identified, however this was still significantly lower than
in the control condition (Figure 46B). Therefore, it was determined that it was not the osteoclast
precursors themselves which were directly affected by repeated LPS exposure and tolerance
which altered HA secretion and downstream osteoclast production, in the manner that was

identified earlier.

4.2.6 Co-culturing Inflammatory Monocytes and Osteoclast Precursors

This thesis tested the hypothesis that it was cells of the inflammatory monocyte/macrophage
lineage which were affected by LPS tolerance, which in turn modulated their communication
with osteoclast precursors in a potential cross-talk mechanism (Figure 47). THP1 cells were
exposed to the E.coli LPS tolerance protocol, and hBMCs were prepared for the osteoclast
differentiation protocol, as before (see sections 5.3.1 and 5.3.3). THP1 cells at 24 hours post the
second LPS treatment were then co-cultured with hBMCs at the early differentiation stage
(when M-CSF was first added; Figure 47A). Osteoclasts were identified as TRAP-positive cells

with three or more nuclei (Figure 47B) and were quantified (Figure 47C).
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Figure 47: Co-culturing osteoclast precursors with THP1 cells tolerised to E.coli LPS; A: Schematic
demonstrating the experiment procedure whereby THP1 cells undergo the previously established tolerance
protocol using E.coli LPS prior to co-culture with hBMCs undergoing osteoclast differentiation; B: Phase contrast
images of TRAP stained hBMCs co-cultured with tolerised THP1 cells at early osteoclast differentiation; C:
Quantification of osteoclast percentage in each sample. N=4, statistical significance determined by two-way
ANOVA with Bonferoni correction comparing each sample to the BMC Alone control, and set at * (p=<0.05), **
(p=<0.01) and *** (p=<0.001). 1x = single LPS exposure, 2x = multiple LPS exposure, PMA = phorbol 12-
myristate 13-acetate, LPS = lipopolysaccharide, CD14 = cluster of differentiation 14, M-CSF = macrophage
colony stimulating factor, RANKL = receptor activator of nuclear factor NF-kB ligand, BMC = bone marrow cell.

Inthe BMC control, hBMCs underwent the osteoclast differentiation protocol without co-culture

with THP1 cells, and osteoclasts were identified. The conditions where hBMCs were co-cultured
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with control THP1 cells or 1x THP1 cells had an increased number of osteoclasts identified
compared to the BMC control condition. In the condition where hBMCs were co-cultured with
2x THP1 cells, there was a slight increase in osteoclast number compared to the BMC control,
however this was significantly less than was identified in the conditions with 1x or control THP1
cells (Figure 47C). These results indicate that the addition of THP1 cells affects hBMC
differentiation to osteoclasts, however this effect is negated when the THP1 cells had undergone
E.coli LPS tolerance. Perhaps this is indicative of the effects of LPS tolerance on osteoclast

differentiation and subsequent bone loss in periodontal disease.

4.2.7 Determining the capability of THP1s to Differentiate to Osteoclasts in this Model
Since THP1 cells are pre-monocytes there is the potential for them to differentiate to osteoclasts
under certain conditions. In order to ensure that the change in osteoclast number observed in
the co-culture of hBMC and THP1 cells was representative of the hBMCs alone, the THP1 cells

were treated to the osteoclast differentiation protocol.

THP1 cells underwent the previously established osteoclast differentiation protocol and hBMCs
were used as a positive control. Cells were cultured overnight and the non-adherent cells were
sorted for CD14 using MACS. The CD14-positive cells were seeded in culture media containing
25ng/ml M-CSF for 5 days, then 25ng/ml M-CSF and 100ng/ml RANKL for a further 5 days. Cells
were fixed and TRAP stained to determine the capability of THP1 cells to differentiate to

osteoclast-like cells (Figure 48).
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Figure 48: Osteoclast differentiation of THP1 cells; A: Morphology of THP1 cells compared to hBMCs after
carrying out the osteoclast differentiation protocol with M-CSF and RANKL treatment. Images taken just prior to
fixing (brightfield images, top row) and after TRAP staining (phase contrast images, bottom row); B:
Quantification of TRAP-stained and multinucleated osteoclasts in each sample. N=3, statistical significance
determined by Student’s t-test comparing the THP1 cells to the hBMCs, and set at * (p=<0.05), ** (p=<0.01) and
*** (p=<0.001). M-CSF = macrophage colony stimulating factor, RANKL = receptor activator of nuclear factor
NF-kB ligand, BMC = bone marrow cell, THP1 = monocyte leukemic human cell line.

There were no cells present in the THP1 samples that could be identified as osteoclasts based
on their characterisation as TRAP-positive and multinucleated cells. This was a significant
decrease compared to the hBMC control, as determined by a Student’s t-test. Despite the same
number of cells being seeded into each well there was a marked decrease in the overall number
of cells observed in the THP1 wells at the end of the experiment compared to the hBMC wells,
as the majority of THP1 cells did not attach to the plate surface. This can be seen in the
brightfield images taken just prior to fixation, where there is a higher number of cells visible in
the THP1 sample compared to after TRAP staining (Figure 48A). Additionally, the cells that had
attached in the THP1 wells had a small, round morphology that did not align with the expected
morphology of osteoclast cells (Figure 48A). These results indicated that in this model THP1 cells
could not differentiate to osteoclast-like cells, therefore the change in osteoclast number seen
with the co-culture of hBMC and THP1 cells (Figure 47) could not be explained simply by THP1

cell differentiation.
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5 Chapter 5: Discussion & Conclusions

5.1 Discussion

This thesis aimed to research the role of the autophagy pathway in two scenarios of exogenously

induced bone remodelling: orthodontic tooth movement and periodontitis.

When considering the first scenario, the effects of constant tensile strain on the differentiation
of osteoblast precursors and the levels of autophagy in these cells were investigated in two
models of orthodontic tooth movement. The in vivo work demonstrated an initial increase in
autophagy that was associated with a decrease in RUNX2 expression in rat periodontiums
exposed to constant tensile strain. However, at 24 hours stretched, autophagy levels were
reduced and RUNX2 expression was increased, indicating osteogenic differentiation. Using an in
vitro cell stretching model, osteoblast precursors were found to have both increased osteogenic
marker expression and cytoskeleton breakage when exposed to constant tensile strain for 24
hours. In modulating the autophagy pathway alongside mechanical strain exposure, this
demonstrates that inhibiting autophagy reduced RUNX2 expression, meanwhile inducing the
autophagy pathway increased RUNX2 expression. This could indicate that upregulation of the
autophagy pathway enhances strain-induced osteogenesis differentiation, perhaps by acting as

a protective mechanism against the stretching force.

In the second scenario being investigated, the effects of repeated LPS exposure to pre-
monocytes’ inflammatory response and autophagy levels were investigated, to determine how
these may affect osteoclast differentiation in the context of periodontal disease. Pre-monocytes
that had been exposed to LPS only once had an increased inflammatory response, low
autophagy levels and increased expression of HAS3, an enzyme that produces LMW HA into the

ECM where it can come into contact with other cells including osteoclast precursors.

This thesis also found LMW HA caused an increase in the number of osteoclasts differentiated

from osteoclast precursor cells, as determined by TRAP staining. In a clinical scenario an increase
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in osteoclast number is related to bone resorption, which may not be balanced by osteogenesis

and therefore results in net bone loss.

Interestingly, pre-monocytes that had undergone repeated exposure to LPS had a reduced
inflammatory response, comparable to literature examples of LPS tolerance. These ‘tolerised’
cells (labelled as ‘2x’) also exhibited an increase in HAS3 mRNA however HAS3 protein was
significantly reduced. This could be due to HAS3 being degraded by the autophagy pathway, as
autophagy was upregulated in these cells and immunofluorescence staining demonstrated co-
localisation of autophagy and lysosome proteins with HAS3. This work puts forward the
hypothesis that autophagy-related HAS3 degradation leads to a reduction in the amount of LMW
HA produced, meaning osteoclast precursors potentially do not get that extra signal to
differentiate, hence fewer osteoclasts. LPS tolerance has been related to chronic inflammation
in the literature, in this work tolerization may mimic the altered response to chronic
inflammation seen in periodontitis. Thus, these results could begin to explain how some people
do not experience alveolar bone loss, even with poor dental hygiene practices or signs of early

disease (Al-Qutub et al., 2006).

Further research would be required to validate these hypotheses and investigate the molecular
mechanisms involved, some examples of which will be discussed in the following section: an in-
depth discussion of the data presented in this thesis compared against the current

understanding in the literature.
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5.2 The role of Autophagy in the Periodontium during Experimental Orthodontic

Tooth Movement

5.2.1 Tooth Movement In Vivo

5.2.1.1 Morphology

H&E staining of rat periodontiums from an in vivo tooth movement model indicated that the
greatest morphological changes occurred at the bone-PDL boundary as observed at 3 hours and
1 and 3 days, compared to the 0 hour control (Figure 16). This corroborates one paper which
investigated the idea that strain has a greater effect in regions where dissimilar tissues are
attached, for instance the bone-PDL boundary (Grandfield et al., 2015). This paper also describes
the formation of finger-like protrusions of bone as indicative of new bone being formed which
could be what is being observed with the indents of bone identified with cells accumulating
within these regions from 1 hour to 3 days stretched. These results are comparable with H&E
staining of stretched periodontiums from other papers (Wada et al., 2017). The accumulations
of cells could be that of inflammatory cells, similar to that of the first stages of wound healing,
as the force required for tooth movement can be damaging to the tissue (Wise and King, 2008).
Alternatively, these cells could be an influx of bone marrow cells such as MSCs or their
progenitors, including osteoblasts for new bone formation (Su et al., 2018). Other papers show
cement lines or microcracks in bone that has been exposed to tensile stretching force, which
represents areas of local remodelling and osteogenesis (Robling, Castillo and Turner, 2006;
Herber et al., 2012). This was not identified in the H&E images of these samples, perhaps due to
the time points being too early for osteogenesis to be completed, as bone formation can take

several weeks to complete (Burr et al., 1989).

The boundary between the cementum and PDL is less defined in the later timepoints compared
tothe 0 hour sample. Changes in cementum thickness and overall structure are known to impact
the success of PDL attachment (van den Bos et al.,, 2005; Foster, 2012). The changes in

cementum structure observed at 7 days could be related to the remodelling of the PDL caused
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by tooth movement. The PDL undergoes dynamic changes as it is stretched in this model. In the
0 hour control, the PDL is densely packed with little space between the fibres and both
horizontal and oblique fibres are observed, while at 1 hour stretched the PDL is more sparse.
This has been observed in other tooth movement models, perhaps due to the initial onset of
stretching forcing the fibres apart (Grandfield et al., 2015). From 3 hours to 7 days stretching,
new fibres are formed to re-populate the PDL space, and by 7 days the PDL has a clear fibrous

structure.

5.2.1.2 Osteogenic Marker Expression

Immunofluorescence for three key osteogenic markers was carried out in order to analyse the
effects of strain on osteogenesis. These included RUNX2, the master transcription factor of
osteogenesis, osteopontin, a marker of early osteoblast differentiation, and DMP1 which is
expressed by differentiated osteoblasts for the mineralisation of osteoid (Narayanan et al.,

2003; Rutkovskiy, Stenslgkken and Vaage, 2016).

Osteopontin had increased expression in the bone-PDL boundary as the time stretched elapsed,
whereas DMP1 was upregulated in the bone from 0 hour to 7 day stretched however the

brightest fluorescence was observed at 3 hours (Figure 17).

One paper showing osteopontin of the same region on the periodontium as seen in this work
demonstrated that cement lines stain positive for osteopontin (Herber et al., 2012). This staining
looks similar to the regions of the bone-PDL boundary that stained highly positive for
osteopontin in this work, and may represent areas of bone remodelling after exposure to
mechanical strain as established in the literature (Nanci, 1999; Robling, Castillo and Turner,
2006; Herber et al., 2012). In the PDL exposed to tensile strain osteopontin expression was
varied with little expression at the earlier time points, an increase at 3 hours followed by a
reduction at 1 day, an increase again at 3 days and a decrease at 7 days stretched. One paper
found constant compression strain caused osteopontin to be upregulated in the PDL
(Wongkhantee, Yongchaitrakul and Pavasant, 2007), while others have suggested that
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osteopontin gene expression is highly affected by mechanical strain in osteoblasts (Toma et al.,
1997), therefore this could be what is being observed in the 3 hour and 3 day samples. Since the
PDL also contains stem cells that are able to differentiate into osteoblasts it could be that the
osteopontin expression at 3 hours and 3 days represents osteogenic differentiation in this region
(Tomokiyo, Wada and Maeda, 2019; Trubiani et al., 2019). It would have been interesting to
investigate the contribution of MSCs from the bone marrow and PDL to alveolar bone
remodelling, as it is still unknown whether one or both stem cell niches are utilised during tooth
movement. Additionally, at 3 days stretched there was increased osteopontin expression in the
compressed region of the periodontium, which mirrors the expression of osteopontin in

osteoclasts seen in the literature (Herber et al., 2012).

Osteopontin and DMP1 were also observed in the cementum adjacent to the dentine from 1
hour to 7 days stretched. Both DMP1 and osteopontin are established to be expressed in the
cementum and are important for PDL integrity (Ye et al., 2008; Foster, 2012), therefore these
results may represent remodelling of the periodontium as a whole. DMP1 is expressed in many
cell types, but it is known to be highly expressed in osteocytes, which are embedded in the bone
(Toyosawa et al., 2004), where the majority of DMP1 staining was observed throughout the
stretching process. There was little to no DMP1 expression in the PDL at any time point, which
is expected based on the literature (Ye et al., 2008). Overall, the osteopontin and DMP1 staining
observed in the rat periodontium samples seemed to match the literature, validating these
samples and this experiment as a good model to look at osteogenesis in relation to tooth

movement.

RUNX2 was observed by immunofluorescence to be decreased at 1 and 3 hours but by 24 hours
of stretching the RUNX2 staining was increased and nuclear localised, which is crucial to its
function as a transcription factor (Figure 18). RUNX2 positive cells, classified as cells with RUNX2
staining co-localised with the nucleus, were quantified and the relative fluorescence intensity of

RUNX2 positive cells was determined in Photoshop by drawing around the nucleus of each cell
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and noting the number of pixels in the red channel within the nucleus. A similar methodology
was employed in one paper to determine RUNX2 fluorescent intensity in images of mice
periodontiums after orthodontic tooth movement (Vidoni et al., 2019). That paper found
increased RUNX2 in the PDL exposed to tensile strain at 3days; while this was later than the
time-points used in this work, this observation was comparable to results seen at 24 hours. The
guantification of RUNX2 demonstrated an initial decrease in the percentage of RUNX2-positive
cells and relative fluorescence intensity, however by 24 hours of stretching there was an
increase in both the RUNX2-positive cell percentage and fluorescence intensity of these samples
(Figure 18C). One paper using a similar orthodontic tooth movement device demonstrated
increased RUNX2 expressed in the alveolar bone and tissues surrounding the tooth exposed to
tensile strain which is comparable to the results presented in this thesis (Zhang, Liu and Wang,
2020). Another paper demonstrated RUNX2 nuclear localisation in cells of the bone-PDL and
PDL-dentine boundaries at 7days stretched compared to controls (Aonuma et al., 2020).
Interestingly, the regions specified in that paper are the same regions that had the greatest
morphological change seen by the H&E staining presented earlier (see Figure 16). While that
paper did not show any H&E staining or results from earlier time-points that could be directly
compared to the data presented here, these data sets may help corroborate the current theory
that stretching force has a greater effect on regions where dissimilar tissues join (Grandfield et
al., 2015). Overall, these results suggested there is an initial delay to osteogenesis after the
periodontium is exposed to tensile strain, followed by an increase in RUNX2-positive cells at the

bone-PDL boundary at 24 hours.

5.2.1.3 Autophagy and Osteogenesis

The interplay between osteogenesis and autophagy has been explored in the literature, with the
activation of autophagy being associated with increased osteoid mineralisation (Nollet et al.,
2014) and inhibiting autophagy in bone marrow cells influenced their differentiation to

adipocytes rather than the osteogenic lineage (Qi et al., 2017). Therefore, the effects of the
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constant tensile strain of tooth movement on autophagy and how this relates to osteoblast

differentiation was of interest.

Immunofluorescence for LC3 was carried out as a method of determining autophagic flux which
is well established in the literature (Figure 18). Imaris software was used to divide the images
into regions of interest in the periodontium, with LC3 puncta staining being quantified using the
spots function. LC3 puncta were increased at 1 hour and 3 hours stretched but decreased at 24
hours stretched, indicating an increase in autophagy levels at the earlier time points of the
experiment. The region with the highest levels of LC3 puncta seen were the bone-PDL regions,
which was also the region with the highest RUNX2 expression, albeit at different time points.
More concrete evidence of autophagy levels in these samples could be achieved by staining for
additional markers, such as p62 or ATG5, however LC3 not only demonstrates the presence of
the protein by the intensity of fluorescent staining but also the presence of autophagosomes by
the quantification of puncta, hence why it is the gold standard for determining autophagy levels.
For this reason, LC3 is an appropriate choice forimmunofluorescence staining and quantification

in demonstrating the expression of autophagy as a whole.

In comparing the staining patterns of RUNX2 and LC3 expression, there is a clear juxtaposition
in the activation of autophagy and the onset of osteogenic differentiation in this model. Initially,
stretching caused autophagy to be upregulated and RUNX2 expression to be downregulated,
however by 24 hours of tensile strain the reverse is observed. While these patterns of expression
are observed in all the regions exposed to tensile strain in the periodontium, the region with the
largest change in expression was the bone-PDL region, probably due to an influx of bone marrow
cells to the region, including those of immune cells and osteoblast precursors. It is unknown
whether autophagy and osteogenesis are directly linked or regulating each other, however it
could be that autophagy is initially activated as a protective mechanism in this model, as this is
also seen in other scenarios of cell stress (Hirt and Liton, 2017); Autophagy has been shown to

prolong the life of cells and prevent apoptosis, and has previously been established to be
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activated by mechanical strain (Tanabe et al., 2011; Hirt and Liton, 2017). The hypothesis after
these experiments was therefore that constant tensile strain of the periodontium initially
activates autophagy as a protective mechanism, and once autophagy levels are decreased back

to basal levels osteogenesis is activated for remodelling of the alveolar bone.

5.2.1.4 Cytoskeleton Expression

An investigation into the mechanosensory mechanisms involved was attempted by analysing
the rat tooth movement samples for their expression of tubulin, a cytoskeleton marker. a-
tubulin is a component of microtubules in the cytoskeleton, and microtubules have been
demonstrated in the literature to be key to cell polarity and tissue reorganisation in response to

strain (Morioka et al., 2011; Hamant et al., 2019).

There was decreased a-tubulin staining in the PDL at 1 hour stretched compared to the 0 hour
control, however from 3 hours to 7days a-tubulin staining was increased back to basal levels
(Figure 19). This contradicts the results of one paper which demonstrated an increase tubulin
expression after exposure to cyclic tensile strain (Morioka et al., 2011), however this was in
smooth muscle cells and therefore this effect may be context dependant. There are few
examples in the literature of a-tubulin staining in rat periodontiums in response to mechanical
strain therefore it is difficult to ascertain whether the results seen in this thesis were expected.
However, one paper where periodontal ligament cells were treated with colchicine, to block
microtubule formation, demonstrated that microtubules play a significant role in tooth eruption
(Beertsen et al., 1984), therefore there is literature precedent for the role of microtubules in

periodontium remodelling.

If time and resources would have allowed it would have been interesting to process these
images in Imaris in order to quantify the a-tubulin staining pattern, as was carried out on the in
vitro samples (Figure 33). However, whilst not definitive these results demonstrate a change in
tubulin staining which could reflect altered cytoskeleton dynamics in response to the stretching
force of tooth movement.
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5.2.2 Optimising an In Vitro Cell Stretching Model

An in vitro model of tensile strain was developed to mimic that of the periodontium during tooth
movement. Initially, two in vitro cell stretching devices were considered for use as a model of
the tensile strain involved in orthodontic tooth movement, one commercial system by Strex and

one device provided by EPFL.

In comparing the features of the two cell stretching systems it was clear that the EPFL system
was more accurate as it took the human element of applying the stretching force out of the
equation. The ability to change the stretch patterns was also appealing in order to investigate
changes in constant strain compared to intermittent strain with different intervals or durations.
However, constant tensile strain was more relevant for the purpose of researching orthodontic

tooth movement.

The systems varied in the air-liquid interface the cells were exposed to; the EPFL system did not
have well walls, meaning that a maximum of 1ml culture media could be carefully placed on top
of the 2.5cm diameter membrane and surface tension meant that it formed a dome of media
which was slightly higher in the middle than at the edges. The Strex system was constructed in
a structure closer to that of a cell culture well plate, with high well walls, therefore 1ml culture
media was used for each 1cm? well, which was evenly spread across the well of the Strex system.
This meant that the cells seeded on the Strex membranes were exposed to an air-liquid interface
that was closer to that of a normal cell culture plate than the EPFL system. Despite this, there
seemed to be little difference between the systems in the hBMCs ability to attach and grow,
instead the biggest variance in these factors seemed to be due to the success of the collagen
coating. This was optimised by testing different collagen coating protocols and reducing the

number of samples coated in each batch for more consistent cell attachment.

The EPFL system had also been designed with microscopy work in mind, with the underside of
the PDMS membrane having a layer of microscopy oil and glass coverslip built in, therefore

would have been useful for immunofluorescence work. However, the fact that only a portion of
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the cells would be stretched on the membrane was an issue; while this would work for
microscopy-based analysis as you could use the un-stretched cells from the same membrane as
an internal control, it would have been a hindrance in trying to analyse changes in RNA, or
protein by Western Blotting, as the sample would contain some cells that had not been
stretched. It was considered that attempting to only collagen-coat the area of the membrane
which would be stretched to avoid this issue, however this idea turned out to not be realistic
from a technical perspective, and would also result in a low yield of RNA or protein being
collected due to the low cell number. Additionally, as a prototype the EPFL devices were
constantly being updated and improved. This meant there were large variations between
batches which made it difficult to apply to research where consistency is important to ensure
reliable results. The Strex system was therefore taken forward for the in vitro cell stretching

experiments detailed in the rest of this thesis.

In using the devices several optimisation steps were taken which did improve the useability of
the devices over time including altering the collagen coating protocol and establishing a method
for immunostaining and mounting the membranes to improve sample quality for imaging.
Despite this it is clear that both devices still provided challenges which impacted the scope of
this work, therefore the optimisation detailed in this thesis, although not perfect, does have
value in providing a starting off point for future research using cell stretching devices such as

these.

5.2.3 Human Bone Marrow Cell Characterisation

In order to investigate the effects of constant tensile strain on osteogenesis in vitro, a pool of
cells that were able to differentiate into osteoblasts were required. In the context of tooth
movement, it is thought that MSCs and osteoblast progenitors from the bone marrow are
stimulated to migrate and differentiate into osteoblasts in order for osteogenesis to occur (Su

et al., 2018), therefore hBMCs were a relevant choice of cells for this work.
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Adherent hBMCs had a long, fibroblastic morphology and grew well in DMEM-F12 media. A
higher proportion of FBS (20% rather than the 10% used for other cell types) which contains
various growth factors, was used to encourage the maintenance of the stem cells contained
within this pool of cells (Horwitz et al., 1999; Lee and Lee, 2011; Kwon et al., 2016). Likewise, a
multivitamin solution containing folate, calcium and vitamins A and B was used, as folic acid
maintains pluripotency (Kasulanati and Venkatesan, 2018), nicotinamide promotes stem cell
survival in vitro (Peled et al., 2012; Meng et al., 2018), and calcium and its derivatives have been
shown to prime MSCs for differentiation to osteoblasts (Miiller et al., 2007; Viti et al., 2016;

Millan et al., 2018).

It is widely established in the literature that MSCs are characterised by their expression of
certain markers and their negative expression of other markers including those of HSCs or more
differentiated cells. In addition, the ability of cells to differentiate into the osteogenic,

adipogenic or chondrogenic lineages helps to establish the presence of MSCs in a cell pool.

5.2.3.1 MSC Marker Expression of hBMCs

Flow cytometry demonstrated that hBMCs contained a population of cells that were positive for
MSC markers CD44, CD90, CD105, CD106, CD146, CD166 and Stro-1, while the HSC markers
CD19 and CD45 were negative (Figure 29). Lower passage hBMCs (P3-5) contained a relatively
higher proportion of cells that were positive for CD44 and CD105 than higher passage cells (P12).
MSCs do not proliferate as rapidly as other cell types, therefore it may be that over time in
culture MSCs make up a smaller proportion of the cells present, or that the time in culture causes
them to begin to differentiate resulting in an overall reduction in the proportion of cells that are
positive for the MSC markers. Overall, these results indicated that hBMCs do contain a
population of cells that are MSC-like based on their marker expression therefore they are

relevant to the study of osteogenesis.
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5.2.3.2 Osteogenic Differentiation

hBMCs were treated with osteogenic induction media to determine whether hBMCs could
differentiate into osteoblasts, and overall treated cells had increased expression of osteogenic
markers than controls (Figure 30). A well-established osteogenesis protocol was used and cells
were collected 7 or 14 days after the on-set of treatment as these time-points had been
established in papers using this protocol on osteoblast-precursors (Langenbach and Handschel,

2013).

In the literature, RUNX2 expression is one of the first signs of MSC differentiation to osteoblasts,
therefore the increase in RUNX2 gene and protein expression seen from 7 to 14 days would be
expected in cells that had started to differentiate into osteoblasts. DMP1 gene expression was
decreased in 7 day treated samples but was increased in treated samples at 14 days compared
to controls. There was also a slight increase in osteopontin expression after 14 days of treatment,
however this was not significant. While these are key markers of osteogenesis, increased
expression of additional osteoblast markers as well as the decreased expression of adipogenic
or chondrogenic markers would have provided more concrete evidence of osteogenic
differentiation. Additionally, the cells treated with the osteogenic induction media were not
determined to be functional osteoblasts capable of mineralisation using Alizarin Red staining.
Therefore, these results cannot determine that the hBMCs can differentiate into osteoblasts,
only that they can be induced to express markers consistent with differentiating osteoblast-like

cells.

Overall, the characterisation of hBMCs indicated that these cells have the expected marker
expression and capacity to differentiate into osteoblast-like cells that made them a suitable

choice for analysing the effects of tensile strain on osteogenesis.

5.2.3.3 Autophagy Levels in Differentiating hBMCs
In order to establish the baseline autophagy levels in hBMCs undergoing osteogenic
differentiation, hBMCs that were treated with the osteogenic differentiation medium were
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analysed for their expression of genes related to autophagy (Figure 31). Both LC3 and ATG5 gene
expression were increased at 7 days and further increased at 14 days in treated samples
compared to controls. In the autophagy pathway, ATG5 slightly precedes LC3 as it is involved in
the phagophore membrane while LC3 aids the formation of the outer autophagosome
membrane (Hale et al., 2013). The increase in ATGS5 in treated samples therefore indicates an
upregulation or activation of the autophagy pathway. The LC3 primer used was specific to total
LC3 protein, rather than LC3-ll, the form of the protein associated with autophagosomes.
However, when autophagy is activated there is an increase in the production of LC3 protein for
the formation of autophagosomes (Mizushima, Yoshimori and Levine, 2010), so the increase in

LC3 seen in treated cells could also be indicative of autophagy activation.

Some papers have previously shown MSCs to have high basal levels of autophagy which are
reduced when they differentiate into osteoblasts (Oliver et al., 2012). The results shown in this
thesis do not fit this pattern, as the expression of key autophagy genes were increased in cells
undergoing induced osteogenic induction. However, the cells used for these experiments are
not a pure population of MSCs, and the literature demonstrates that autophagy levels are highly
context dependant (Dower et al., 2018). Additionally, there are numerous examples in the
literature demonstrating the activation of autophagy is associated with differentiation of MSCs
to the osteogenic lineage, as previously mentioned in this thesis. Therefore, these results
determined that hBMCs had increased autophagy levels during osteogenic differentiation,
which corroborates literature examples of osteogenic differentiation. In this context, hBMCs

comprise a good model of osteoblast progenitors for the study of mechanical strain in vitro.

5.2.4 Cell Stretching as an In Vitro Model of Tooth Movement

5.2.4.1  Stretching hBMCs
hBMCs that were exposed to 20% constant uniaxial tensile strain for 24 hours had both increases
in RUNX2 gene and protein expression and LC3 puncta staining compared to controls, indicating

the activation of osteogenesis and autophagy (Figure 32).
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RUNX2 gene expression was increased at 24 hours stretched but was decreased at 6 and 72
hours compared to controls (Figure 32A). Immunofluorescence showed RUNX2 staining to be
both increased and nuclear localised at 24 hours stretched compared to controls. As a
transcription factor, the fact that it was nuclear localised is indicative of its activation and of
osteogenic differentiation. Osteogenic markers downstream of RUNX2, osteopontin and DMP1,
were also analysed using immunofluorescence and while there was little change in osteopontin
expression, DMP1 staining was increased in stretched cells compared to controls (Figure 32B).
DMP1 also seemed to be nuclear localised; previous papers have demonstrated that DMP1
contains a nuclear localisation signal (NLS), and is present in the nucleus of pre-osteoblasts
(Narayanan et al., 2003; Siyam et al., 2012). While the exact mechanisms are unknown, it is
thought that DMP1 may have a regulatory role in osteogenesis (Lin et al., 2014). Overall, these
results indicate that osteogenic differentiation may have been activated in hBMCs that have

been exposed to tensile stretching force for 24 hours.

The Q-PCR results also demonstrated an increase in p62 expression in stretched samples
compared to controls at 6 hours. p62 is involved early in the autophagy pathway for the tagging
of proteins for capture in autophagosomes, and therefore an increase in this protein indicates
upregulated autophagy. At 24 hours stretched there was a decrease in ATG3 and an increase in
LC3 expression, which could be indicative of autophagosome formation. At 72 hours stretched
there was a decrease in LC3 and ATG5 expression compared to controls but little change in p62
and ATG3, perhaps indicating that autophagy had stabilised back to basal levels (Figure 32C).
Immunofluorescence revealed LC3 puncta staining, demonstrating autophagosome formation,
was increased in stretched samples at 24 hours compared to controls. Together these results

indicate an upregulation of autophagy from 6 hours after the onset of strain until 72 hours.

In the osteogenic induction experiments cells were exposed to osteogenic induction media for
7 or 14 day time points, however, for stretching experiments these time points were not suitable

for several reasons: Firstly, mechanotransduction has been shown to propagate signals up to 40
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times faster than diffusion or translocation-based signalling, therefore the effects of stretching
on differentiation would be expected to be seen much earlier than that used by the osteogenic
induction media (Na et al., 2008). Secondly, culturing cells on the Strex system was very delicate
as once cells began to reach confluency they were at risk of detaching from the membrane
surface. This coupled with the fact that the hBMCs grew very well meant that cells would reach

confluency rapidly, therefore studies of more than 72 hours were unlikely to be successful.

In comparing the osteogenic and autophagy marker expression of both the in vitro and in vivo
models, the data from the rat model demonstrated an initial increase in autophagy that was
associated with a decrease in RUNX2 expression (Figure 18). The in vitro results could be seen
to corroborate the in vivo data as autophagy markers were first upregulated at 6 hours, before
the osteogenic markers were upregulated at 24 hours. However, 24 hours was found to be a key
time-point for both RUNX2 and LC3 expression in vitro, rather than the opposing expression
patterns observed in vivo. This could be an argument that the in vitro model is not a perfect
representation of the in vivo situation, however this is often the case for setting up any model.
Overall, including the fact that the hBMCs had increased expression of autophagy-related genes
when undergoing osteogenic differentiation (Figure 31), these results suggest an activation of
the autophagy pathway as an initial reaction to constant tensile strain, perhaps as a protective
mechanism. This has been seen in other systems, for instance autophagy is upregulated to
protect against apoptosis in patients with periodontal disease (An et al., 2016). Therefore,
chemically modulating the autophagy pathway prior to mechanical strain in vitro was tested to

investigate whether this would affect osteogenic differentiation of hBMCs.

5.2.4.2 Autophagy Modulation and Strain

Inducing or inhibiting the autophagy pathway clearly had different effects on osteogenic marker
expression in the in vitro cell stretching model. hBMCs that had autophagy induced by rapamycin
treatment had an increase in RUNX2 gene expression after 24 hours strain, while inhibiting

autophagy with bafilomycin treatment prior to strain caused the opposite trend.
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However, immunofluorescence revealed that at the protein level both bafilomycin and
rapamycin treatment increased RUNX2 expression compared to controls. However, cells treated
with rapamycin had nuclear-localised RUNX2 expression which was higher than that seen in cells
exposed to stretching alone (Figure 34C). These results could indicate that autophagy enhances

the activation of strain-related osteogenic differentiation in hBMCs.

5.2.4.2.1 Autophagy Induction Stretching hBMCs

hBMCs treated with rapamycin prior to exposure to 20% tensile strain had little change in RUNX2
gene expression at 6 hours, however at 24 hours and 72 hours these cells had increased RUNX2
expression, which was higher than the levels seen in controls and hBMCs that were stretched
but not treated with rapamycin (Figure 34). As seen in previous experiments, cells that were
stretched only had decreased expression of RUNX2 at 6 hours, an increase at 24 hours and a
decrease compared to controls at 72 hours (Figure 34A). Interestingly, hBMCs treated with
rapamycin alone had the highest expression of RUNX2 at 72 hours, corroborating accounts from
the literature which state the autophagy pathway is linked to cell differentiation, and osteogenic

differentiation in particular.

Immunofluorescence images demonstrate little RUNX2 protein expression in any condition at 6
hours stretched, but a slight increase in LC3 staining in cells treated with rapamycin, compared
to controls (Figure 34B). This was expected as rapamycin stimulates the autophagy pathway
resulting in an increase in autophagosome formation and the associated LC3-Il which is observed
by punctate staining with immunofluorescence (Ravikumar et al., 2004). At 24 hours the
stretched samples had increased expression of LC3 compared to controls, however puncta LC3
staining was seen more in the rapamycin and rapamycin stretched conditions, as the drug
increases autophagosome formation (Figure 34C). At 24 hours, stretched hBMCs had an increase
in cytoplasmic RUNX2 staining but not nuclear, which is required for its function as a
transcription factor. However, cells treated with rapamycin had increased nuclear RUNX2

indicating that these cells have received a signal to differentiate.

178



5.2.4.2.2 Autophagy Inhibition

hBMCs treated with bafilomycin to inhibit autophagy prior to 24 hours exposure to tensile strain
had decreased RUNX2 gene expression compared to controls (Figure 35A). This would suggest
that bafilomycin treatment inhibited osteogenic differentiation of hBMCs. Immunofluorescence
of 24 hour samples demonstrate that RUNX2 protein expression was very low in control cells
and increased in cells exposed to stretching force and those treated with bafilomycin and
stretched. RUNX2 staining seemed to be co-localised with DAPI staining in stretched cells,
indicating nuclear localisation of this transcription factor. However, in cells treated with
bafilomycin or bafilomycin and stretched, RUNX2 staining may be nuclear localised but is also
seen in the cytoplasm (Figure 35B). These results may suggest that RUNX2 is expressed but may

not be being transported into the nucleus efficiently.

Osteopontin, another marker of osteogenesis, was decreased in cells exposed to bafilomycin
but in cells treated with bafilomycin and stretching force osteopontin expression was increased
as seen with immunofluorescence staining. DMP1 seemed to be expressed in the nucleus of
control cells as its expression co-localised with DAPI staining, however in cells exposed to
stretching force or bafilomycin DMP1 staining was decreased. Cells that were treated with
bafilomycin prior to exposure to stretching force did exhibit nuclear DMP1 staining, similar to
controls. These results could indicate that the combination of bafilomycin and stretching
treatments bring osteogenic markers back to basal levels, as osteopontin and DMP1 staining

was similar to that of control cells (Figure 35C).

At 24 hours there was an increase LC3 puncta staining in cells treated with either bafilomycin
alone or in combination with stretching force, compared to controls (Figure 35B). This is
expected from the literature, as while bafilomycin is an autophagy inhibitor, it acts by preventing
autophagosome fusion to lysosomes. Since this prevents degradation of the autophagosomes
that are present, it causes an increase in LC3-ll in cells treated with bafilomycin as

autophagosomes accumulate in the cell (Tanida et al., 2005).
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5.2.4.2.3 The Significance of Autophagy Modulation

The literature states that inhibiting or inducing the autophagy pathway is rarely a clear-cut
process, partly due to the context-dependant nature of this pathway (Dower et al., 2018). The
autophagy pathway has numerous roles in different tissues, and therefore medically altering
this pathway may have wide-ranging implications and side effects (Levine, Packer and Codogno,
2015). Inhibition of autophagy has received some interest in medicine in recent years, especially
in the cancer field (Marinkovi¢ et al., 2018). Chloroquine is the only FDA-approved autophagy
inhibitor drug that is currently available. It is a malaria medication which inhibits the autophagy
pathway by preventing lysosome fusion with the autophagosome, however it often has severe
side effects including seizures and deafness (Solitro and Mackeigan, 2016; Mauthe et al., 2018).
Additionally, inhibiting autophagy has been linked with several diseases including Alzheimer’s
disease, Parkinson’s disease and cancer (Galluzzi et al., 2017). There are several FDA-approved
drugs that have been found to activate autophagy, including the mTOR inhibitors temsirolimus
and rapamycin, which are used to treat some cancers or cardiac diseases, respectively (Galluzzi
et al., 2017). Other drugs may indirectly activate autophagy by starvation, ER-stress or a rise in
intracellular calcium levels (Marinkovi¢ et al., 2018). Long-term treatment with drugs that
activate autophagy may do more harm than good, and it is unclear whether any therapeutic
effects can be sustained with only a short treatment period (Levine, Packer and Codogno, 2015).
Ultimately, the implications of modulating the autophagy pathway are still unknown and further
research is required before a viable osteogenesis enhancer treatment that uses this approach

could be proposed for use in humans.

5.2.4.3  Strain and Cytoskeleton Breakage

Mechanical strain has been shown to cause direct changes to gene expression via the
cytoskeleton, and cytoskeletal tension is thought to be key to the cells’ responsiveness to
mechanical strain (Ingber, 2008; Jaalouk and Lammerding, 2009). One study found that
mechanical cues from the microenvironment influence cytoskeletal organisation, including that

of F-actin and a-tubulin, in embryonic stem cells (Gerecht et al., 2007). Therefore, hBMCs
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exposed to constant tensile strain were stained for a-tubulin in order to determine the effects

of stretching on the cytoskeleton in this model (Figure 33).

a-tubulin staining demonstrated that stretched hBMCs seemed to align in the direction of strain
while control cells were still randomly aligned at 72 hours (Figure 33). This corroborates many
examples in the literature where cells have altered their polarity and alignment in monolayer
culture when exposed to mechanical strain, including MSCs (Liu et al., 2014; Rens and Merks,
2017), myocytes, (Collinsworth et al., 2000; van der Schaft et al, 2011) and fibroblasts

(Eastwood et al., 1998; Chaubaroux et al., 2015; Wada et al., 2017).

Imaris image analysis software was used to provide quantitative data from the cytoskeletal
immunofluorescence images and to standardise sample analysis. A surface was created from
the Z-stacks of a-tubulin staining, which can be compared to the true staining in Figure 33A-B.
The volume, area and number of disconnected components were measured for the a-tubulin
staining of each image, and results were normalised to the number of cells in each field of view.
This normalisation method is suitable to ensure that the differences seen were not attributable
to a difference in cell number, however in order to consider these results outside of the dataset
and compare them to the literature, a better validation of this analysis method should be made.
One example could be to analyse hBMCs treated with a tubulin inhibitor such as colchicine (Lu
et al., 2012) in order to determine that cytoskeletal breakage or remodelling is adequately

depicted using this methodology.

At 6 hours stretched there was an increase in the area and volume of a-tubulin in the stretched
samples compared to controls which was decreased at 72 hours (Figure 33C). These results seem
to contradict the results of another paper which showed that mechanical strain decreases
tubulin expression, despite an increase in the number of other elements of the cytoskeleton
including actin filaments and focal adhesions (Meazzini et al., 1998). However, that paper used
osteoblasts that were extracted from chickens, which may be expected to react differently to
human bone marrow cells that were differentiated in vitro. Additionally, adjustments to the
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cytoskeleton are important to the morphological changes seen in MSC differentiation (Yourek,
Hussain and Mao, 2007; Treiser et al., 2010), therefore cytoskeleton changes could be explained
by the hBMCs differentiating. However, no clear morphological change in stretched hBMCs was
observed that would corroborate this theory. Alongside the fact that there was an increase in
the number of disconnected components measured in the stretched samples at 72 hours, these
cytoskeletal changes could be indicative of microtubule breakage (Figure 33). Other papers have
also demonstrated cytoskeleton breakage on exposure to mechanical strain; actin filaments
break when exposed to between 30-100% strain, depending on which other cytoskeleton
elements they are crosslinked with (Gardel et al., 2008), and a neural model showed microtubule
breakage at strains as low as 16% (Wu and Adnan, 2018). It is important to remember that
hBMCs exposed to 72 hours of tensile strain also had decreased expression of RUNX2 and
autophagy genes LC3 and ATGS5; if resources had allowed, an exploration of whether the
cytoskeleton breakage was linked to the reduction in osteogenesis and autophagy gene

expression would have been carried out.

Immunofluorescence of the rat tooth movement samples demonstrated a decrease in tubulin
staining in the PDL at 1 hour after the onset of strain, which was then increased from 3 hours to
7 days back to basal levels, compared to the 0 hour control (Figure 19). The in vitro stretching
model demonstrated a decrease in tubulin staining in the 72 hour stretched sample compared
to the 72 hour control, or either of the 6 hour samples (Figure 33A). Therefore, while the time-
points that these changes occur to do not corroborate between the in vitro and in vivo data,
there is a general staining pattern of a decrease in tubulin staining after the cells are exposed to
tensile strain. There are many reasons why the time-points that these staining patterns are seen
do not align, not least of which because the cells in vivo are in a specific niche environment that
cannot be recapitulated in an in vitro system. While the in vivo results do not themselves prove
that cytoskeletal breakage is occurring in the PDL on exposure to tensile strain, it corroborates

the staining pattern seen in the in vitro data.
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Strain-induced breakage of the cytoskeleton network, both within microtubules and between
its connections to focal adhesions and integrins, has been linked to remodelling of the
cytoskeleton for increased efficiency of mechanotransduction (Martino et al., 2018). However,
the reorganisation of the cytoskeleton is also a key event in apoptosis (Kulms et al., 2002; Povea-
Cabello et al., 2017). Stabilisation of the cytoskeleton was found to protect against apoptosis
when cells were exposed to stressors such as ischemia or mechanical strain (Gefen and Weihs,
2016). Therefore, this could be an avenue to explore in investigating whether cytoskeleton
breakage in this system limits osteogenic differentiation of hBMCs. Additionally, it would have
been interesting to see if altering autophagy levels in these cells prior to exposure to mechanical
force could protect against cytoskeleton breakage, as autophagy activation is protective in many
other cell stress scenarios (Heymann, 2006; An et al., 2016). The hypothesis resulting from this
thesis is therefore that strain modulates autophagy in PDL cells which may have a protective
function on cytoskeleton breakage. Strain-induced autophagy also contributes to osteogenic

differentiation of hBMCs by upregulating expression of the RUNX2 transcription factor.

5.2.5 Future Work

The results presented here require further investigation in order to establish the exact

mechanisms involved, some examples of which have been previously discussed in this chapter.

Analysis of these samples using further markers of osteogenesis, such as Osterix, BMPs and DLx5
would give further proof of osteogenic differentiation, as would Alizarin Red staining to

determine the presence of functional osteoblasts capable of mineralising osteoid.

It would have been interesting to investigate the effects of autophagy modulation over a longer
time-point than 72 hours, however the constraints of the in vitro cell stretching system meant
that experiments over this time-point were not productive due to cell detachment. Therefore,
investigating autophagy modulation in the rat tooth movement model would be an important
alternative future experiment. One option for this would be injecting rapamycin directly into the

periodontal ligament prior to fitting the orthodontic device and moving the tooth. Not only

183



would this allow for longer time-points for analysis but it could also corroborate the in vitro
results in vivo. This experiment is currently underway by the collaborators of this work under

Professor Kai Yang.

Another point to be further examined would be an investigation into the initial downregulation
of RUNX2 observed in samples exposed to mechanical strain. This was seen in the rat tooth
movement samples, and with the in vitro stretching experiments using hBMCs (Figures 18 & 32).
This decrease in RUNX2 expression was accompanied by an upregulation in genes and proteins
involved in the autophagy pathway, however whether RUNX2 was degraded by autophagy is
unknown. Autophagosomes could be isolated and a western blot carried out for RUNX2 in order
to prove that RUNX2 was captured in the autophagosome (Chen et al., 2014; Takahashi et al.,
2017). An issue with using this method in our model is that a high cell number would be required
to isolate enough autophagosomes for analysis, and our in vitro cell stretching model does not
produce enough samples. The literature also suggests that tracking autophagic flux, that being
the degradation of autophagosomes, is a better measure of the levels of autophagy active in a
cell (Mizushima, Yoshimori and Levine, 2010; Mauthe et al., 2018). Therefore, an alternative
experiment would be to carry out immunofluorescence showing co-localisation of RUNX2 with
proteins involved in the autophagosome and autolysosome, for example LC3 and LAMP1. This
experiment could also be carried out using both the in vivo and in vitro models used in this

chapter.

Relating the in vitro findings to the in vivo scenario are crucial in providing translational research.
While human samples would be preferred, the chances of obtaining human periodontal samples
during tooth movement are very slim, and animal models are well-established in the literature,
such as the rat experiment discussed earlier in this chapter. Repeating the rat tooth movement
experiment with the addition of a drug treatment to induce autophagy would determine
whether inhibiting autophagy could increase the speed or efficiency of osteogenesis during

tooth movement. Drugs that activate autophagy include temsirolimus, resveratrol and
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spermidine (Park et al., 2016; Kania et al., 2017; Madeo et al., 2019), however rapamycin, the
drug used in this work, has also been established for use in vivo (Galluzzi et al., 2017). Micro-CT
scanning of the periodontium throughout the period of tooth movement would provide real-
time results on alveolar bone remodelling, including that of the movement of the tooth, the
formation of new bone and the thickness of the new bone formed. Samples could then be
obtained for H&E staining in order to analyse differences in overall morphology of the tissue,
and immunofluorescence imaging for markers of osteogenesis, autophagy and tissue health,
such as the production of ROS or periostin, a marker of PDL health (Rios et al., 2008; Schieber
and Chandel, 2014; Du and Li, 2017). Additionally, immunofluorescence staining of these
samples for cytoskeleton markers such as a-tubulin and processing these images in Imaris could
provide information on the role of autophagy in this scenario and to determine whether

cytoskeleton breakage is occurring during strain-related bone remodelling.

Finally, a key thing to remember is that enhancing osteogenesis in this system may not translate
to a treatment that enhances tooth movement alone, as both the formation and resorption of
bone is required for bone remodelling. As mentioned previously, compression is known to
stimulate osteoclastogenesis however how this may be linked to autophagy or affect
cytoskeleton breakage is unknown. In vitro analysis would be challenging due to the drawbacks
in compression strain devices available, however this could be achieved in vivo by analysing the

compressed side of the periodontium in tooth movement samples.
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5.3 The Association of Autophagy with Osteoclastogenesis in the Context of

Periodontitis

5.3.1 Characterising hBMCs as cells capable of Osteoclast Differentiation

Primary hBMCs were used for the osteoclast differentiation as they contained several different
cell types including osteoclast precursor cells. These cells were physiologically relevant to the
study of LPS tolerance and osteoclast differentiation in relation to human periodontal disease.
As described above, the cells were first cultured overnight in standard media, in which time
some of the cells would adhere to the bottom of the plate while others would remain free-

floating.

Optimisation of the osteoclast differentiation protocol involved varying several factors,
including the density of osteoclast precursors. Many papers suggested seeding osteoclast
precursors at a high density however since osteoclast precursors only make up a portion of
hBMCs, the precursors were isolated using MACS prior to seeding. CD14 is a marker of HSCs and
their progenitors, therefore CD14-conjugated beads were used with MACS to isolate these cells
from those of other lineages (Sgrensen et al., 2007; Hackett, Flaminio and Fortier, 2011; Quan

et al., 2018).

CD14-positive cells accounted for an average of 29% of non-adherent hBMCs (Figure 36B). In
searching the literature, it is unclear the proportion of CD14-positive cells that would be
expected to be present in the bone marrow. The majority of papers discuss the factions of CD14-
positive cells in peripheral blood, perhaps partly due to the relative ease of obtaining blood
samples compared to bone marrow (Schlegel et al., 2000; Sgrensen et al., 2007; Cafiero et al.,
2018). Additionally, removal of cells from their natural environment and the processing they
underwent, although minimal, will have altered the cell proportions slightly from cells in vivo.
One paper found 17.6% of bone marrow cells were CD14-positive, however this was within a

CD45-positive cell fraction so may not be representative of whole aspirates (Mandl et al., 2014).
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Another paper found 15% of equine bone marrow cells were positive for CD14, however it is

unclear how this may relate to human bone marrow (Hackett, Flaminio and Fortier, 2011).

Immediately after isolation, CD14-positive cells were seeded at a density of 5x10°/ml (Tevlin et
al., 2014; Motiur Rahman et al., 2015) and treated with M-CSF. Another key factor that was
considered in optimising the osteoclast differentiation protocol was the concentrations of the
key stimulating proteins, M-CSF and RANKL, and the timing that these proteins are administered.
M-CSF is involved in the initial differentiation of osteoclast precursors, while RANKL is involved
in late stage osteoclast differentiation, therefore it was more efficient to treat cells with M-CSF
alone for 5 days, followed by the addition of RANKL for 5 days (Wani et al., 1999). Accepted
concentrations ranged from 12-50ng/ml for M-CSF and 10-120ng/ml for RANKL, however some
papers suggested a higher concentration of RANKL than M-CSF for a higher yield of osteoclasts,
therefore 25ng/ml M-CSF and 100ng/ml| RANKL were used (Wani et al., 1999; Cody et al., 2011;

Marino et al., 2014; Motiur Rahman et al., 2015).

Using this protocol, hBMC morphology changed from small, non-adherent cells when first
plated, to adherent cells after CD14 MACS and the start of M-CSF treatment. After 5 days of M-
CSF treatment, there were a few distinct morphologies; some slightly longer cells were observed
alongside aggregates of mid-sized round cells, and small, round cells. After a further 5 days of
M-CSF and RANKL treatment, many large, multinucleated cells could be seen, some with the

ruffled-border morphology that is characteristic of osteoclasts (Figure 36C).

Osteoclasts highly express the TRAP enzyme, therefore TRAP staining was used to identify
osteoclasts as cells that were TRAP-stained and multinucleated, containing 3 or more nuclei,
according to the literature (Arai et al., 1999; Tevlin et al., 2014). The percentage of osteoclast-
like cells was determined from the total cell number in order to normalise osteoclast count
against the total cell number. CD14-positive cells that had been treated with M-CSF and RANKL
contained a higher percentage of osteoclasts compared to controls which were CD14-positive
but not treated. Additionally, cells that were CD14-negative did not contain any osteoclasts
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when treated with M-CSF and RANKL (Figure 36C-D). These results suggested that hBMCs
contained a population of cells that could differentiate into osteoclast-like cells. Other osteoclast
markers such as OSCAR or Calcitonin were not analysed, neither was the functionality of these
cells, for instance by looking at their ability to resorb bone or dentine. This would have provided
more concrete evidence, however the presence of TRAP-positive multinucleated cells is often
used in the literature to determine the presence of osteoclast-like cells, and was therefore
sufficient for the purpose of determining the hBMCs and the osteoclast differentiation protocol

were appropriate for this work.

5.3.2 Determining the effects of LPS on Osteoclast Differentiation

On considering the effect of LPS tolerance on osteoclast differentiation, there were broadly two
avenues that could have been pursued: firstly, that LPS tolerance affected osteoclast precursors
themselves, and secondly in LPS tolerance affecting other cells that would then cross-talk with
osteoclast precursors. In the context of periodontal disease, either scenario could have been
relevant as P.gingivalis has been shown to activate monocytes which then circulate in the

bloodstream to cause chronic inflammation systemically (Hayashi et al., 2010).

However, the hBMCs used as the osteoclast precursors were found not to differentiate into
osteoclasts after LPS treatment (Figure 37), most likely because LPS encourages HSC and
monocyte differentiation to M1 inflammatory macrophages (Martinez and Gordon, 2014;
Murray et al., 2014). This is corroborated in the literature which states that M1 macrophages
cannot typically differentiate into osteoclasts (Jeganathan et al., 2014); one paper showed
osteoclasts formed after M1 macrophages were treated with RANKL, however these were
deemed to be a population of M1 macrophages distinct from those classically induced by LPS

and IFNy (Huang et al., 2017).

Therefore, the latter scenario was explored in the context of this thesis, considering whether
LPS tolerance affects cells surrounding osteoclast precursors. THP1 cells were used to represent

the peripheral monocytes that would likely come into contact with LPS and circulate to cause
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systemic inflammation. THP1s are a pre-monocyte human cell line from a leukaemia patient,
and have been established to be tolerised to LPS treatment in the literature (Xiong et al., 2011).
While THP1 cells have been shown to be able to differentiate into osteoclasts, this is an arduous
process with many additional steps and factors involved than is the case with primary bone
marrow cells; one paper demonstrated osteoclast differentiation from THP1s after treatment
with high concentrations of PMA (100ng/ml) alongside M-CSF and RANKL treatment. Our LPS
tolerance protocol included 24 hour PMA treatment prior to treatment with M-CSF and RANKL,
to stimulate the pre-monocytes to differentiate into macrophages. However, the paper
describing osteoclast differentiation from THP1s found that simply treating with PMA for 48
hours prior to M-CSF and RANKL did not yield osteoclasts from THP1 cells, and that PMA was
required throughout to ensure osteoclast formation (Li et al., 2017). Additionally, the majority
of THP1 cells that were treated with the osteoclast differentiation protocol did not attach to the
plate surface and no osteoclast-like cells were observed via TRAP staining (Figure 48). Therefore,
THP1 cells were unable to differentiate into osteoclasts using our osteoclast differentiation
protocol, and were an appropriate cell choice for determining the effects of LPS tolerance in this

model.

5.3.3 LPSTolerance

LPS tolerance is achieved by multiple exposures of the cell to LPS, and has been related to
chronic inflammation in the literature (Muthukuru, Jotwani and Cutler, 2005; Collins and
Carmody, 2015). LPS tolerance was first thought to be a beneficial adaptive response, however
it may also be the result of a dysregulated immune system (Biswas and Lopez-Collazo, 2009). It
was hypothesised that LPS tolerance could play a role in osteoclast differentiation in relation to

the severity of periodontal disease.

Models of LPS tolerance broadly follow three main avenues in the literature; in vivo studies
where animal models are given subsequent injections of LPS, in vitro work where cells are

treated with LPS and washed before further treatments, and studies where cells are extracted
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from patients with various inflammatory conditions and LPS challenge is carried out ex vivo
(Cavaillon and Adib-Conquy, 2006; Lépez-Collazo, Fresno and del Fresno, 2013). While the in
vivo work was essential in the discovery of tolerance and the initial experiments in this field, it
is not as desirable today due to monetary factors and in attempts to comply with the 3Rs of
animal research (Bayne et al., 2015; Sneddon, Halsey and Bury, 2017). In addition, the injection
of LPS or its derivatives directly into the animal produces a sudden systemic infection which is
not representative of the majority of infections that would ultimately lead to tolerance
(Munford, 2010). Therefore, for this work, in vitro studies were sufficient for the study of LPS
tolerance, and also allowed for the investigation of cross-talk between THP1 cells that had been

exposed to LPS multiple times (2x) and osteoclast precursors.

The LPS tolerance protocol used in this thesis was based on several in the literature that involve
LPS exposure, washing, followed by a rest period, then re-exposure to LPS. The periods of LPS
exposure ranged from 1-24 hours, however many papers demonstrated successful cytokine
upregulation after 4 hours, and the intervals between the first and second exposures ranged
from 24 hours to 5 days (Sly et al., 2004; Koons et al., 2008; West and Koons, 2008; Lopez-
Collazo, Fresno and del Fresno, 2013; Xu et al., 2018). In our protocol, THP1 cells were first
treated with PMA for 24 hours to stimulate differentiation to macrophages and prime them for
LPS treatment (Park et al., 2007; Lund et al., 2016). This can be measured by an upregulation in
the production of TNFa, an early marker of inflammation, which was observed in this model with
PMA-treated THP1 cells compared to un-treated controls (Figure 38B). Cells then had their
media changed and were placed in fresh media without PMA to rest for 24 hours before LPS
treatment. To tolerate cells, LPS treatment was given for 4 hours before cells were washed and
placed in fresh media for 24 hours. The second LPS treatment was then given for 4 hours before
cells were washed again and placed in fresh media. 1x cells were only given LPS at the second

treatment stage, while control cells were simply given culture media throughout (Figure 38A).
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The LPS tolerance protocol was tested using both E.coli and P.gingivalis LPS. E.coli LPS is well
established for use in endotoxin tolerance work, and as such is often used as a positive control
when testing LPS tolerance with other strains. It is also clinically relevant to sepsis, pneumonia,
meningitis and urinary tract infections. While these may not seem relevant to bone biology,
osteoclast differentiation is known to be affected by inflammation, and many of these conditions
cause inflammation which is not localised to the infection site (Cafiero et al., 2018; Souza and
Lerner, 2019). P.gingivalis LPS is significant in terms of periodontal disease as it is the bacteria
most implicated in periodontitis. Therefore, P.gingivalis was of interest to the initial aims of this
thesis and the experiments using this LPS provided some preliminary results. However,
variability in the results obtained through repeat experiments mean that extensive work would
be required to establish their reliability. It was determined that uncovering the mechanisms at
play in this model was more important and a better use of the time that was available, hence

E.coli LPS was used as the focus for the LPS tolerance work.

5.3.3.1 E.coli LPS Tolerance of Inflammatory Pre-Monocytes

Tolerance can be identified by a reduction in cytokine expression compared to that of 1x cells
that have only been exposed to LPS once (Raetz et al., 1991; Medvedev, Kopydlowski and Vogel,
2000). THP1s exposed to the tolerance protocol with E.coli LPS had a reduction in /L1868, IL6 and
TNFa gene expression at 4 hours and 24 hours after the second LPS treatment, compared to 1x

cells. TNFa protein expression was decreased in 2x cells compared to 1x cells at 24 hours.

1x cells had an increase in all inflammatory cytokine gene expression compared to the un-
treated controls, at 4 and 24 hours-post LPS treatment. There was also an increase of IL16, IL6
and /L8 expression at 72 hours, and TNFa protein was highly expressed at 24 and 72 hours
(Figure 39). This demonstrates that the LPS treatment had the expected results of stimulating

an inflammatory response in the 1x cell population.

Overall, these indicated that THP1 cells could be tolerised to E.coli LPS at 24 hours after the
second LPS treatment, at both RNA and protein levels.
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5.3.3.2 Investigating E.coli LPS Tolerance and the expression of Hyaluronan Synthases
HA signalling was considered as a mechanism at play in this model due to several papers in the

literature linking HA signalling to both LPS tolerance regulation and osteoclast differentiation.

THP1s that had undergone the LPS tolerance protocol were analysed for their expression of HAS
genes. HAS3 gene expression was found to be upregulated at 4 and 24 hours after the second
LPS treatment (Figure 40A). However, immunofluorescence showed HAS3 protein was
decreased in 2x cells, while it was upregulated in 1x cells (Figure 40B). HAS3 is the enzyme linked
to the production of LMW HA. Although there is more research published concerning HMW HA
and its effect on osteoclasts, LMW HA is associated with inflammation and is thought of as more
pathogenic, so may be more relevant to the situation seen in diseases of chronic inflammation
such as periodontitis. In fact, a paper that was published after the conclusion of this work put
forward the theory that the destruction of the periodontium as seen in periodontitis results in
fragmentation of HA in the ECM resulting in higher levels of LMW HA (Monasterio et al., 2019).
This provides a credible reason as to why levels of LMW HA may be increased in diseases of
chronic inflammation, however this thesis has also shown that cells exposed to LPS once (the 1x

population) have increased expression of HAS3, the enzyme that produces LMW HA.

The discrepancy between HAS3 RNA and protein expression in the 2x cells could have been due
to microRNAs or ubiquitination, as HAS2 has been demonstrated to undergo ubiquitination
(Karousou et al., 2010). However, with the time points used in this experiment being 4 and 24
hours, the speed at which the reduction of HAS3 protein expression occurred led to the

consideration of autophagy as a potential mechanism.

5.3.3.3 Investigating E.coli LPS Tolerance and Autophagy Expression

Autophagy has been demonstrated to rapidly tag, capture and degrade proteins, and has been
found to regulate many molecular processes. Additionally, while HA is usually produced
extracellularly, due to the positioning of the HAS enzymes in the plasma membrane, HAS3
localisation to the plasma membrane is inhibited in times of glucose deprivation, a condition
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which is also associated with autophagy activation (Tammi et al., 2011). Activation of autophagy
has also been shown after intracellular synthesis of HA (A. Wang et al., 2011; Wang et al., 2014).
Autophagy has also been linked to intracellular synthesis of AMPK, which regulates the
autophagy pathway by inhibiting mTOR, and has also been linked to the regulation of HAS2
expression (Vigetti et al., 2011; Vigetti, Viola, et al., 2014). Therefore, a link between HA
production and autophagy has already been established, if not fully explored. Autophagy levels
have also been shown to be higher in periodontitis patients, the PDL of which had increased
expression of LC3, p62 and Beclin compared to the PDL of those without the disease (An et al.,

2016).

Therefore, THP1 cells that had undergone the LPS tolerance protocol were analysed for their
expression of key autophagy genes including p62, ATG5 and LC3 (Figure 41). A major protein
involved in the tagging of molecules for capture by autophagosomes, p62, was upregulated at 4
hours post-second LPS treatment in 2x cells. Conversely, p62 was downregulated at 24 hours in
1x cells. ATG5 and LC3, keys to the formation of the autophagosome, were upregulated in 2x
cells at 4 and 24 hours, compared to controls (Figure 41). These results would suggest that the
autophagy pathway was active in 2x cells at 4 and 24 hours, which coincides with the
upregulation of HAS3 and the tolerance effect on cytokine expression (Figures 39-41).
Expression of LC3 and LAMP1 proteins were increased in 2x THP1s compared to 1x or control
cells, and these markers seemed to be co-localised, which would be expected in the formation
of autolysosomes. Additionally, LC3 puncta staining was increased in 2x cells, suggesting

increased formation of autophagosomes and autophagy activation (Figure 41B,42B).

If time and resources had allowed, it would have been interesting to carry out ex vivo work on
monocytes and peripheral macrophages isolated from patients with periodontitis, to investigate
whether they exhibited tolerance when exposed to LPS challenge, and whether they had similar
patterns of HAS and autophagy marker expression, as was seen in the THP1 cells. However, as

the data stands it indicates that there is a link between autophagy and the tolerance condition
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of pre-monocytes which coincides with the upregulation of HAS3 gene, but not protein,

expression.

Overall, it was determined that THP1 cells that had multiple exposures to E.coli LPS exhibited
tolerance 24 hours after the second exposure, along with an increase in HAS3 gene but not

protein expression and an activated autophagy pathway.

5.3.3.4  P.gingivalis LPS Tolerance of Inflammatory Pre-Monocytes

THP1s were treated with the same LPS tolerance protocol as before but using P.gingivalis LPS,
due to this strain’s clinical relevance to periodontitis. Within the body of work undertaken for
this thesis, the response of cells to P.gingivalis LPS varied greatly. The results were therefore not
reproducible, however these experiments are still worth discussing with an understanding of

their limitations.

The 1x cells did not show the expected inflammatory cytokine expression after exposure to the
LPS (Figure 43). Several papers demonstrate a weaker inflammatory response to P.gingivalis LPS
compared to that of other bacterial strains, however these papers do demonstrate upregulated
expression of IL1B, IL6, IL8 and TNFa, while our results only showed increased /L18, IL8, and
TNFa expression in 1x cells at 4 hours (Zaric et al., 2010; Holden et al., 2014). Therefore, based
on the literature we would expect that THP1 cells exposed to P.gingivalis LPS once would also
have upregulation of /L6, and that inflammatory cytokine gene expression would be increased
at 24 hours. An interesting point to consider here is in the ability of the inflammatory response
to cause osteoclast differentiation; inflammation is a known stimulant to osteoclast
differentiation, however some papers have recently shown that the combination of IL6 and
TNFa successfully stimulates osteoclasts to differentiate, while treatment with TNFa alone is
insufficient (Novack, 2016; O’Brien et al., 2017). The results shown in this work demonstrate an
upregulation of TNFa but not IL6 by P.gingivalis exposure (Figure 43). In the context of the
aforementioned paper, this could indicate that the inflammatory response produced by
P.gingivalis exposure would not be sufficient to stimulate osteoclast differentiation.
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Based on the TNFa gene and protein expression, it could be interpreted that tolerance to
P.gingivalis LPS was observed at 9 days in our model (Figure 43). However, all other
inflammatory cytokines either showed increased expression in 2x cells compared to 1x cells, or
there was no inflammatory response in 1x cells at all. Tolerance has been observed with
P.gingivalis LPS in other models, which also found that TNFa and IL13 were downregulated in 2x
cells while IL8 expression was not affected (Zaric et al., 2010; Lu et al., 2018). This could indicate
that tolerance with P.gingivalis LPS does not follow the same patterns as that with E.coli LPS,
supporting our results indicating tolerance at 9 days based on TNFa expression. However, this
experiment was attempted several times and no repeat demonstrated consistent tolerance
across several inflammatory cytokines. Therefore, while TNFa seemed to show tolerance at 9
days, this would need to be verified more robustly in order to be deemed a reliable result.
Repeating this experiment with purified P.gingivalis LPS rather than the synthetic LPS used in
this thesis may have been worth exploring to try and overcome the issues in batch variability

and more robustly validate the data.

While the study of P.gingivalis LPS within this work was preferred, the issues with batch variance
and unreliable activation of the expected inflammatory response was a limit to the work.
Nevertheless, it was decided that it was worth investigating whether the THP1 cells that had
shown some tolerance effect to P.gingivalis LPS had the same downstream effects on HAS and

autophagy gene expression as seen in the E.coli model.

5.3.3.5 Investigating P.gingivalis LPS Tolerance and the expression of Autophagy and
Hyaluronan Synthases

THP1 cells that had undergone the tolerance protocol with P.gingivalis LPS were also analysed

for their expression of HAS3 and autophagy-related genes (Figure 44A-B). HAS3 expression was

upregulated at 4 hours in 2x cells, but there was little change at 9 days which is the time point

most relevant to P.gingivalis LPS tolerance based on the previous figure (Figure 43). In contrast

to the E.coli results, 1x cells did not have upregulated HAS3 expression at 24 hours. High
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magnification staining demonstrated an increase in HAS3 expression in 1x cells but a reduction
of HAS3 in 2x cells at 4 hours after the second LPS treatment (Figure 44C). Therefore, the results
obtained for 2x cells show an increase in HAS3 gene expression but a decrease in HAS3 protein,
the same pattern of expression as was seen in samples treated with E.coli LPS. However, 1x cells
show a decrease in HAS3 gene expression but an increase in HAS3 protein at 4 hours compared

to controls, which is dissimilar to the results observed with E.coli LPS treatment.

LC3 and ATG5 gene expression were increased, LC3 puncta staining was upregulated and puncta
were larger in 2x cells than in control and 1x cells at 4 hours (Figure 44B-C). These results are
similar to what was seen in the samples treated with E.coli LPS. Autophagy gene expression was
also measured at 24 and 72 hour samples, however the Q-PCR results provided no Ct values for
these samples. This could be because expression levels were so low that they were
indistinguishable to the background noise and therefore could not be measured before the end
of the last cycle of the PCR. Alternatively, the cell number could have been too low in these
samples in order to achieve a signal for measurement. As mentioned previously, this P.gingivalis
LPS tolerance experiment was repeated several times however an inflammatory response in the
1x population was not always seen, therefore the number of samples able to be used for further
analysis was limited. Some papers in the literature have also mentioned variability in results
using synthetic P.gingivalis LPS even within the same batch (Kumada et al., 2008; Liu et al.,

2008).

This is clearly an issue for this work, and therefore while the experiments using P.gingivalis LPS
for tolerance supplied some preliminary data, further study would be required to verify these
results and overcome the issues with result variability and reliability. For this reason it was
decided that the focus for the subsequent experiments would be on the more reliable E.coli LPS

to attempt to establish the mechanism at work.
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5.3.4 Determining the effect of Hyaluronan on the Differentiation of Osteoclast
Precursors

In order to investigate the effect HA may have on osteoclast differentiation, hBMCs were treated

with either low (LMW) or high molecular weight (HMW) HA alongside the osteoclast

differentiation protocol. HA was added at an ‘early’ stage, at the time M-CSF was added, or at a

‘late’ stage, when RANKL was added alongside M-CSF treatment.

In general, HA treatment alongside the osteoclast differentiation protocol resulted in more
osteoclasts that the osteoclast differentiation protocol alone, regardless of the molecular weight
used (Figure 45). In the literature there has been some investigation into the effects of HMW HA
on osteoclasts, with this either being thought of as inhibitory to their differentiation or having
no effect on osteoclast differentiation at all (Ariyoshi et al., 2005; Chang et al., 2007). This was
not what was observed in our experiment, as even HMW HA treatment enhanced osteoclast
differentiation compared to controls (Figure 45). In our system however treatment with LMW
HA at the early differentiation stage had the most profound effect on the number of osteoclasts
observed. This condition produced the highest number of osteoclasts, and also seemed to
produce osteoclasts that were larger. Osteoclasts’ resorptive activity is correlated to cell size
and multinucleation, therefore these results may represent a highly resorptive state (Piper,
Boyde and Jones, 1992; Boissy et al., 2002). One option for confirming that the osteoclasts being
produced were active would have been to culture these cells on a slice of dentine and measure
the resorptive pit formed (Rumpler et al., 2013); without this data we are unable to confirm
whether the osteoclasts produced with LMW HA treatment were more active than with other
conditions, however the presence of more osteoclasts is still a significant observation.
Additionally, this result was particularly significant as LMW HA is produced by HAS3, which was

the enzyme that had altered expression in the LPS tolerance condition.
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Ultimately, this experiment led to the hypothesis that LMW HA could have a role in enhancing
osteoclast differentiation, which corroborates the results of a paper demonstrating increased

functionality of osteoclasts formed with LMW HA treatment (Ariyoshi et al., 2005).

5.3.5 Determining the effects of LPS and Hyaluronan treatment on the Differentiation
of Osteoclast Precursors

In order to determine whether LPS tolerance was affecting osteoclast precursors directly, or

other cells that may interact with osteoclast precursors, it was decided to investigate the effects

of LPS treatment on the success of the osteoclast differentiation of hBMCs. As discussed

previously, hBMCs were not suitable for tolerance to LPS, therefore repeated exposure was used

in order to mimic chronic inflammation, as would be seen in periodontitis.

hBMCs that were treated with LPS alongside the osteoclast differentiation protocol had a
decrease in the number of osteoclasts observed compared to controls (Figure 46). Instead, the
majority of cells were small, round cells or long and spindly, similar to the morphology of M1
macrophages (Zajac et al., 2013; Zhang et al., 2015). While some papers state that osteoclast
differentiation shouldn’t be inhibited by LPS treatment, the literature generally demonstrates
that hBMCs do not differentiate into osteoclasts immediately after LPS exposure (Hayashi et al.,
2003), therefore these results fit with the current understanding. There was also a decrease in
the number of osteoclasts produced from hBMCs that were treated with HA and LPS, alongside
the osteoclast differentiation protocol (Figure 46A). While LMW HA and LPS treatment produced
more osteoclasts than HMW HA and LPS treatment or LPS alone, it was still significantly less than
the number of osteoclasts produced in the control condition. These results indicated to us that
LPS exposure was unlikely to be directly causing the osteoclast precursors to differentiate,
therefore we investigated the potential of cross-talk between cells of the inflammatory

monocyte/macrophage lineage and osteoclast precursors.
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5.3.6  Co-culturing Inflammatory Monocytes and Osteoclast Precursors

In order to investigate the hypothesis of cross-talk between inflammatory monocytes and
osteoclast precursors, hBMCs undergoing the osteoclast differentiation protocol were co-
cultured with THP1 cells that had undergone the LPS tolerance protocol (Figure 47A). The
timings for the co-culture were carefully considered; at the time of co-culture 2x THP1 cells had
been exposed to the second E.coli LPS treatment for 24 hours as this was the timepoint where
tolerance was established in this model (Figure 39). Whereas the hBMCs were at the ‘early’
differentiation stage at the time of co-culture, that being when cells were first treated with M-
CSF as previous experiments showed that intervention with HA at this timepoint had the most

profound effect on osteoclasts number (Figure 45).

Overall, the conditions where hBMCs were co-cultured with control or 1x THP1 cells had an
increased number of osteoclasts compared to the hBMC-alone control. The co-culture of hBMCs
and 2x THP1s produced a slight increase in the number of osteoclasts produced compared to
the hBMC control, however this was a marked decrease on the number produced from the co-
culture of hBMCs with control or 1x THP1 cells. The same number of hBMC cells were used in
each condition, as it had already been established that THP1 cells could not differentiate into
osteoclasts using our osteoclast differentiation protocol (Figure 48). Therefore, any changes in
osteoclast number in the co-culture conditions was not explained by a change in the starting cell
number of osteoclast precursors. Therefore, the addition of THP1 cells increased hBMC
differentiation to osteoclasts, however this effect was reduced when the THP1 cells were
tolerised to E.coli LPS (the 2x THP1s; Figure 47). Overall, this experiment corroborated and linked
the results of the previous figures showing that LPS tolerance of inflammatory monocytes
decreases their HAS3 protein expression and treatment with LMW HA, the product of HAS3,
increased osteoclast differentiation of precursor cells. While this experiment alone is not
conclusive proof that a cross-talk mechanism is at play between inflammatory monocytes and
osteoclast precursors in an LPS tolerance scenario, it provides a sound argument for

consideration.
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In contemplating the clinical situation, the hypothesis resulting from this thesis is that LPS
tolerance of inflammatory monocytes, which can be the result of chronic inflammation,
activates the autophagy pathway which targets and degrades HAS3 protein. This results in a net
decrease in the amount of LMW HA produced into the ECM, negating the stimulus of LPS-
induced HA production on osteoclast differentiation. This may infer that autophagy levels and
HA signalling are important factors determining bone loss in periodontal disease, and should be

investigated further in vivo.

5.3.7 Future Work

The results from this work produced many questions that would require answers in order to
fully understand the mechanisms at play. Some of these would involve repeating experiments
or further optimising protocols, as discussed in previous sections. Additionally, the concepts and
theories put forward in this work would require verification by other means, whether that be

using different methods of analysis or in vivo studies.

For example, one experiment that was attempted was to isolate the plasma membrane of THP1
cells that had undergone the LPS tolerance protocol, in order to confirm the absence of HAS3
protein. Two methods were trialled to isolate the plasma membrane; one was a plasma
membrane isolation kit, and the other was a centrifugation-based method. The first method
seemed to produce an acceptable concentration of protein according to BCA measurement,
however western blotting revealed no bands for these samples unlike a total protein control,
even with a ponceau stain. The centrifugation method was a lot more energy-intensive, however
the protein concentration produced at the end was insufficient for further study. This may have
been the result of sample being lost in each centrifugation step as the solutions were transferred
to different tubes. Increasing the starting material was trialled, however this made minimal
difference. If time and resources had allowed, further optimisation of these methods may have
been successful and provided more quantitative proof that HAS3 protein was not present in the

plasma membrane in 2x THP1s. Instead, this thesis had to rely on immunofluorescence images
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to display the presence of HAS3 protein on the plasma membrane of control and 1x cells, and
its absence in 2x cells. Immunofluorescence also provides data on the co-localisation of different

markers, although this data is also not quantitative.

Another future experiment that would further elucidate the mechanisms used in this system
would be to investigate the receptor being activated by LMW HA on the osteoclast precursors.
There are many receptors for HA, however the best known and most investigated are CD44 and
TLR4. Interestingly, another paper showed HA treatment protected against LPS-induced injury
by acting through TLR4 (Xu et al., 2015), however this may be due to HA competing with LPS to
bind to TLR4 resulting in less LPS binding and therefore a decreased downstream inflammatory
response. It is unclear whether this is the mechanism seen in our model, as LPS treatment was
found to reduce osteoclast differentiation. Regardless, it was decided to first test whether TLR4
was the receptor activated by LMW HA. This was initially trialled using an antibody to inhibit
TLR4 and block its activation on hBMCs. The competency of the method was tested by treating
cells with LPS and measuring TNFa secretion, as there would be no change if the antibody had
successfully blocked the TLR4 receptor (Pérez-Figueroa et al., 2016). Cells treated with IgG2a
blocking and anti-TLR4 were found to have little to no change in TNFa secretion 24 hours after
LPS treatment, unlike the increase in TNFa seen in controls. The half-life of the antibody was
unknown therefore cell secretions were also analysed 5 days after LPS treatment; however,
these samples did have an increase in TNFa secretion therefore the TLR4 neutralisation was not
prolonged to 5 days. This method was used to neutralise TLR4 in hBMCs 24 hours prior to
treatment with HA and the osteoclast differentiation protocol. The neutralisation was then
repeated 24 hours prior to every treatment with M-CSF and RANKL and/or HA. The samples
treated with LMW HA after TLR4 blocking did have a reduction in the number of osteoclasts
produced, however the results from this experiment were highly variable with large standard
deviations. Not only that, but the samples treated with IgG and anti-TLR4 but no HA also had a
decrease in the number of osteoclasts produced compared to controls, therefore this decrease

may be related to the anti-TLR4 treatment itself rather than the blocking of the receptor.
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Because of this, no real conclusions could be made from these results. One option for optimising
this method would be to increase the antibody concentration or alter the blocking solution used.
Other papers describe internalisation of antibodies which may have been a factor in the
outcome of this experiment (Stefansson et al., 1995). A simpler method of neutralising TLR4
would be to use antagonists such as LPS-RS, which blocks the binding domain of the receptor,
or TAK-242 which inhibits the binding of TIRAP and TRAM on the intracellular domain of TLR4
(Matsunaga et al., 2011; Abdelmageed et al., 2016). Alternatively, siRNAs specific to TLR4 or
CD44 mRNA sequences could be used to prevent protein production, although this would not
prevent the activation of receptors already at the cell membrane (Xu et al., 2007). Ultimately, it
would also have been interesting to inhibit TLR4 on hBMCs directly before co-culture with 2x
THP1s, to see if the effects seen in the co-culture experiment could be negated. This would

provide further proof of the receptor activated by LMW HA in this mechanism.

Finally, there are many potential experiments that would allow for the translation of this work
to a clinical scenario. In this model, THP1 cells were used to represent peripheral monocytes not
only for ease of use, as these cells grow more rapidly and survive for more passages than bone
marrow-derived monocytes in culture, but also because they are well established in
inflammation and LPS tolerance research. However, THP1 cells are a cell line derived from
leukemic monocytes and their malignant nature is not directly comparable to that of normal
human monocytes (Chanput, Mes and Wichers, 2014). It would therefore have been interesting
to obtain blood samples from patients with different stages of periodontitis and analyse the
peripheral monocytes’ autophagy levels and expression of HAS3. Challenging these monocytes
with LPS ex vivo could also allow for the study of tolerance in these samples, and co-culturing

these cells with osteoclast precursors could help to verify the results presented in this work.
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5.4 Concluding Remarks

Controlled alveolar bone remodelling is key to maintaining the integrity of the periodontium.
This thesis explored two disease states where alveolar bone remodelling is altered in order to

elucidate the role of autophagy and the molecular mechanisms at play.

In both in vivo and in vitro models of orthodontic tooth movement, autophagy levels were found
to be increased prior to the onset of osteogenesis. Additionally, modulating autophagy prior to
the onset of constant tensile strain altered the expression of osteogenesis markers, suggesting
that autophagy may have roles in regulating early signals for osteogenic differentiation. Other
papers have previously demonstrated that autophagy is activated in cells exposed to mechanical
strain, however before this work there was little research investigating the effects of constant
tensile strain, which is relevant to the clinical scenario of orthodontic tooth movement. When
taking the results demonstrated in this thesis alongside the current understanding in the
literature, it would suggest that autophagy activation is an initial response to mechanical strain

as a protective mechanism, after which osteogenesis may occur.

Using in vitro models of LPS tolerance in order to investigate periodontitis, inflammatory
monocytes were found to have increased expression of HAS3, responsible for LMW HA
production, in response to a single exposure to E.coli LPS which resulted in enhanced
differentiation of osteoclast precursors. However, inflammatory monocytes that were tolerised
to E.coli LPS had a reduction in LMW HA synthesis which was found to reduce differentiation of
osteoclast precursors. These tolerised cells also had an upregulation of proteins involved in the
autophagy pathway, which is suggested as the potential mechanism of rapid HAS3 removal. The
results obtained using this model suggest that LPS tolerance alters the response of cells to
inflammatory cues and may begin to explain why some people do not develop periodontal

disease with the associated alveolar bone loss.

Autophagy is difficult to target pharmaceutically with minimal risks due to its prevalence in many

different tissues and the relative newness of the field. However, there is some evidence to
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suggest that drugs that affect the autophagy pathway are tolerable for short-term use.
Furthermore, due to the ease of accessing the periodontium, compared to other areas of the
body, it is plausible that topical pharmaceutical application of autophagy modulators to the
periodontium could be possible. With this in mind, future research into modulating autophagy
in this system and its effect on alveolar bone remodelling may result in suitable targets for future
therapeutics that could improve clinical outcomes both in orthodontic tooth movement and the

treatment of periodontal disease.
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