The role of Insulin Growth Factor axis in stem cell based

periodontal regeneration under diabetic conditions

Nancy Mohamed Sobeih Elsayed Hussein
Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

The University of Leeds
Faculty of Medicine and Health

School of Dentistry

June 2023



Declaration

The candidate confirms that the work submitted is her own, except where work
which has formed part of jointly authored publications has been included. The
contribution of the candidate and the other authors to this work has been explicitly
indicated below. The candidate confirms that appropriate credit has been given
within the thesis where reference has been made to the work of others.

The work in ¢ hapter 1 of the thesis has been published as a review paper

as follows :

The Effect of Diabetes Mellitus on IGF Axis and Stem Cell Mediated
Regeneration of the Periodontium.

Authors: Nancy M. S. Hussein, Josie L. Meade, Hemant Pandit, Elena Jones

and Reem EI-Gendy
Journal: Bioengineering
Year: 2021

Author Contributions:  Conceptualization, R.E.-G., E.J. Writing - original draft
preparation, N.M.S.H. Writing - review and editing, R.E.-G., E.J., J.L.M., H.P.,
N.M.S.H. Supervision, R.E.-G., E.J., J.L.M., H.P. All authors have read and

agreed to the published version of the manuscript.

This copy has been supplied on the understanding that it is copyright material
and that no quotation from the thesis may be published without proper
acknowledgement. The right of Nancy Mohamed Sobeih Elsayed Hussein to be
identified as Author of this work has been asserted by her in accordance with the
Copyright, Designs and Patents Act 1988.

© 2023 The University of Leeds and Nancy Mohamed Sobeih Elsayed Hussein



Acknowledgement

| would like to offer a huge thank you to my main supervisor Dr Reem EI-Gendy
for her invaluable support and enthusiasm throughout my PhD. | am deeply
grateful for her sincere advice, constant guidance and comprehensive training on
tissue culture and qPCR techniques. Her exceptional cooperation, understanding
and motivation were fundamental to this project and inspirational to me on

different levels.

| also would like to thank Dr Josie Meade for her warmth and invaluable help with
the flow cytometry experiments and the ELISA assays. | genuinely enjoyed all
our discussions T not just about flow cytometry and immunology but also about
English culture and her brilliant recommendations of books and novels. | am also
indefinitely grateful to Dr Elena Jones for her compassionate and heartfelt
guidance. Her feedback on my lab work and writing was always positive and
insightful. The time | spent working with her group was a great experience which
deeply enriched my PhD journey. A special and sincere thank you for Prof.
Hemant Pandit, this work would not have been possible without his precious help

and dedication.

| would like to thank all my colleagues at the Division of Oral Biology, especially
Dr Sarah Myers, Ms Emma Black and Mr Michael Brookes for their kind support.
| am also thankful for Ms Arwa Alghamdi, Ms Laura Whitehouse, Ms Essra Zawia,
Ms Raghda Abdelgawad, Ms Dina Abdel Fattah, Ms Asmaa Harfoush, Ms Hend
Alharbi and Dr Taghreed Mohamed for their friendliness; and Ms Julie

McDermott and Ms Ruth Kaiman for their administrative assistance.

A big thank you for colleagues and friends at Leeds Institute of Rheumatic and
Musculoskeletal Medicine (LIRMM) and Haematology Unit: Dr Payal Ganguly, Dr
Dragos llas and Dr William Jones for their helpful advice. | am also grateful for
Ms Rekha Palmer, Dr Sophie Stephenson and Ms Zoe Wigston for their generous
help. A huge thank you goes to Ms Liz Strszynski, her expert technical help and

patience were fundamental to the flow cytometry analyses.

| am also grateful for the Egyptian Ministry of Higher Education (Newton
Mosharafa Program) for funding my PhD and for the Egyptian Cultural and



Educational Bureau in London for their cooperation and helpfulness during my
stay in the UK. Same goes for Mansoura University, my home university in Egypt,

especially my friends and colleagues at the Faculty of Dentistry.

Last but not least, | can never thank my husband Khaled enough for his unfailing
and never ending support, encouragement and understanding, not just during the
highs and lows of my PhD journey but ever since we met. Same goes for my
parents, who were always there for me and to whom | owe a lot. | am also grateful
for my brother and sister, their families, my in-laws and my friends Aya and Rana

for being a source of constant support, best wishes and endless prayers.



Abstract

Periodontitis and diabetes mellitus (DM) are two of the most common and
challenging health problems worldwide, and they affect each other mutually and
adversely. Current periodontal therapies have unpredictable outcome in diabetic
patients. Periodontal tissue engineering is a challenging but promising approach
that aims at restoring periodontal tissues using one or all of the following: stem
cells, signalling molecules and scaffolds. Mesenchymal stem/stromal cells
(MSCs) and Insulin-like growth factor (IGF) could be ideal candidates for stem

cells and signalling molecules.

In this study, bone marrow mesenchymal stem/stromal cells (BM-MSCs) were
isolated from patients with type 2 diabetes mellitus (T2DM) and non-diabetic
controls. Both cell populations were compared for their clonogenicity, proliferation
rates and percentage of MSC populations. Moreover, expression of osteogenic,
periodontal markers and IGF axis genes was assessed under basal and
osteogenic conditions after 1, 2 and 3 weeks in culture. Levels of IGFBP-2, -3

and -4 in conditioned media were evaluated using ELISA assays.

Diabetic and non-diabetic BM-MSCs exhibited similar clonogenic, proliferative
and osteogenic potentials. Flow cytometry analysis showed both cell population
contained comparable numbers of cells fitting the MSCs phenotype (CD73*,
CD90*, CD105*, CD14, CD19', CD34", CD45 and HLA-DR"). Diabetic BM-MSCs
expressed lower levels of periodontal markers POSTN and CEMP-1 as well as a
number of IGFBPs (IGFBP-2, -3 and -4), although ELISA assays showed similar
release levels of these IGFBPs by both diabetic and non-diabetic cells. These
molecules could be targeted to enhance the periodontal regeneration potentials
of diabetic BM-MSCs. Moreover, both diabetic and non-diabetic cells showed a
upregulation of IGFBP-2 in their osteogenic cultures along with downregulation
of IGF-1 and IGFBP-5, and these molecules could enhance the use of BM-MSCs

in bone tissue engineering in general.
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Chapter 1 Literature Review

1.1 General introduction

Periodontitis is one of the most common chronic inflammatory diseases
worldwide. It is characterized by destruction of periodontal tissues that provide
support and anchorage for teeth: the cementum covering the root surface, the
alveolar bone, the periodontal ligament (PDL) that attaches the tooth to the
adjacent bone and the gingiva covering all these tissues (1). Type 2 diabetes
mellitus (T2DM) is also one of the most prevalent metabolic disorders
characterized by chronic hyperglycaemia attributed to insufficient insulin or lack
of its cellular response (2). Both health problems affect each other mutually and
adversely (3). Currently, periodontal surgery, including guided tissue
regeneration therapies, are used to treat periodontal infrabony defects. However,
postsurgical complications are encountered and include loss of membrane
coverage and subsequent infection, with reports of T2DM possibly contributing to

poor clinical outcomes (4).

Periodontal tissue engineering is a complex but promising process that aims at
restoring periodontal tissues using one or combination of the following: stem cells,
signalling molecules and scaffolds (5). Bone marrow mesenchymal stem/stromal
cells (BM-MSCs) and periodontal ligament stem cells (PDLSCs) represent
promising candidates for this purpose (6). However, the impact of T2DM on stem
cells is not fully investigated particularly on the molecular level (7). Characterizing
stem cells isolated from diabetics could help to enhance autologous stem cell
based tissue regeneration in T2DM patients with periodontal disease. This thesis
investigates how BM-MSCs and members of insulin-like growth factor (IGF) axis
are affected in T2DM patients and whether these changes can be reversed to

enhance cellular regenerative therapy of periodontitis.

1.2 Biology of periodontium

The periodontal tissues include 4 structures: the cementum covering the root
surface, the alveolar bone, the PDL that attaches the tooth to the adjacent bone

and the gingiva covering all these tissues (Figure 1-1). These tissues provide



teeth with attachment and are capable of enduring the masticatory load (8). The

biology of each will be briefly touched upon in this section.

o,

Figure 1-1: Diagram showing cross section of dental and periodontal
tissues.

Diagram showing 1. Dental crown, 2. Dental root, 3. Dental enamel, 4. Dentine, 5. Pulp
chamber, 6. Pulp root canal, 7. Periodontal ligament, 8. Dental apex and 9. Alveolar
bone. This diagram is reproduced from
https://commons.wikimedia.org/wiki/File:Cross_sections_of teeth_labels.png

(Author: lan Furst, Goran tek-en) and was changed by adding different description to
the arrows. This file is licensed under the Creative Commons Attribution-Share Alike
3.0 Unported license.

1.2.1 The periodontal ligament

The PDL tissue occupies 100-400 pum in between the root cementum and alveolar
bone and is composed mainly of well-arranged bundles of collagen 1 (COL1)
fibres. These fibres are called the principle fibres and they anchor the tooth in
place. The ends of theses fibres embedded within cementum and alveolar bone
are call ed SiopkDhesygdosnective tissue ®nsisting of cells and
extracellular matrix (ECM), with fibroblasts responsible for the synthesis of
collagen fibres and representing the main cell type in the PDL (10). PDL tissue

also contains a variety of other cell types including epithelial cells, endothelial
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cells and stem cells, namely PDLSCs. PDLSCs can differentiate into
cementoblasts, fibroblasts and osteoblasts for periodontal tissues maintenance.
The PDL is highly vascularized with nerve endings responsible for proprioception
and response to other sensory stimuli (11).

The PDL fibres are organized into 4 groups: apical, oblique, horizontal and
alveolar crest fibres. Out of these the oblique fibres T which have apical insertion
into root surface - represent the major group with the main function of resisting
physiologic occlusal load, as well as intrusive and vertical forces (12). The PDL
tissue also contains elastic fibres (such as Elastin and Oxytalan) and non-
collagenous matrix proteins (including glycoproteins such as fibronectin) (13).

1.2.2 The alveolar bone

The maxilla and mandible are formed of basal bone constituting the body of
maxilla and mandible, the alveolar process that contains the teeth alveoli or
sockets and the bone lining the alveolar sockets (14). The latter is called bundle
bone because of the embedded bundles of PDL fibres and is also called alveolar
bone proper or cribriform plate as it encloses the root portion of teeth and contains
perforations to allow for innervation, vascularization and possibly BM-MSCs
access of PDL tissue (15). The labial, lingual and palatal outer surfaces of
alveolar bone are cortical plates of bone extending from the basal jaw bones with
spongy cancellous bone situated between these outer plates and the alveolar
bone proper (16). The structural unit of cortical or compact bone is the osteon
with a central Haversian canal and Volkmann's canals connecting adjacent
Haversian canals (17), while cancellous bone consists of a network of bone

trabeculae with numerous bone marrow (BM) spaces (18).

Bone is formed in 2 stages: patterning of size and shape, followed by
mesenchymal stem/stromal cells (MSCs) differentiation into chondroblasts and
formation of cartilaginous template that is replaced by bone tissue and cells
(endochondral ossification). Alternatively, MSCs can directly differentiation into
osteoblasts (intramembranous ossification) (19). The axial skeleton and
extremities are formed through endochondral ossification, while the skull, facial
bones (including alveolar bone) and clavicles undergo intramembranous
ossification (20). Bone mineralisation starts with the primary phase as osteoblasts
produce mineralisation vesicles where calcium and phosphate ions induce crystal
nucleation and growth. Ultimately these crystals penetrate the vesicles
3



membranes, form mineralised nodules and attach to collagen fibres. The
secondary mineralisation involves a gradual increase in bone mineral density,
possibly though transportation of calcium and phosphate ions through osteocytes
canaliculi (21).

Structurally, bone is a hard calcified connective tissue of cells and ECM. The
ECM of alveolar bone is comparable to other bony tissues and it consists mainly
of a scaffold of interwoven collagen fibres with crystals of calcium phosphate
(hydroxyapatite, HA) within and in-between these fibres (16). Bone contains 4
types of cells: osteoblasts, osteocytes, osteoclasts and bone lining cells.
Osteoblasts are bone forming cells descending from MSCs with expression of
Runt related transcription factor (RUNX2) and osterix (OSX) crucial for their
differentiation and upregulation of osteoblasts-associated gens such as collagen
1 Al (COL1A1l), alkaline phosphatase (ALPL), bone sialoprotein (BSP) and
osteocalcin (OCN) (22). Osteoblasts are cuboidal in shape and located on edges
of newly formed bone with maximum activity during embryonic bone formation.
Following bone deposition, osteoblasts either become osteocytes, quiescent
bone lining cells or undergo apoptosis, and new osteoblasts could differentiate
from MSCs (20).

Osteocytes are the bone residing cells arising from osteoblasts that get
encapsulated with bone matrix during bone formation. They extend dendritic
processes to communicate with adjacent osteocytes and other cell types, forming
a cellular network that recognize mechanical stimuli (23), and respond
accordingly by producing a wide range of signalling molecules crucial for bone
homeostasis including both inhibitors (sclerostin, receptor activator of nuclear
factor HB | i g aactbphage-8oldhylstimulatingdactor, M-CSF) and
promotors (Osteoprotegerin, OPG) of bone deposition (24). Osteoclasts are large
multinucleated cells which differentiate from monocytes/macrophages under

influence of M-CSF. M-CSF also induces the expression of receptor activator of

nucl ear factor HB (RANK) which is sti

the chief osteoclastogenesis pathway in bone (25,26).

1.2.3 The cementum

Cementum is the avascular, non-innervated mineralised connective tissue,
covering outer surface of the dental root with thickness varying from 20-50 um

cervically to 150-200 um apically (27). Cementum has been classified based on
4
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the presence or absence of cementocytes (cellular versus acellular) and the type

of embedded fibres (extrinsic or Sharpey

fibroblasts and to some extent by cementoblasts, and intrinsic fibres which are
an exclusive product of cementoblasts) into 2 major types: acellular extrinsic fibre
cementum and cellular intrinsic fibre cementum (28). Acellular extrinsic fibre
cementum, also known as acellular or primary cementum, is found on roots
cervical portions and provide the strong attachment to PDL fibres. Cellular
intrinsic fibre cementum, also known as cellular or secondary cementum, covers

apical parts of roots and is responsible for post eruptive cementum formation (29).

Cementoblasts, the cells within cementum forming the noncollagenous ECM
proteins including BSP and fibronectin, express a number of markers, such as
cementum attachment protein (CAP) and cementum protein-1 (CEMP-1), which
contribute to cementoblasts differentiation and ECM mineralization (11).

1.2.4 The gingiva

The gingiva is the soft tissue that covers the alveolar bone up to or coronal to the
cementoenamel junction (CEJ) and is composed of 3 parts: attached gingiva,
interdental gingiva and free gingival margin. Histologically, gingiva is formed of 2
layers: the connective tissue and the covering epithelium (30). The gingival
epithelium acts as the first line of protection against invading pathogens through
different guards: physical (stratified histology and intercellular junctions),
chemical (antimicrobial peptides secreted by epithelial cells and found in saliva)
and immunological (leucocytes found within epithelium and migrating into the
gingival sulcus,t he O6depressiond encl osed be

gingival margin) (31).

The junctional epithelium is a non keratinized stratified squamous epithelium
directly attached to the tooth surface (enamel) in healthy periodontium (32).
Junctional epithelium has a true basement membrane towards the gingival
connective tissue (external basal lamina) and is attached to the tooth surface via
hemidesmosomes (internal basal lamina) (33). The integrity of junctional
epithelium is critical for maintaining a healthy periodontium and its disruption is a

key event in development of periodontitis (13).

1.2.5 Development of periodontal tissues
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A critical event in the embryonic development of oral tissues is the migration of
neural crest cells (NCCs) from neural tube into the pharyngeal arches, which later
form the craniofacial structures. The NCCs in craniofacial region are known as
neural crest derived mesenchymal cells, ectodermal mesenchymal cells, or in
short ectomesenchymal cells. These cells are responsible for formation of facial
and jaw bones (34), in addition to teeth and surrounding periodontium (35).

The development of the tooth starts with thickening of oral epithelium to form
dental lamina, which then invaginates into the ectomesenchyme beneath to form
the tooth bud that matures into the enamel organ through cap and bell stages
(36). The ectomesenchymal cells enclosed by the enamel organ form the dental
papilla, while those surrounding the enamel organ and dental papilla constitute
the dental follicle or sac (37).

The epithelial-ectomesenchymal interaction leads to differentiation of dental
papilla cell into odontoblasts and subsequent dentine deposition, and
differentiation of inner enamel epithelial cells of enamel organ into ameloblasts

that carry on enamel formation. When enamel reaches the future CEJ junction,

the apical portion of enamel organ extends to form the Hertwigdbs epi t hel i a

sheath (HERS) (37).

HERS plays a fundamental role to induce differentiation of cells in the apical part
of dental papilla into odontoblasts and radicular dentine deposition (38). When
dental sac cells come in contact with this dentine, some of its cells attach to
dentine surface and differentiate into cementoblasts that form acellular
cementum covering root dentine (39). The cells of HERS are potential source of
cementoblasts through epithelial mesenchymal transition. In addition to
cementoblasts, cells of dental sac differentiate into periodontal ligament

fibroblasts and osteoblasts (40).

The calcification of cementum matrix proceeds from dentine surface towards the

centre of PDL tissue, but leaves some unmineralized fringe fibres where PDL

fiboresat t ac h, forming Sharpeyods fibres that
PDL tissue and root surface. Surrounding alveolar bone is already calcified, but
undergoes extensive remodelling wh@®yre Sh;
The central portion of PDL tissue is composed of loose connective tissue when
Sharpeybés fibres are formed. The stem ce

into PDL fibroblasts that are responsible for the continuous remodelling of PDL

6



tissue, through production and degradation of collagen fibres. This goes through
different phases from early root formation to tooth eruption and full occlusal load.
The PDL tissue matures into a network of collagen bundles connecting cementum
to alveolar bone (9).

1.3 Periodontitis

Periodontitis is a chronic inflammatory disease that can lead to different degrees
of destruction of periodontal tissues (1). It is caused by accumulation of dental
plaque containing pathogenic bacteria in close proximity to periodontal tissues.
Bacteria and their products activate a host inflammatory response and both lead
to an extensive production of proinflammatory cytokines that ultimately causes
damage to the collagen fibres and alveolar bone through the recruitment of
immuno-inflammatory cells and uncoupling of bone remodelling (41,42). Severe
periodontitis is estimated to affect around 10% of adults world population on
average, a proportion that did not show significant change between 1990 and
2010 (43) with 796 million cases globally in 2017 (44). Consistently, The Global
Burden of Diseases, Injuries, and Risk Factors Study 2016 (GBD 2016) ranked
periodontitis the eleventh most common disease worldwide and the second most
common oral disease after caries of permanent teeth in 2006 and 2016 analyses
(45).

Periodontitis is diagnosed through measuring the tooth clinical attachment loss
(CAL), radiographic alveolar bone loss (ABL) and periodontal pocketing. The loss
of tooth supporting structures can lead in severe cases to tooth mobility and
eventually tooth loss. The most recent classification system of periodontal
diseases was published in 2018 (46) and describes periodontitis through a multi-
dimensional system of staging and grading. Accordingly, periodontitis is classified
into 4 stages (11 IV) based on the clinical presentation (CAL, ABL and tooth loss)
and the subsequent complexity of treatment plan, for example in case of tooth
mobility or advanced furcation involvement (The furcations are the anatomical
area of root divergence in multirooted teeth which pose greater clinical challenge
when they become periodontally compromised because of their intricate anatomy
and relatively difficult access of oral hygiene (47)). The extent or distribution is
added to the stage to describe how much of the dentition is involved (localized,
generalized or molar/incisor pattern). Furthermore, each stage is graded into 3

grades (AT C) representing biology or history of disease progression rate and
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the grade modifiers (risk factors) smoking and diabetes. This reflects the
expected treatment outcomes and possible influence on systemic health (48).
This system replaces the widely accepted classification proposed in 1999 by
Armitage (49) which had a number of limitations, such as categorical overlap,
broad definitions and implementation difficulties (48). The UK implementation of
this new classification for UK dental practice relies on interproximal bone loss to
determine the staging of periodontitis while the grading depends on % bone
loss/age (50).

The pathogenic bacterial species in subgingival plaque involved in initiation and
progression of periodontitis were classified into red, orange, yellow and green
complexes based on cluster analysis and community ordination. Bacteria of the
red complex, Porphyromonas gingivalis, Treponema denticola and Tannerella
forsythia, strongly related with each other and to parameters reflecting severity of
periodontal disease such as probing depth and bleeding on probing (BOP) (51).
This model, however, was later challenged by several findings. For instance,
periodontitis associated bacterial populations were shown to be more diverse,
and species like Filifactor alocis was associated with periodontitis at least equally

to P. gingivalis and T.denticola, and far higher than T. forsythia (52).

Polymicrobial synergy and dysbiosis (PSD) model was proposed to reflect the
concept that different members of oral microbiota play different and specific roles
to transform it into a disease causing microbiota. The role of key pathogens, such
as P. gingivalis, is to trigger this synergistic interaction between different bacterial
communities and impair host immune response. The growing dysbiotic
microbiota express virulence factors, leading to homeostasis disruption and
eventual damage of periodontal tissues (53). This dysbiotic community evoke,
tolerate and benefit from host inflammatory response initiating a vicious circle for

periodontal disease continuation (54).

The host inflammatory response in periodontitis goes through different phases
including neutrophil and then macrophages and dendritic cells recruitment,
leading to the release of several proinflammatory cytokines, such as interleukin
(IL)-1 b , -17lahd tumour necrosis factor-U TNF-U )(55). IL-17 recruits more
immune cells and induces release of matrix metalloproteinase (MMPS), reactive
oxygen species (ROS) and stimulates osteoblasts to express RANKL which is

responsible for maturation of osteoclasts. Activated B and T lymphocytes, as well

8



as neutrophils, close enough to bone contribute further to bone loss through
RANKL dependant mechanisms (55). Antibodies produced by B-lineage cells
diffusing into periodontal pocket or remaining within the tissue side can, in theory,
exert some protective effects. However, antibody dependant activation of
immune cells leads to further inflammation and tissue damage. The activated B-
lineage cells can also express MMPs, RANKL, IL-1, IL-6 and TNF, contributing

to soft and hard tissue damage (56).

IL-17 produced by subsets of T helper cells, IL-1 and TNF produced by dendritic
cells and macrophages as well as bacterial lipopolysaccharide (LPS) can all
induce RANKL expression in inflamed periodontal tissues (57). Bone loss during
periodontitis depends mainly on RANKL upregulation and OPG downregulation
within PDL fibroblasts and osteoblasts with subsequent activation of osteoclasts
and alveolar bone resorption (58). Other factors that could promote
osteoclastogenesis in periodontitis include memory B cells and expression of the

proinflammatory cytokine IL-22 (59).

The bone defects seen in periodontitis are generally classified based on their
morphology into suprabony, infrabony and furcation defects. Suprabony defects
are those with the base of periodontal pocket situated coronal to the alveolar
crest, where in infrabony defects the pocket base is apical to the alveolar crest.
The furcation or interradicular defects involve bone loss within the furcation area
of multirooted teeth (60). Unlike other types of oral bone defects, such as
extraction sockets and periapical lesions that undergo healing through self-
regeneration under proper clinical care (61), bone and subsequent PDL loss in
periodontal disease is irreversible (62). This has led to the extensive study and
application of various regenerative approaches for managing periodontal

disease, which will be covered in the next sections of this review.

In 1989, Mattila et al. (63) proposed that poor oral health (using an index of both
caries and periodontal disease), was associated with acute myocardial infraction,
and this relationship remained valid after adjustment for other risk factors, such
as age, diabetes, smoking, social background and serum lipid levels (63). Also in
1989, but in a different study, long term diabetic patients had more sites with
gingivitis and periodontal pockets compared to non-diabetics, and long term
diabetics aged 40-49 years had exhibited further alveolar bone loss than short

term diabetic patients and non-diabetics (64).
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Since then, and over the next 30 years, the evidence of association between
periodontitis and systemic diseases has been growing steadily and exponentially
through cross-sectional, longitudinal and interventional studies, and ultimately the
term periodontal medicine was coined describing how periodontal disease
influence systemic health (65). In fact, periodontitis has been suggested to be
linked with 57 health problems (66), including cardiovascular disease (CVD) (67),
adverse pregnancy outcomes (68,69), chronic kidney disease (70), chronic
obstructive pulmonary disease (71), rheumatoid arthritis (RA) (72,73) and
Alzheimer disease (74,75), with systemic inflammation as a common pathologic
pathway in all these (65). The bidirectional relationship between periodontal
disease and diabetes mellitus remains one of the most extensively investigated

and will be briefly described in the following sections.

1.4 Diabetes

Diabetes mellitus (DM) represents a heterogeneous group of chronic metabolic
diseases manifested clinically by hyperglycaemia due to lack of insulin secretion,
function or both. It is estimated that globally 422 million people had DM in 2014
with 20-69% expected increase by 2030 (76,77). DM is classified into type 1, type
2, hybrid forms of diabetes (slowly evolving, immune mediated diabetes of adults
and ketosis-prone type 2 diabetes), hyperglycaemia first detected during
pregnancy (gestational diabetes); and other specific forms of diabetes (including
diabetes related to disease of the exocrine pancreatic tissues such as tumours
and infections, diabetes duetodestruct i on of b <cell s b
drug or chemical induced diabetes and excess secretion of hormones antagonist
to insulin) (78).

Type 1 diabetes mellitus (T1DM) is an autoimmune disease characterized by
destructionofinsul i n pr odu c icelg Thisrausee @y prodectidn
of autoantibodies from B lymphocytes and expansion of autoreactive T
lymphocytes (79). TLDM main risk factor is genetic, as it is seen most commonly
in individuals with HLA-DR3-DQ2 or HLA-DR4-DQ8 haplotypes, or both (80).
Different environmental triggers have been suggested to be involved in TIDM
pathogenesis, such as maternal and postnatal enteroviral infections and

overweight, early childhood diet and psychological stress (81).

T2DM is manifested by insulin resistance and relative insulin deficiency

associated with a wide spectrum of microvascular (retinopathy, nephropathy and
10
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neuropathy) and macrovascular (CVD and strokes) complications (82). Risk

factors of T2DM include age, ethnicity, obesity, family history, physical inactivity

and diet rich in refined carbohydrates, processed meat and sugar sweetened

drinks, but poor in fruits, vegetables and whole grains (83). The clear distinction

between T1DM and T2DM diagnoses (depending on age at onset, presence of

di abetes associated antibodi es, extent 0
insulin therapy) has been diminishing. This is due the increased prevalence of

obesity and T2DM in young people and the rising incidence of autoimmune T1DM

in adults (78).

Diabetes and prediabetes (glucose levels that are too high to be normal, but not
meeting criteria of diabetes diagnosis, usually associated with obesity,
dyslipidaemia and hypertension and reflecting high risk for diabetes and CVD),
are diagnosed using 3 types of laboratory investigations: fasting plasma glucose
(FPG), 2 hour plasma glucose (2-hr PG) or glycated haemoglobin (HbA1c) (Table
1-1) (77).

Table 1-1: Diagnostic criteria  of prediabetes an d diabetes .

Test Normal Prediabetes Diabetes
FPG <100 mg/dl 100-125 mg/dl 0126 mg
(< 5.6 mmol/L) (5.61 6.9 mmol/L) (07 mmo
2-hr PG <140 mg/dl 140-199 mg/dl 0200 mg

(< 7.8 mmol/L) (7.871 11.0 mmol/L) (011.1 m

HbAlc <57% 577 6.4% O 6.5%
(< 39 mmol/mol) (391 47 mmol/mol) (048 mmo

2-hr PG: 2 hour plasma glucose. FPG: fasting plasma glucose. HbAlc: glycated haemoglobin.

Low grade chronic inflammation is associated with development and progression
of T2DM. Expanding adipose tissue in obesity, a key risk factor of T2DM,
produces a number of inflammatory cytokines, such as IL-1, -6, -10, TNF-U,
angiotensinogen and adiponectin, with serum levels of some of these cytokines
predictive of developing T2DM (84,85). TNF-U can contri bute to i
in different ways, such as reducing expression of glucose transporter 4 in

adipocytes and insulin receptor (IR) signalling pathways. TNF-U al so pr o mo
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production of C reactive protein (CRP), another inflammatory marker, by
hepatocytes and adipocytes (86).

Advanced glycated endproducts (AGES) represent a varied group of complex
molecules found irreversibly in serum and tissues (87). Glucose interacts with
proteins forming AGESs that accumulate and bind to their receptors on osteoblasts
causing increased oxidative stress, RANKL expression and osteoclasts
activation. Moreover, osteoblasts apoptosis is induced with the overall result of
decreased bone mineralization and repair (88). AGEs also induces more damage
of pancreatic b cells and is Ilinked
promotes further production of AGEs (2).

The hyperglycaemia increases production of superoxide and other ROS in
mitochondria. This oxidative stress leads to cell and tissue destruction and
contributes to inflammation. ROS also increases AGEs formation as mentioned
earlier, and also induces receptors for AGEs (RAGES) expression and NF-HUB
pathway activation. This is associated with impaired insulin function and late

diabetic complications (79).

The number of circulating endothelial progenitor cells (EPCs) that promote
angiogenesis and vascular healing was reported to be reduced in DM patients.
This could be due lowered release from BM, shorter survival in circulation,
homing outside circulatory system or combination of all. DM also shifts EPCs
differentiation potentials to an inflammatory phenotype (89), which has been
characterized as EPCs enhanced ability to endocytose, stimulate naive T cells
and produce IL-12 (90).

1.5 Reciprocal interaction between periodontitis and diabetes

DM and periodontitis share a two-way relationship where they affect each other
reciprocally and adversely (91). DM is an established risk factor for chronic
periodontitis and the morbidity and severity of periodontitis positively correlates
with poorly controlled or long standing diabetes (92), and such pathological
influence is even detectable before clinical diagnosis of DM, where prediabetes

is associated with higher incidence, prevalence and severity of periodontitis (3).

Diabetes contributes to periodontitis through multiple mechanisms, one of which
Is altering the oral microbiota to a more pathogenic composition with increased

levels of bacterial species associated with periodontitis and poor periodontal
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heal ing i n di abetic ani mal s, and -@ hi s
production and osteoclasts differentiation, periodontal bone loss and
inflammation when transferred to normoglycemic mice (93), and such
microbiological changes can be seen even in clinically healthy and resolved
periodontal sites in T2DM patients (94).

Diabetes is also suggested to alter the host response to the oral bacterial biofilm
in multiple ways. Elevated levels of proinflammatory cytokines IL-6, IL-12, TNF-U
as well as macrophage inflammatory protein-la and granulocyte-macrophage
colony-stimulating factor were detected in gingival crevicular fluid of healthy and
inflamed periodontium of diabetic patients (95). Another way is stimulation of
immune cells with AGEs leading to higher levels of proinflammatory cytokines
secretions with periodontal tissues expressing RAGEs as well. Increased
collagenase activity and reduced collagen synthesis are possible contributors
(96). Specifically, hyperglycaemia and AGEs in gingival tissues were shown to
activate Toll like receptors (TLRs) and NF-HUB  p a t(9V)wAss ynentioned earlier,
hyperglycaemia can induce higher levels of ROS, which are also released by
PMNs infiltrating inflamed periodontal tissues. These ROS can contribute to
cellular damage within the periodontal tissues, as well as degradation of different
ECM constituents, such as proteoglycans (98), and this oxidative stress can

impair bone healing in diabetic animal models (99).

Conversely, DM is linked with reduced production of anti-inflammatory cytokines,
suchasiIL-4,IL-1 0 and transf or mi ngb)g.r owteh eflaecut aotre
of proinflammatory cytokines cause recruitment and activation of neutrophils with

further tissue damage. Moreover, DM increases apoptosis of osteoblast and PDL

cells and is linked with upregulation of apoptosis regulating genes (100), as well

as delayed myofibroblasts differentiation during periodontal healing (101). All of

the above mentioned changes cause exacerbated clinical presentation of
periodontitis, even with a subgingival microbiome that has not changed much

from healthy (94).

The effect of periodontitis on glycaemic control is evident in non-diabetic subjects
with periodontitis, as they show higher levels of HbAlc and FBG levels and are
at higher risk of developing T2DM compared to those with better periodontal
status (102), and their HbAlc values positively correlated with CRP serum levels,

probing depth and BOP (103). The serum levels of proinflammatory cytokines,
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compared to anti-inflammatory ones were high in patients with periodontitis and
even higher in patients with periodontitis and T2DM (104). This is associated with

insulin dysfunctions, insulin resistance and ensuing hyperglycaemia (105).

Periodontitis has been linked to higher risk of CVD as well (106). In addition to

el evated systemic infl ammat odontal pathagéne r s ,
through gingival ulceration into bloodstream stimulates atherogenesis. This could
happen through bacteraemia or by using blood cells as vehicles (42). Indeed, P.
gingivalis was found to be the most abundant bacteria in non-atherosclerotic
human coronary vessels (107) and it contributed to atheroplaque formation
independently of dietary lipids in mice (108).

Conversely, proper periodontal therapy has been shown to lower HbAlc levels in
T2DM patients by 3-4 mmol/mol (0.3 - 0.4%), which is equivalent of adding a
second antidiabetic drug, but without additional renal and hepatic
pharmacological load (109). Periodontal therapy also reduced serum levels of
CRP,IL-1 b ,-6dndTNF-U i n di abet i 1170121 dhd heirtiskefn t s
developing CVD (112).

1.6 Periodontal therapy

1.6.1 Non-surgical periodontal therapy

The UK version of the European Federation for Periodontology Clinical Practice
Guideline for treatment of periodontitis indicates that the first step of periodontal
therapy aims at motivating the patient to perform removal of supragingival plaque
and includes oral hygiene instructions, professional mechanical plaque removal,
aiming at removal of supragingival plaque and calculus and their retentive factors,
and controlling risk factors such as diabetes. The second step aims at controlling
subgingival plague mainly through subgingival instrumentation and may include
adjunctive subgingival locally delivered antimicrobials or systemic antimicrobials.
Both steps are considered non-surgical periodontal therapy (113). Non-surgical
periodontal therapy aims at arresting periodontal inflammation and disease
progression by removal of causative microorganisms (11) and inadequate
removal of subgingival plague has been linked with re-infection of periodontal
pockets and recurrence of periodontitis since periodontal pathogens and their
endotoxins have been detected within radicular cementum (114). This therapy is

considered the cornerstone and a preliminary part of any periodontal therapy
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(115) and in cases where no periodontal pockets O4 mm wi th BOP ar
after non-surgical periodontal therapy, patients should move to supportive

periodontal care and periodontal surgery is not recommended (113).

Non-surgical periodontal therapy is valuable in T2DM patients, where it is linked
with considerable reduction in HbAlc and inflammatory cytokines levels as
mentioned earlier (116). Surgical intervention may not be necessary in diabetic
patients. If they are planned, several factors have to be considered, such as level
of glycaemic control, association of CVD, delayed wound healing with higher risks
of infection, a problematic feature in diabetics (2), in addition to the physical and
emotional stresses associated with surgery (117). On the other hand, healing
following non-surgical periodontal therapy entails formation of long junctional
epithelium (LJE) between the root surface and gingival tissues with little or no
regeneration of bone, cementum or PDL tissues and unsurprisingly higher risk of
disease recurrence (118). The formation of LJE is considered repair not
regeneration, as it implies wound healing without restoring the normal form and

function of periodontal apparatus (119).

Follow-up reports of non-surgical periodontal therapy in diabetic patients are
mixed. T2DM patients with HbAlc levels ranging from 6.5% to 11% and without
major diabetic complications treated with non-surgical periodontal therapy and
systemic antibiotics showed less gain of clinical attachment, higher risk of gingival
recession and higher proportions of periodontal pathogens compared to non-
diabetics (120). In a similar setting (non-surgical periodontal therapy without
antibiotics), no difference in clinical, immunological and microbiological outcomes
was detected in diabetics versus non-diabetics. However, T2DM patients
included in the study had slightly better glycaemic control (HbAlc between 4.4%
and 10.6%) compared to the study mentioned above, and it is possible this could
have contributed to these fairly positive outcomes (121). A systematic review of
similar studies concluded that DM does not seem to influence the probing depth
reduction or CAL gain following non-surgical periodontal therapy. However, the
follow up periods in the included studies were relatively short (up to 6 months
only) and the outcomes did not include assessment of bone regeneration which
is not very commonly seen following non-surgical therapy. Other limitations of the
reviewed studies included variable examination protocols and severity/extent of

periodontitis cases in the included studies (122). Therefore, non-surgical
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periodontal treatment is known to reduce the microbial load and can improve the
periodontal condition and has a positive effect on the glycaemic control but it is
not enough for treating advanced periodontal cases with extensive tissue
damage.

1.6.2 Surgical pe riodontal therapy

Surgical periodontal therapy included both historical, non-regenerative
approaches, such as pocket elimination with osseous resection and modified
Widman flap with pocket closure (123), as well as regenerative techniques that
aim at restoring the form and function of periodontal tissues. These include bone
grafts, root surface conditioning, the application of enamel matrix derivative
(EMD) and guided tissue regeneration (GTR) using barrier membranes beneath
the soft tissue flap to prevent gingival epithelial cells from contacting the root
surface and allow for the PDL cells to fill the wound and regenerate periodontal
tissues (124). The outcome of these regenerative procedures is evaluated
clinically (measuring probing depth and CAL which are indicative of soft tissue
healing) and radiographically to assess bone healing with surgical re-entry rarely
used. However, the only reliable way to confirm regeneration is histology, which

is possible solely in animal models (124).

The majority of periodontal regenerative surgeries have been almost exclusively
used in infrabony pockets with angular bone loss, where the anatomy of a well
contained bone defect particularly increases the success rate of these
procedures. A meta-analysis excluding studies on furcation involvement and non
self-contained infrabony defects concluded that GTR and EMD achieved better
improvements in probing depth and CAL compared to mere open flap
debridement (OFD) surgery in long term follow-ups (up to 5-10 years) (125). Still,
infrabony defects represent a fraction of encountered periodontal lesions
compared to suprabony defects which pose a greater challenge clinically with
rather unpredictable treatment outcomes due to the horizontal pattern of bone
loss (126). In fact, a review published in 2010 reported that horizontal bone loss
involved around 92.2% of radiographically examined periodontal lesions, yet
paradoxically, only 3.7% of published papers on regenerative periodontal therapy

addressed this overwhelming majority (127).

Many factors are in play for the paucity of regenerative periodontal surgeries in
suprabony defects. The horizontal bone loss associated with suprabony defects
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means there are hardly any remaining bony walls to support the mucoperiosteal
flap or to provide the vascular and cellular resources needed for healing (128).
Moreover, most membranes used currently in GTR do not have the required
mechanical properties to withstand forces transmitted through the flap with
possible membrane collapse, loss of healing space and minimal to no osseous
regeneration (129). To overcome these limitations, regeneration in suprabony
defects in most instances relied on OFD in combination with growth factors, most
notably EMD, which resulted in further clinical and radiographic improvement
compared to OFD alone (130). This means that while the benefits of regenerative
periodontal surgeries seem evident in infrabony pockets, further research is
needed to make these techniques applicable in suprabony pockets. Furthermore,
diabetic patients are at a higher risk of postsurgical complications (131), including
poor wound healing (132).

1.6.3 Regenerative periodontal therapy in diabetic animal models

Studies discussed in this section used single intraperitoneal injection of
streptozotocin (STZ) to induce diabetes followed by measuring of blood glucose
levels, usually 1 week later, to confirm diabetes onset. Additionally, control of
diabetes was achieved using a subcutaneous sustained-release insulin implant
which was aseptically placed i n whére
controlled diabetic animals were used. All studies used male Wistar rats, except

the work by Lee et al. (133), where female Sprague-Dawley rats were used.

GTR formed new bone at similar rates in healthy, controlled diabetic and
uncontrolled diabetic rats, with the later showing higher rate of infections and
outcome variation (134). Diabetic rats treated by applying EMD (EMDOGAIN®)
into surgically created bone defects showed less bone fill and density with more
osteoclasts. EMD enhanced only bone fill in diabetic rats, but stimulated bone fill,

density and new cementum formation in non-diabetic rats (135).

In a different study, where EMD application was preceded by root surface planing
and conditioning, diabetic rats had higher rates of bacterial invasion, bone
fracture, inflammatory infiltrate, apical migration of attachment epithelium and
gingival recession. New bone, but not new cementum, was detectable in both
diabetic and non-diabetic rats, and EMD had no influence on both (136). On the
contrary, EMD showed better bone healing compared to control sites in diabetic
and non-diabetic rats. Still, diabetic rats had slower bone regeneration and sparse
17
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fibres between the root surface and the newly formed bone, compared to non-
diabetic controls (137).

Bone graft and GTR in diabetic animal models were tested in skeletal and skull
bones with varied results. In one study, commercial porcine cortical-lamellar bone
graft, collagen gel and a collagen membrane were applied in tibial defects in
diabetic and non-diabetic rats. Histologic examination of graft area revealed more
graft resorption and new bone formation in healthy animals, but the significance
of these results was not clearly evaluated (138). When GTR was tested in
calvarial bones of rats using titanium domes, there was no difference in new bone
formation between healthy, controlled and uncontrolled diabetic animals (139). In
the same model, osseous healing following titanium disc placement was
associated with higher levels of proinflammatory cytokines in diabetic animals,
although this did not equate with difference in bone formation (133).

These findings could indicate the response of diabetics to regenerative
periodontal surgeries could be unpredictable and in need of enhancement,

especially considering the very few clinical studies as shown in the next section.

1.6.4 Clinical trials in regenerative periodontal therapy in diabetic

patients

Clinical trials of regenerative periodontal surgeries in T2DM patients are not very
abundant. One study reported EMD being successfully used in combination with
autogenous bone graft in a case-report of a 66 years old T2DM patient (140).
Minimally invasive periodontal surgery, with or without EMD, was tested in well
controlled T2DM (n=10) and age matched non-diabetic patients (n=18) with
infrabony pockets. The diabetic group included 3 well controlled (mean HbAlc
5.9%) and 7 poorly controlled (mean HbAlc 7.2%) patients. However, a larger
sample and a cohort of diabetic patients with similar HbAlc levels would have
been statistically advantageous. Nevertheless, there was no significant difference
in bone fill or attachment gain between diabetic and non-diabetic patients after 3
years of follow-up. Importantly, there was no association between HbAlc, or

duration of diabetes, and the attachment gain (141).

Only recently, a study used split mouth technique in well controlled T2DM patients
(n=13) with bilateral infrabony pockets to test flap surgery, with and without EMD

application. Both sides showed clinical improvement after 6 months of follow up,
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with the EMD side showing enhanced reduction in probing depth and attachment
gain. However, the study did not include non-diabetic controls, and longer follow-
ups would have ascertained the long term outcomes of these treatment
modalities in patients with T2DM (142). Taken altogether, more clinical trials with
larger samples are necessary to establish evidence based guidelines regarding
regenerative periodontal surgery in T2DM patients.

1.6.5 Clinical trials in dental implant therapy in diabetic patients

Investigations of outcomes of dental implant placement in diabetics are more
frequent. T2DM patients with HbAlc 6.1-8% showed no difference to non-
diabetic controls (n = 30 for each group) in peri-implant probing depth, BOP or
marginal bone loss for a follow-up of 24 months (143). Similarly, a retrospective
study of 121 well-controlled diabetic and 136 healthy subjects receiving dental
implants and followed-up for 3 years concluded there was no significant
difference of failure rate among both groups (144). Another retrospective analysis
of dental implants placed in posterior maxilla, with and without sinus lift, also
concluded that well controlled diabetes was a not a risk factor of implant failure.
However, well controlled diabetics represented only 5.1% of the included patients
(145). Another study evaluated GTR of edentulous maxilla anterior/premolar
region, prior to implant placement in T2DM patients and non-diabetics. There was
no difference in wound healing, radiographic bone gain, implant stability or
marginal bone loss between both groups (n=12 for each). The follow-up was for
12 months, and both groups were age and gender matched with preoperative
HbAlc of diabetic patients ranging between 6% and 7.5%, indicating an overall

good glycaemic control (146).

A number of systemic review confirmed these data. Naujokat et al. (147) stated
that well controlled diabetics can receive dental implant safely with predictable
outcomes and failure rates similar to non-diabetics. Moraschini et al. (148)
reached the same conclusion but they added that both TLIDM and T2DM showed
similar implant failure rates, and that marginal bone loss was encountered more
in diabetics. Although the outcomes of implants placement or ridge augmentation
in T2DM patients could serve as an indication of oral bone healing in these
patients, the results of these studies should be interpreted with caution. Implant

stability relies mainly on osseointegration, whereas periodontal regeneration is a
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much more complex process that ideally entails soft and hard tissues
regeneration with insertion of PDL fibres into both root surface and alveolar bone.

The scarcity of reports on surgical regenerative periodontal therapy in diabetic
patients, despite some opinion indicating that diabetic patients can receive this
kind of treatment safely and comparably to non-diabetics if they were well
controlled (117), raises questions about the feasibility of this approach in the real
clinical settings and the need for clinical guidelines regarding periodontal surgery
in diabetic patients. Taken all together, periodontal tissue engineering can
provide a more promising alternative therapy for diabetics.

1.7 Tissue engineering and periodontal regeneration

The concept of tissue engineering was first introduced in 1993 and involves the
interaction between 3 main elements: cells, signalling molecules including growth
factors and matrices or scaffolds (that support cells and/or release signalling
molecules) for tissue regeneration (149). This approach for regenerating
periodontal tissues is both multifaceted and challenging with the complex soft and
hard tissue architecture of periodontium, the precise alignment of PDL fibres and
the exceptionally limited vicinity around teeth (150), and DM can further
complicate this task. The next sections will discuss how these 3 elements are

used for periodontal regeneration.

1.7.1 Scaffolds in regenerative periodontal therapy

Biocompatible materials are used as scaffolds in regenerative medicine to carry
and guide cells and growth factors (151). Acellular scaffolds can be implanted to
be populated by host tissue cells or, alternatively, cells cultured and expanded in
vitro can be loaded onto cellular scaffolds. Either way, scaffolds should be able
to support attachment, proliferation and differentiation of cells (152). In addition,
scaffolds should be biodegradable in a tailorable rate, allow for revascularization,

and with mechanical properties matching these of the host tissue (153).

A number of factors have to be considered when designing or selecting a scaffold

for periodontal regeneration. These include scaffold composition, mechanical

properties and method of application. Given the complex architecture of

periodontal tissues and the fact that scaffolds should simulate the ECM of native

tissues, inorganic hard scaffolds, such as HA, tricalcium phosphate (TCP),

biphasic calcium phosphate (BCP) and bioactive glass, would be ideal for bone
20



and cementum regeneration, while polymeric materials (natural polymers, such
as gelatin, collagen, chitosan and synthetic polymers such as poly lactic acid,
PLA, and poly lactic-co-glycolic acid, PGLA), better suit the PDL (154).

This has led to the development of 2 concepts: the first is hybrid or composite
scaffolds where inorganic and polymeric components are combined to offer the
benefits of both. For example, collagen/polycaprolactone (PCL) scaffold with
amorphous calcium phosphate were used to induce cementum regeneration
(155). The second concept is layered scaffolds with different compartments for
each periodontal tissue. For instance, bilayered scaffolds with bone compartment
(a composite scaffold of PCL and TCP) and PDL compartment (flexible PCL
electrospun membrane), were proposed. The bone compartment was seeded
with induced osteoblasts, which displayed consistent proliferation and
colonization of polymers struts; and the PDL compartment was successfully
seeded with PDL cell (156). Later, this model was refined with bone compartment
manufactured by melt electrospinning and containing macroscopic pores and the
animal studies demonstrated evidence of regeneration of all periodontal

structures with cellular constructs superior to acellular ones (157).

Trilayered scaffolds with an additional compartment for cementum regeneration
were introduced as well. A scaffold of tri-layered nanocomposite hydrogel
scaffold is composed of chitin-PLGA/nanobioactive glass ceramics/CEMP-1 as
the cementum layer, chitin-PLGA/fibroblast growth factor 2 (FGF-2) as the PDL
layer, and chitini PLGA/nanobioactive glass ceramics/platelet rich plasma (PRP)
derived growth factors as the alveolar bone layer. Rabbit models indicated that
triphasic scaffolds enhanced periodontal healing with formation of new

cementum, PDL fibres and alveolar bone compared to controls (158).

Scaffolds manufacturing techniques have evolved through time. The 3D printing
or additive manufacturing utilizes medical imaging, computer aided design (CAD)
and additive manufacture techniques (layer-by-layer printing using inkjet printing,
laser-assisted printing or extrusion-based printing) to fabricate automated,
personalized and reproducible 3D scaffolds (159). The clinical application of 3D
scaffolds in periodontal defects was first tested in 2015, with a case report of
PCL/HA scaffold designed using cone beam computed tomography (CBCT)
scans. The scaffold was then sterilised, immersed in recombinant human platelet
derived growth factor (rh-PDGF) and stabilized over the defect. Although the first
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year of follow up showed promising healing, the scaffold became exposed after
13 months, followed by a number of adverse events leading to wound failure and
scaffold removal. These results were attributed by the authors to the bulk and
rate of degradation of PCL (160).

Scaffolds role in periodontal regeneration was expanded further by incorporation
of functional molecules, such as drugs and growth factors. This offers the benefits
of temporal and spatial controlled release of such molecules, maximum retaining
at wound site, minimum side effects related to systemic absorption and the
possibility of combining several molecules into scaffold structure (161). For
instance, zinc and calcium bioactive ions were added to matrix polymers to
enhance their mechanical, antimicrobial and osteoindcutive properties (162).
Ibuprofen, a non-steroidal anti-inflammatory drugs (NSAIDs), has been loaded
onto PCL scaffolds and applied in experimental model of periodontitis. Although
these modified scaffolds lead to increased attachment gain, they had no effect on
bone level (163).

Scaffolds loaded with single and multiple bioactive molecules have been
experimented as well. Chitosan/HA scaffolds with recombinant human
amelogenin displayed antibacterial effects against P. gingivalis and upregulated
expression of osteogenic markers in PDLSCs (164). The aforementioned study
of trilayered scaffold included 3 different bioactive molecules (CEMP-1, FGF-2

and PRP derived growth factors), one into each section (158).

1.7.2 Stem cells in regenerative periodontal therapy

Stem cells are defined as cells capable of self-renewal and differentiating into
multiple cell lineages (at least 3 different ones) (165). There is a plethora of stem
cells that are currently being investigated for the purpose of tissue regeneration
and cell therapies. They can be broadly classified into: embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs) and adult or postnatal stem cells
(Figure 1-2).
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Figure 1-2: Different types of stem cells used for tissue engineering

ESCs: embryonic stem cells, iPSCs: induced pluripotent stem cells, MSCs:
mesenchymal stem cells, HSCs: hematopoietic stem cells, NSCs: neural stem cells, BM-
MSCs: bone marrow mesenchymal stem cells, AT-MSCs: adipose tissue mesenchymal
stem cells, PDLSCs: periodontal ligament stem cells, DPSCs: dental pulp stem cells,
SHED: stem cells of human exfoliated deciduous teeth, SCAP: stem cells of apical
papilla, DFSCs: dental follicle stem cells, GSCs: gingival stem cells.

ESCs are found in the inner cell mass of blastocysts and can differentiate into
cell lineages originating from all the 3 germ layers: ectoderm, mesoderm and
endoderm. However, their use remains controversial due to ethical
considerations, demanding culturing techniqgues and the risk of tumorigenicity
(166), which explains the relative paucity of studies using human ESCs in
periodontal regeneration. Porcine ESCs loaded onto collagen matrix were
transplanted into surgically created bony defects involving the furcation area in
minipigs, with the unloaded matrix serving as a control. The transplanted cells
were associated with more cementum formation and more organized PDL fibres
(167). Murine ESCs that were allowed to differentiate into dental epithelium and
subsequently combined with mouse dental mesenchyme were capable of

regenerating all dental structures, including cementum, alveolar bone and PDL
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(168), while human ESCs osteogenic differentiation was augmented by co-
culture with human PDL fibroblasts (169).

IPSCs were developed in 2006 by introducing 4 genes Oct3/4, Sox2, c-Myc, and
Klf4 through transfection with retroviral vectors into adult mice fibroblasts. iPSCs
formed tumours with all germ layers when transplanted into nude mice (170).
Since then, iPSCs have been developed using numerous cell types, most notably
fibroblasts, from different species including human and reprogrammed into
several lineages including MSCs (171). To decrease risk of genetic instability and
tumour formation of iPSCs, transfection using non-viral vectors (plasmid, proteins
and mRNA among others) (172); and inducing their differentiation into one of their

downstream lineages, such as MSCs, before clinical use were proposed (173).

IPSCs have been derived from human gingival and PDL fibroblasts, dental pulp
stem cells (DPSCs), stem cells of apical papilla (SCAP) and stem cells of human
exfoliated deciduous teeth (SHED), with iPSCs from PDL cells showing superior
osteogenic capacities in animal models compared to iPSCs from gingival cells
(172). Mouse iPSCs loaded on silk scaffolds with EMD have successfully induced
regeneration of periodontal tissues (more alveolar bone and cementum with PDL
fibres in-between compared to acellular scaffolds with EMD) in animal models
(174). Moreover, mouse ESCs and iPSCs were shown to differentiate into

osteoblasts with similar upregulation of osteogenic markers (175).

Adult or postnatal stem cells are the stem cells found in postnatal tissues and
they also show self-renewal and multilineage differentiation capabilities, albeit
less than ESCs. Adult stem cells include hematopoietic stem cell (HSCs), MSCs
and neural stem cells (NSCs) (176). The International Society for Cell & Gene
Therapy (ISCT) proposed that for stem cells to be considered MSCs, they should
fulfil the following criteria: firstly they must adhere to plastic under standard

culture conditions, secondly they must positively express CD73, CD90 and

CD105 and lack expression of CD14 or CD11b, CD190or CD79 U, CD34,

and Human Leukocyte Antigen i DR isotype (HLA-DR); and thirdly MSCs must
have the capability of multilineage differentiation (osteogenic, chondrogenic and

adipogenic) (177).

Stem cells have been isolated from various adult tissues, such as BM (BM-
MSCs), adipose tissue (AT-MSCs) and different dental tissues, and the later
includes PDLSCs, DPSCs, SHED, SCAP, dental follicle stem cells (DFSCs) (178)
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and gingival stem cells (GSCs) (179). Dental stem cells gained a well-earned
interest because they are relatively accessible. Freshly extracted teeth, that are
normally discarded in dental clinics, are a source of a different types of dental
MSCs (180). In particular, sound third molars and premolars extracted due to

impaction or orthodontic reasons,respecti vel y, are valuabl

stem cells (181). Most of these cells have been investigated as possible

candidates for periodontal regeneration.

DPSCs are found in dental pulp tissue and can differentiate into odontoblasts to

form reparative dentine under influence of exogenous stimuli. When cultured

under osteogenic conditions ( dexamet hasone, ascer

glycerophosphate), DPSCs differentiate into odontoblast like cells (182). DPSCs
were used to regenerate periodontal tissues in canine models of periodontitis
induced by both surgical removal of periodontal tissues and ligature applied
around teeth to increase accumulation of dental plague. DPSCs combined with
Bio-Oss® bone graft prompted more new bone, cementum and PDL formation

compared to Bio-Oss® alone (183).

Comparing DPSCs and PDLSCs cultured under osteogenic conditions revealed
that they formed comparable number of calcium deposits, although PDLSCs
cultures had larger granules. Moreover, ALP activity was higher in PDLSCs than
DPSCs after 14 days of induction (184). When DPSCs were transplanted into
animal models of periodontal bone defects, they reduced probing depth and CAL
and enhanced bone regeneration, with cell sheets producing superior results
compared to cell injection (185). A clinical trial testing collagen sponges with and
without autologous DPSCs in deep intrabony defects concluded that cellular
sponges significantly produced more bone fill and attachment gain after 12
months of follow-up (186). Additionally, DPSCs from inflamed pulp tissue were
used in conjunction with TCP in 2 patients and improved periodontal clinical
outcomes were observed on the course of 9 months. There was, however, no

comparison to controls (187).

SHED are derived from the pulp of exfoliated deciduous teeth with properties
generally resembling those of DPSCs (188). Their isolation causes no host
morbidity as shedding is a natural event for deciduous teeth (deciduous dentition
consists of 20 primary teeth per individual); and thus they provide a uniquely

accessible source of stem cells (189). SHED where first isolated in 2003 where
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they differentiated into odontoblasts and formed dentine, but not dentine-pulp
complex. They also induced bone formation in animal models but did not actively
participate in bone formation. SHED proliferation rates were higher than those of
DPSCs, and all these observations suggest that SHED may not fully replicate the
distinct characteristics of DPSCs (190).

SHED were also found to differentiate into osteoblast when transplanted into mice
calvarial defects (191); and when injected into periodontal lesions in mice, they
provoked further bone deposition and reduced osteoclasts and expression of
TNF-U a n do (198) NNevertheless, osteogenic capacities of PDLSCs seem to
be superior to SHED, as they formed more mineral deposits after 3 weeks of

osteogenic culture (193).

DFSCs are derived from the dental sac that contains developing teeth and are
isolated from third molars extracted due to impaction. DFSCs undergo osteogenic
differentiation with higher activity of ALP and upregulation of RUNX2 and
COL1(194) and when transplanted into animal models, DFSCs could form woven
bone with cementocytes and osteocyte like cells, but without distinctive
periodontal tissues (195). SCAP are derived from the apical papilla, the soft tissue
located at apices of immature permanent teeth (teeth with roots not fully formed
and apical foramina not fully closed) (196). SCAP were first isolated in 2006 and
were shown to be clonogenic, express MSCs surface markers and undergo
osteo/odontogenic differentiation (197). Allogenic SCAP cells that were injected
into minipig models of periodontitis, induced by both surgery and ligature, were
shown to promote regeneration of all periodontal tissues (198). GSCs have been
successfully isolated from gingival connective tissue with the advantages of being
abundant and reachable with minimum invasive approaches (199). GSCs loaded
onto collagen scaffolds and transplanted into experimental periodontal defects
improved CAL and probing depth (200). However, the potentials of human GSCs

to differentiate into cementoblasts are yet to be fully established (201).

Out of these different stem cells populations, BM-MSCs and PDLSCs represent
the best candidates for stem cell based periodontal regeneration for different
reasons. PDLSCs are the native stem cells of PDL tissues and can differentiate
into osteoblasts, fibroblasts and cementoblasts, with subsequent regeneration of
periodontal tissue complex (11). Periodontal tissue regeneration achieved

through stimulating endogenous stem cells using scaffolds, growth factors and
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drugs, would overcome the costs and risks associated with stem cells isolation,
expansion and transplantation (202). BM-MSCs, on the other hand, are
considered the gold standard for cellular regenerative therapy (203), and can be
harvested from multiple donor sites in relatively large numbers. This means
minimum need for expansion and versatility of applications including banking for

future use (204). Thus, both cell types will be covered in the next sections.

1.7.2.1 Bone marrow mesenchymal stromal cells (BM  -MSCs)

BM-MSCs were first observed in guinea pig BM monolayer cultures in 1970 (205),
and were later proven to have the criteria required for MSCs definition proposed
by the ISCT mentioned earlier in section 1.7.2 (206). Indeed, positive expression
of surface markers, CD73, CD90, CD105 and CD40, generally define BM-MSCs
with variable colony forming and multilineage differentiation potentials, with
surface markers CD271 and CD146 selecting cells known to possess higher
levels of these potentials (207). BM-MSCs represent ideal candidates for
autologous stem cell transplantation/therapy especially for bone and periodontal
tissue engineering, due to the relative ease of harvesting and the high cell yield
obtained (204). Moreover, BM-MSCs could differentiate into cementoblasts with
proper induction. BM-MSCs cultured in osteogenic media and treated with Wnt3a
showed upregulation of CEMP-1, CAP, ALP and OCN (208), confirming their

cementogenic differentiation.

Multiple clinical trials using BM-MSCs for bone regeneration with and without
scaffolds have been carried out (209). In a feasibility and safety trial, autologous
iliac crest BM-MSCs were expanded and mixed with bioceramics, before being
surgically applied to non-union skeletal fractures in 28 patients. One year follow-
up found that all participants did not show any adverse events and 26 of them
showed radiographic signs of bone healing (210). In a pilot trial, autologous
alveolar bone BM-MSCs were expanded and then seeded on serum cross linked
scaffolds (cross linked serum proteins); and finally subjected to osteogenic
differentiation. The seeded scaffolds were applied into maxillary cystic cavity in 9
patients, who were followed-up for 7 months. None of the participants had
adverse effects and follow-up CT scans displayed increased bone density of

treated areas (211).

Periodontal regenerative capacities of BM-MSCs have been investigated at both
the experimental and clinical levels. In the recently published review by lwasaki
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et al. (212), they cited 13 studies where autologous BM-MSCs were transplanted
into animal models of periodontal defects either on their own or seeded on
scaffolds. The majority of these investigations reported regeneration of
cementum, alveolar bone and PDL within observation periods ranging from 3 to
24 months (212). For instance, green fluorescent protein (GFP) labelled BM-
MSCs transplanted into class Il furcation defects in dogs differentiated into
cementoblasts, osteoblasts, osteocytes and fibroblasts (213). Interestingly, some
of these studies observed more favourable results when BM-MSCs had been pre-
treated prior to their transplantation, such as transfection with OPG (214). In
another study, chondrogenic induction of rat BM-MSCs preceding their
transplantation favoured regeneration of both alveolar bone and PDL, while
osteogenic induction supported only alveolar bone formation and retaining
multilineage potentials induced only formation of PDL fibres (215).

Clinical trials using BM-MSCs for periodontal regeneration are not very abundant.
A recent review included a total of 18 studies using stem cells for clinical
periodontal regeneration, with 5 clinical trials using autologous stem cells: 3 using
PDLSCs, 1 using DPSCs and 1 trial using BM-MSCs. All the 5 clinical trials
reported improved CAL, probing depth and bone fill. Nonetheless, one trial using
PDLSCs and another using DPSCs described increased gingival recession
compared to controls (216). In particular, the phase I/1l clinical trial of autologous
BM-MSCs, PRP and 3D woven fabric composite scaffold showed improved CAL,
probing depth and bone growth over 36 months of follow up in 10 periodontitis
patients not showing signs of systemic disease. The included teeth had probing
depth O 4 mm with r adi algBLaTpelnuttors statedtha n c e ¢
02 healthy teeth per pati e-MBCswargislateds ed a
from iliac bone marrow aspirate (BMA) (217). Another randomized clinical study
compared autologous alveolar bone BM-MSCs seeded into collagen scaffolds
supplemented with autologous fibrin/platelet lysate to acellular scaffolds and plain
flap surgery for periodontal regeneration. While all approaches improved CAL
and probing depth comparably after 12 months of follow up, less bone formation
was observed with the acellular scaffolds. No adverse events were recorded in
any subjects, indicating that BM-MSCs-loaded scaffolds could be safely and
reliably used for periodontal regeneration (218). Taken together, BM-MSCs

transplantation for treating periodontal defects is demonstrated to be a safe

28



procedure, however larger clinical trials with longer follow up durations would

confirm its effectiveness (212).

Transplantation of BMA into periodontal defects has been proposed as an
alternative to culture expanded BM-MSCs. In a rat model, BMA concentrate was
associated with higher bone volumes, but cultured BM-MSCs induced higher

rates of early bone maturation. Additionally, cementum deposition and newly
formed Sharpeyods fibres were eMb6se(219)ed on
The authors suggest that BMA content of growth factors, cytokines and platelets

could have favoured osteogenic differentiation at the expense of cementum and

PDL reconstruction (219). However, it is also possible that the culture expanded
BM-MSCs were natwurally d&éenr i c hdiffbréntiafioar st
potentials compared to BMA.

While alveolar bone BM-MSCs are derived from NCCs or ectomesenchyme as
mentioned earlier and do not express Hox genes, skeletal BM-MSCs which are
mesodermal in origin do express Hox. This difference in embryonic origins and
expression profile could mean that skeletal BM-MSCs may not be optimum for
regeneration of craniofacial bone (220). Skeletal mesoderm-derived bone
progenitor cells transplanted into mandibular defects differentiated into
chondrocytes and remained Hox positive, while mandibular progenitor cells
transplanted into tibial defects became Hox positive, differentiated into
osteoblasts and formed bone (221). Furthermore, patient matched orofacial BM-
MSCs proliferated more rapidly, had higher levels of ALP and formed more bone
compared to iliac crest BM-MSCs. However, the relative scarcity of orofacial BM-
MSCs, compared to the relatively higher yield of skeletal BM-MSCs, should be

taken into consideration (222).

1.7.2.2 Periodontal ligament stem cells (PDLSCs)

PDLSCs represent one of the ideal cell candidates for periodontal regeneration,
since they can differentiate into osteoblasts, fibroblasts and cementoblasts with
subsequent regeneration of periodontal tissue complex (11). PDLSCs were first
isolated in 2004 through their clonogenic potentials and positive
immunohistochemical expression of 2 early MSCs markers, STRO-1 and CD146.
The STRO-1 positive cells were enriched using magnetic activated cell sorting
(MACS) and the STRO-1 positive population contained most of the colony
forming cells. The expanded PDLSCs displayed in vitro multilineage
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differentiation into osteoblasts and adipocytes and when transplanted into animal

models, they produced PDL like tissue with dense collagen | bundles that were

nested into newly formed cement um r esembl i ng fBIrimeyds
addition, PDLSCs were shown to differentiate into chondrocytes, cardiac
myocytes, Schwann cells, astrocytes and retinal ganglion cells and pancreatic

cells (224).

PDLSCs sustain the morphology (fibroblast like cells with oval nuclei) (225) and
the surface markers expression profile of MSCs mentioned earlier (226). They
also contain colony forming cell population (227) and express Nanog and Oct-4,
which are embryonic stem cell markers that control self-renewal and pluripotency
(228). In addition to multilineage differentiation, PDLSCs could undergo self-
renewal more than 100 population doublings, with mechanical loading as a
possible contributor to these relatively high proliferative capacities (229).

Under osteogenic culture conditions, PDLSCs form calcified nodules, upregulate
early osteogenic markers responsible for osteoblast differentiation (RUNX2 and
OSX), bone matrix proteins (OCN and Osteopontin, OPN), ALPL and BSP
(227,2301 233). Osteogenic induction also changes PDLSCs morphology into
polygonal cells with extended cytoplasmic processes as intercellular bridges,

which is consistent with osteogenic lineages (234).

The nature of PDL tissue as a highly organized collagenous tissue with well
oriented and dense fibres bundles acting as a shock absorbent of physiologic
mechanical stresses is reflected in PDLSCs expression profile. PDLSCs express
scleraxis, a tendon cells specific transcription factor, more than BM-MSCs or
DPSCs (223). PDLSCs also express a specific isoform of periostin (POSTN), a
major ECM protein involved in periodontal homeostasis, that was shown to be

upregulated under osteogenic conditions (235).

A subset of PDL cells express CEMP-1 with strong CEMP-1 expression detected
by immunohistochemistry in ALP-positive PDL cells (236). Osteogenic cultures
of PDLSCs could show upregulation of both osteogenic and cementoblastic
markers (237) and in another study upregulation of osteogenic markers, BSP and
OCN, along with inhibition of cementoblastic marker CEMP-1 (236). Additionally,
PDL cells subset overexpressing CEMP-1 following viral transfection exhibited
lower mRNA levels of RUNX2, OCN and POSTN (236).
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1.7.2.3 BM-MSCs versus PDLSCs for periodontal regeneration

Studies comparing BM-MSCs and PDLSCs in the context of periodontal
regeneration are fairly few and show variable results. PDLSCs formed more
colonies, but took longer time to differentiate into osteocytes and chondrocytes
when compared to BM-MSCs (6). A similar conclusion regarding colony forming
efficiency was reached using patient matched jaw bone BM-MSCs and PDLSCs.
Both cell types had similar proliferation rates initially, but PDLSCs outpaced BM-
MSCs later (238). While PDL cells have shown lower adipogenic and
chondrogenic potentials compared to BM-MSCs, their osteogenic potentials and
expression levels of POSTN were comparable (239).

A pioneer study used composite cell sheets that combined both cell types and
showed higher expression of bone markers and wel | aligned Sha
upon transplantation in animal models compared to either cell type alone (240).
Comparing cell sheets of autologous BM-MSCs and PDLSCs transplanted to
canine periodontal defects, more cementum, well oriented PDL fibres and
alveolar bone were observed with PDLSCs sheets (241). Autologous BM-MSCs
formed more bone on both short and long terms compared to PDLSCs in a canine

peri-implant defect model (242).

BM-MSCs potential for periodontal regeneration in an inflammatory
microenvironment using TNF-U wa s aed tofhat of PDLSCs. One study

showed that TNF-U reduced prolifer atMS@se andpot en
mineralization of PDLSCs (243). A second study concluded that both cell types

had similar proliferation rates and colony formation efficiencies. However,

PDLSCs displayed weaker osteogenic potentials that were further inhibited by
TNF-U(231).

1.7.2.4 BM-MSCs isolated from diabetic patients and/or cultured under

diabetic conditions

A review on the characterisation of MSCs from diabetic patients revealed most of
this work focused on AT-MSCs with little consensus regarding the proliferation
efficiency, viability, immunophenotyping, multipotency and homing of diabetic
MSCs. The authors concluded that molecular basis and signalling molecules

regulating diabetic MSCs still need to be fully understood (7).
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The isolation and characterization of BM-MSCs from T2DM patients in the

majority of published studies was performed in the context of evaluating their
potentials to differentiate into insulin producing cells to reverse diabetes
(7,244,245). One of the earliest of these studies was conducted in 2009 on BM-

MSCs isolated from T2DM patients undergoing cardiac bypass surgery (n = 95),

with a relatively wide age range of 15 to 80 years. The study concluded that

diabetic BM-MSCs had multilineage differentiation potentials and expressed

MSCs markers with cells from uncontrolled, long standing or elderly diabetics

showing weaker proliferation. There wa s , however , BMAMSCsO h e a |
included in the study as controls (244).

In another study, diabetic donors (n=3) were insulin dependent T2DM patients
with mean HbAlc of 11%, indicating relatively poor glycaemic control. Their age
range was 43-55 years while non-diabetic controls (n=3) had an age range of 38-
55 years. BMA samples were not isolated from the same anatomical source for
both groups (iliac crest of diabetic donors and the hip joint of non-diabetic
donors). No data on other comorbidities were available and both cell populations
had similar proliferation rates (245). In a study comparing healthy, ischemic and
ischemic diabetic BM-MSCs cells from patients with critical limb ischemia (CLI)
(n=4 for each group), no difference in clonogenic, osteogenic, adipogenic or
angiogenic potentials was reported. CLI cells showed lower proliferation rates
i rrespective of patientsd diabetic stat
Nevertheless, the study did not indicate the level of glycaemic control of diabetic
donors. Moreover, all CLI patients had a history of CVD and were relatively older
compared to controls, which could have influenced their BM-MSCs (the age
range of healthy donors, ischemic patients and ischemic diabetic patients was
22-34, 46-85 and 67-85 years respectively) (246).

Recently, more studies have extensively compared diabetic and non-diabetic
BM-MSCs through larger sample size. One of these concluded that multilineage
differentiation  (including  osteogenic), immunomodulatory  properties,
transcriptomic data, surface markers expression and number of BM-MSCs in the
isolated BM biopsies (of hip joints) were comparable in diabetic and non-diabetic
BM-MSCs. These parameters, however, were reduced in both cell populations
by passaging cells in vitro. Although the majority of diabetic donors were non-

insulin dependent, their levels of glycaemic control were not highlighted (247).
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Another investigation reached similar conclusions, in addition to diabetic BM
samples containing fewer colony forming MSCs specifically those with
osteogenic capacities, as measured by colony forming unit fibroblasts (CFU-Fs)
and colony forming unit osteoblasts (CFU-Os) assays respectively. The non-
diabetic controls were age matched and the diabetic donors had an overall good
glycaemic control (248).

The combined results of both studies resonated well with a clinical trial that used
autologous BM concentrate in treatment of tibial non unions in 54 diabetic
patients (n=42 for T2DM and n=12 for T1DM); and equal number of non-diabetic
matched control patients. BMA of both cohorts had similar number of MSCs as
evident by the CFU-Fs assay, but this did not equate to having similar treatment
outcomes as diabetic patients needed more time for healing and had smaller
callus. Treatment failure in diabetics was rationalized to having more
comorbidities and lower number of MSCs compared to diabetics who showed
successful treatment outcomes. Consequently, the study recommended the use
of larger volumes of BMA and higher number of transplanted cells in diabetic
patients (249). Moreover, BM-MSCs from hip joints of T2DM patients showed
similar content of CD73* CD90* cells and osteogenic differentiation potentials,
but higher tendency for adipogenic differentiation compared to controls (250). On
the other hand, alveolar bone BM-MSCs from T2DM patients were reported to

form less mineral deposits (251,252).

So far from the aforementioned studies, it seems that in general T2DM influence
on BM-MSCs may not be very drastic. Nonetheless, the results of studies
investigating BM-MSCs under in vitro diabetic culture conditions using high
glucose (HG), AGEs (which would better reflect the chronicity of changes in
diabetic microenvironment compared to HG) and serum of diabetic patients show
different findings. In general, HG induced lower proliferation rates, while HG
combined with LPS and serum of T2DM patients had the opposite effect. AGEs
were used only in 2 studies, with one reporting increased expression of OPG,
RANKL and RAGEs and the other concluding reduced proliferation of BM-MSCs
(Table 1-2).

However, T2DM microenvironment is more complicated than plain short term
exposure to HG or AGEs, as it also entails ROS, hyperlipidaemia,

hyperinsulinemia, as well as inflammatory cytokines (253) and some of diabetes
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induced complications could be attributed to one or more of these factors. For
instance, macrophages isolated from rats with short term diabetes and normal
serum levels of lipids completely recovered to normal levels of cytokines
production after 5 days of normoglycemic culture, while cells from rats with long
term diabetes showed only partial recovery. Because both groups had higher
levels of serum glucose, this differential recovery could be attributed to the fact

that only the long term diabetic rats had higher serum lipids (254).

Furthermore, the HG concentrations used in these studies are far higher than the
ones found biologically, even in severely uncontrolled diabetics. Where glucose
concentration of 5.5 mM in culture media represent normoglycaemia or plasma
glucose level of 100 mg/dL, 24 mM glucose in culture media denote
hyperglycaemia or plasma glucose level of 432 mg/dL (for comparison
uncontrolled diabetic patients have BGL of 200 mg/dL or above) (255), which
poses questions about their physiologic relevance (256).

Data from studies on BM-MSCs from diabetic animal models are rather
inconclusive. In one study BM-MSCs isolated from diabetic rats were similar to
non-diabetic cells in morphology, growth rate and osteogenic potentials but
diabetic cells formed more colonies (257). Conversely, another study reported
that diabetic rats BM-MSCs showed similar morphology, telomere length,
proportion of senescent cells and expression of stem cells surface markers. On
the other hand, diabetic BM-MSCs displayed lower growth rates, weaker
clonogenic and osteogenic capacities, larger proportion of apoptotic cells and
higher RANKL/OPG expression levels denoting increased osteoclastogenic
activity compared to BM-MSCs from non-diabetic rats (258). When diabetic rats
BM-MSCs were cultured under HG, they showed higher proliferation rates and
expression of inflammatory marker IL-6 along with weaker osteogenic
differentiation compared to normoglycemic cultures (259). BM-MSCs from
diabetic rat models displayed weaker mineralization and expression of
osteogenic markers compared to non-diabetic cells (260); and BM-MSCs from

non-diabetic rats cultured under HG showed similar deterioration (261).

In another study, HG had no effect on the proliferation, but inhibited the
osteogenic differentiation of rats endosteal BM-MSCs (262). Moreover, HG
induced senescence of rats BM-MSCs (263,264), while AGEs were associated

with poor proliferation and migration in addition to high ROS production and
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chemokines expression (265). Similar to human BM-MSCs, rats BM-MSCs
osteogenic differentiation was attenuated by AGEs, and the differentiated cells

had lower viability, higher apoptosis and RAGEs expression (266).
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Table 1-2: Summary of studies of BM -MSCs cultured under simulated diabetic conditions

Osteogenic

transcription Osteogenic
Diabetic | C2Nodules | A pp ALP markers
# Study (AR . = factors Others
cond. staining) expression | activity
RUNX2 |OSX OCN OPN
ZCOL1 and BMP-2
i i i i i i _expression
1 Ying et al. (267) HG Z Z Z Z Z Z NR ZPI13k and Akt
expression
¥ ROS
ZPD time
2 Chang et al. (268) HG NR NR NR NR NR NR NR y Senescence
y Autophagy
ZProliferation (25mM
HG, long term
3 Li et al. (269) HG g NR NR NR |NR| NR |NR exposure)

Z Apoptosis (40 mM
HG, short term
exposure)

Z Proliferation
Cell morphology,
karyotyping and BM-
MSCs surface

Dhanasekaran et al
4 (270). HG NC NR NR NR NR NR NR
(late vs early P)

markers: NC
y (8 and ) ¢ Proliferation
. Z(12and | 12 MM, Z(12 ZIL-1b, IL-6, IL-8
Shiomi et al. (271) Z(24 mM, 3wks) and 24 (8 and 12 mM, 1 and 2
5 (purchased BM-MSCs) HG+LPS| 3 wks.) NR 24 rEM’ 2 Z(24 NR mM, 3 NR wks.)
WKS) | mM, 3 wks.) §IL-16, IL-6, IL-8
wks.) (24 mM, 1 and 2 wks.)
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Osteogenic .
Diabet Ca nodules ALPL ALP transcription Oz:zz(g;glc
# Study 1abetc (AR . -F factors Others
cond. staining) expression | activity
RUNX2 |OSX| OCN |OPN
6 Qu et al. (272) HG + free z NR z NR |[NR| NR |NR § mi-4R9
: fatty acid
: HG + Z Proliferation
Bian et al. (273) " - : . : . :
7 (BM-MSCs cell line) palmltlc Z NR Z Z NR Z NR Zp38Aexpre55|on
acid ¥y ROS
HG + : ; Z Cell vias
8 Wang et al. (274) palmitic NR Z Z NR NR NR NR lferati
acid proliferation
Miranda et al. (88) HG +
9 (primary osteoblast like AGESs (vs NR NR NR 5 5 NR NR y OPG and RANKL
cells from T2DM expression
: HG)
patients)
10 Lu et al. (275) AGEs NR NR NR NR NR NR NR Z Proliferation
T2DM 2 : : - . :
11 Deng et al. (276) serum NR NR NR Z NR Z Z ¥ Proliferation
y Apoptosis
12 | Rezabakhsh etal. 277)| 2PM NR NR NR NR |NR| NR |NR y Autophagy
serum Z Chemotaxis
Z Angiogenesis
(Z2): reduced compared to contr ol culture media. (9¢): i ncrdeascs.?ALPcompar e

alkaline phosphatase. ALPL: alkaline phosphatase (gene). AR: Alizarin Red. BMP-2: bone morphogenic protein-2. COL1: collagen 1. HG: high
glucose. IL: interleukin. LPS: lipopolysaccharides. NC: no change. NR: not reported. OCN: osteonectin. OPG: osteoprotegerin. OPN: osteopontin.
OSX: osterix. PD: population doubling. RANKL: receptor activator NF-HUb | i g &:medctive 8&@en species. RUNX2: Runt related transcription
factor 2. T2DM: type 2 diabetes mellitus.
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1.7.2.5 PDLSCs isolated from diabetic patients and/or cultured under
diabetic conditions

There is limited literature on characterization of PDLSCs isolated from diabetic
patients. PDLSCs and GSCs were harvested from impacted third molars
extracted from healthy and controlled T2DM patients (HbAlc below 7% at time
of study entry); and compared for their proliferation rates and expression of CD45,
CD90 and CD105. Both PDLSCs and GSCs from healthy donors showed higher
proliferation rates compared to diabetic counterparts. Moreover, PDLSCs had
more proliferative potentials compared to GSCs in both healthy and diabetic
conditions. All isolated cell populations showed positive expression of CD90 and
CD105 and negative expression of CD45 (278).

Another study compared PDLSCs from teeth with periodontitis from diabetic
patients to those both sound and with periodontitis extracted from non-diabetics.
The diabetic cohort was well controlled with HbA1c levels range 6.5 7.5%. The
authors concluded that periodontitis and diabetes PDLSCs group had the lowest
osteogenic (calcium deposition and RUNX2 expression) and adipogenic
potentials (oil globules formation and peroxisome proliferator-activated receptor
gamma (P P A R ®xpression), followed by periodontitis only and the best
potentials were observed in PDLSCs isolated from sound teeth of non-diabetics
(279).

The third study isolated PDL cells from extracted teeth of long standing insulin
dependent diabetic mellitus patients, with age range 381 45 years. Diabetic teeth
donors were well controlled at time of extraction although history of episodes of
poor control was reported. Extracted teeth and subsequently isolated cells in both
diabetic and healthy groups were a mix of sound and periodontally involved third
molars, but the authors confirmed that this had no statistical influence on the
results. This investigation concluded that diabetic PDL cells grew at similar rates
compared to cells from healthy donors. However, they had lower ALP activity and
lesser rate of mineralised nodules formation than healthy cells (280). Thus, it
seems that in general PDLSCs from diabetics have a trend of lower proliferation
rate and osteogenic potentials, but because of the small number of studies it

would be hard to draw firm conclusions.
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The 3 studies on PDLSCs from diabetics reviewed above report lower
proliferation rate and osteogenic potentials, which comes in agreement with
studies on PDLSCs from healthy subjects and cultured under induced diabetic
conditions. This suggests that this experimental approach could mirror
pathological changes seen in diabetic PDLSCs. Although several 3D and multi-
layered models were developed to simulate and investigate PDL regeneration

(2817 285), none of them examined this under diabetic conditions.

Similar to BM-MSCs, several studies have cultured PDLSCs under diabetic
conditions and their results are summarized in Table 1-3. Most of these studies
used HG, while some used AGEs as well. PDLSCs were also cultured under
inflammatory conditions with TNF-U wi t h t he i ntent
periodontitis pathology. However, because diabetes induces systemic production
of inflammatory cytokines, including TNF-U; and thus is co
inflammatory disease, these studies could be relevant and were included as well.
This assumption is underlined by the comparable results of studies culturing
PDLSCs under HG and inflammatory conditions, as both reported reduced
viability and osteogenic differentiation, as well as stimulated expression of IL-6
and IL-8. In some of these studies, the authors referred to the isolated cells as
PDL cells or fibroblasts where their stem cells status was not completely verified

using multilineage differentiation or expression of stem cells surface markers.
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Table 1-3: Summary of studies of PDLSCs cultured under simulated diabetic conditions

Osteogenic

Ca L Osteogenic
: . transcription
Diabetic | nodules ALPL ALP factors markers NF-Hub
Study . . : Others
cond. (AR expression | activity expression
staining) RUNX2 | OSX | OCN | OPN

Zhen et. ' - - 2 -

al (286) HG Z NR NR Z Z Z NR NR ymiR-31
L'Fzg;;"" HG NR NR y NR z |z | 2 NR 9DNA methylation

Z Proliferation
Kato et ) ) Z Viability
al. (255) HG Z NR Z % NR | Z | NR % ¢ 1L-6 and IL-8
' expression
Cell morphology: NC
Guo et al. HG Z Z NR z Z | NR | NR NR Z Proliferation
(288)

zhenget | s NR NR i i Z |NR|NR| NR Z Proliferation
al. (289)

Zhan et Yy RAGES expression
al. (290)* HG NR NR NR NR NR | NR | NR NR SProliferation
Kimetal.-| g NR Z Z Z Z | NR | 2= NR ZCOL1*

(291)
Yan et al. ; ; Z Migration
(292) HG z NR z NR NR | NR | NR NR § ROS

Deng et : : : y Adipogenic

al. (293) HG z z NR z NR | NR z NR differentiation
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Osteogenic

o Ca transcription Of;gﬂ?;g'c
" Study Diabetic nodules ALPL_ ALP factors NF-Wb Others
cond. (AR expression | activity expression
staining) RUNX2 | OSX | OCN | OPN
Bhattarai . Z Proliferation
10 et al. HG Z NR NR NR NR | NR | NR NR A
(294)* yROS
Kim et al. . Z Proliferation
11 (295)* HG Z NR NR NR NR | NR | NR NR ZViabiIity
Liu et al. y Apoptotic cells
12 (296)* HG NR NR NR NR NR | NR | NR NR g Caspase 3 activity
Luo et al. Z Proliferation
13 (297) HG NR NR NR NR NR | NR | NR NR § TNER-1 expression
Wu at al. gIL-1 BIL-6, TNF-Uand
14 (298) HG NR NR NR NR NR | NR | NR NR RANKL
y Proliferation
15 Segtb :|UCk HG g NR g NR | NR|NR|NR| NR y Expression of Nanag,
(299)'* Oct4, Sox2, CD166 and
POSTN
Z Viability
16| Kuetal | ageg NR NR NR | NR | NR|NR |NR g ylL-6and IL-8
(87)* expression
¥ ERS
Guo et al. : Yy RAGEs
17 (300) AGEs Z NR NR NR NR | NR | NR NR § ROS
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Osteogenic

Diabeti (cj:al ALPL ALP transcription Of;gﬁ?;g'c NF-HUb
# | Study '1abetic | hoau’es ; — factors e Others
cond. (AR expression | activity expression
staining) RUNX2 | OSX | OCN | OPN
Z Viability
Mei et al. y Apoptosis
18 (301)* AGEs NR NR NR NR NR | NR | NR NR §Autophagy
¥ ROS
19| Wanget | ,geg i NR z Z | NR|NR| Z NR Z Proliferation
al. (302)
Zhang et , , , ; ; ; Z COL1 expression
20| a1 (303) AGEs z z z z z z z NR Z BSP expression
ZProliferation
Fang et : ; ; ; y ROS
21 al. (304) AGEs Z Z Z Z NR Z NR NR § Apoptosis
y Mitochondrial damage
Yang et - . "
22 al. (305) TNF-U Z NR NR Z Z NR | NR NR --
Z (only .
23| YUaN el | oNE Z Z at10 | Z | NR|NR|NR| NR yIL-6and IL-8
al. (306) expression
ng/ml)
~ ZViability
Jiang et 5 ) ) ) Z Oct4 and Sox2
24| o (3?07) TNF-U y NR y Z* | NR | NR | NR + expression
' y IL-6 and IL-8
expression
25 irl‘e(rﬁ;t HG*S NF-1 NR NR NR | NR | NR|NR|NR g § RANKL expression
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Osteogenic Osteogenic
Diabeti gl: aI ALPL ALP transcription markgers NF-HIb
# | Study '1abetic | hoau’es ; — factors e Others
cond. (AR expression | activity expression
staining) RUNX2 | OSX | OCN | OPN
N} Z COL1 expression
Yang et TNF-U : : , " - S
26 al. (308) HL-1 b Z NR Z Z NR Z NR NR ZBor_le formation in
animal models
(Z2): reduced compared to control culture media. (y): i nRErotendeved @ahly.c o mp ar ¢

AGEs: advanced glycation endproducts. ALP: alkaline phosphatase. ALPL: alkaline phosphatase (gene). AR: Alizarin red. BSP: bone sialoprotein.
COL1: collagen 1. ERS: endoplasmic reticulum stress. HG: high glucose. IL: interleukin. NC: no change. NR: not reported. OSX: Osterix. OCN:
Osteonectin. OPN: Osteopontin. POSTN: Periostin. RAGES: receptors of advanced glycated endproducts. RANKL: receptor activator NF-Hb
ligand. ROS: reactive oxygen species. RUNX2: Runt related transcription factor 2. TNF-U tumour necrosis factor-U .TNFR-1: tumour necrosis

factoralpha receptorZ.
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1.7.3 Growth factors in regenerative periodontal therapy

Growth factors (GFs) are natural proteins controlling fundamental cell activities
such mitotic division (proliferation), migration, metabolism and differentiation,
consequently influencing tissue repair and regeneration following injury (309). A
number of GFs are expressed in periodontal tissues, including insulin-like growth
factors (IGF), PDGF and bone morphogenic proteins (BMPs) (310). They exert
their actions through binding to specific cell surface tyrosine kinase receptors
present on cementoblast, osteoblast and PDL fibroblasts (311). GFs expression
closely correlates with osteogenic differentiation stages of bone cells, with
vascular endothelial growth factor (VEGF) and IGF-1 upregulated early in cell
proliferation stages, fibroblasts growth factor 2 (FGF-2) and BMP-2 upregulated
later in cell differentiation and maturation stages; and PDGF and TGF-b
upregulated in both phases (312).

GFs have been successfully used to promote periodontal regeneration through
conductive or directly inductive effect of new tissue formation (313). The following
GFs have been approved by United States Food and Drug Administration for
periodontal regeneration: Amelogenins/EMD, PDGF, BMPs, FGF-2 and platelets
concentrate (314). However there are no robust data on the use of these factors
in diabetic patients and some studies reported failure of osteogenic differentiation
of BM-MSCs stimulated with BMPs (315). In addition, lower serum levels of IGF
axis proteins were reported even in well controlled T2DM patients and were
associated with higher risk of CVD (316); and were also reported in patients with
both impaired glucose tolerance and T2DM as a marker of reduced insulin
sensitivity (317). Systemic administration of members of IGF axis was reported
to improve glycaemic control in T2DM patients (318), as well as insulin sensitivity
and pan ccaelefanttions (319), making IGF proteins promising candidates
as therapeutic modalities for obesity, insulin resistance and diabetes (320,321).
Taken altogether, utilizing IGF axis proteins in periodontal regeneration in
diabetics could have the extra benefit of improving insulin sensitivity in
periodontal tissue compared to other GFs. Although BMPs for instance were
proposed as potential insulin sensitizers (322), it would be fair to assume IGFs
would exert such effects more efficiently, due to their structural and functional
similarity to insulin (323,324).
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1.7.3.1 IGF axis

The insulin-like growth factor (IGF) axis consists of two ligands (IGF-1 and IGF-
2), their corresponding receptors (IGF-1R and IGF-2R), as well as six circulating
binding proteins (IGFBP-1 to IGFBP-6) (Figure 1-3). This axis plays a major role

in development and maintenance of mineralized tissues (325).

~BIBEBD %

IGF2
Insulin

Figure 1-3: Components of the IGF axis

The IGF axis consists of IGF-1 (red circle), IGF-2 (black circle), IGF1-R (red receptor), IGF2-R
(black receptor) and 6 binding proteins IGFBP-1 to -6. IGF-1 and IGF-2 bind IGF1-R with IGF-1
having higher affinity. Both ligands can bind hybrid receptor IGF1-R/IR (green receptor). However,
only IGF-2 can bind IR and IGF2-R and insulin (yellow circle) can bind IR and hybrid receptor
IGF1-R/IR. IGFBP-3 and -5 bind to acid labile subunit (ALS, yellow hexagon) to form tertiary
complexes. This figure is designed using schematic art pieces provided by Servier Medical art
(http://servier.com/Powerpoint-image-bank). Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License.

IGF axis is regulated by growth hormone (GH), which is secreted from the anterior
pituitary gland under control of growth hormone-releasing hormone (GHRH) and
somatostatin, and binds to its widely distributed receptors. Upon GH binding to
hepatocytes, they secrete around 75% of circulatory IGF-1, while the locally

produced IGF-1 by other tissues constitute around 25% of serum levels (326).

The IGFBPs are peptides of approximately 260 amino acids that bind IGFs with
both IGF dependant functions (transportation in serum, control of vascular efflux
and clearance, prolonging half-life, serving as reservoirs, tissue specific directing
and regulation of receptor interaction); and independent functions (327). The later
include regulating gene transcription, angiogenesis, autophagy and cell
senescence (328). Expression of IGF and IGFBPs in calcified tissues is under

regulation of factors classically known for prompting bone formation, such as
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vitamin D3, GH, parathyroid hormone and IGF-1. This expression profile is
complex depending on stage of differentiation and matrix mineralization (329).

Insulin -like growth factors -1 and -2

IGF-1 serum concentrations are relatively high (150-400 ng/mL) and more than
99% of this is binding to IGFBPs. It functions as both as hormone and a growth
factor, promoting both autocrine and paracrine actions (330). IGF-1 is the most
abundant growth factor in bone microenvironment, through local production by
bone cells or remotely by hepatocytes and subsequent transportation to bone
tissues (331).

IGF-1 binding to IGF-1R activates receptor autophosphorylation of the
intracellular kinase domain, leading to activation of protein substrates, such as
insulin receptor substrate 1 (IRS-1) and Src homolog and collagen protein (SHC).
Ulimately, PI3K/PDK-1/Akt and Ras/Raf-1/MAPK (MAPK/ERK) signalling
pathway are activated, with the first including activation of PI3K, increased levels
of PIP3 and activation of PDK-1 and Akt. The activation of Ras/Raf-1/MAPK
pathway depends on the SHC-Grb2-SOC complex (332).

IGF-1 is structurally similar to insulin and can act independently of it to enhance
its hypoglycaemic effect. When insulin resistance starts to develop, IGF-1 serum
level initially increases, then reaches a plateau at impaired fasting blood glucose
levels and decrease afterwards with hyperglycaemia and established T2DM
diagnosis (321). rhiIGF-1 has been shown to reduce insulin resistance and
ameliorate glycaemic control in both types of DM, with effects in T2DM

propagated through binding to IGF-1R in skeletal muscles (333).

IGF-1 serum levels are also indicative of bone mineral density (334). IGF-1
increases RANKL production by osteoblasts, leading to osteoclasts activation
and bone resorption. However, this is part of the overall role of IGF-1 in bone
remodelling where bone resorption precedes deposition, with a net anabolic
effect on bone (335).

IGF-2 has a high degree of homology to IGF-1, but with higher binding affinity to
IGF2-R and subsequent internalization and degradation. It plays a major role in
foetal development and its epigenetic regulation is linked to growth related

abnormalities (321). Still, serum levels of IGF-2 in healthy adults exceed those of
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IGF-1 by more than 3-fold. This excess is suppressed through binding to IGF-2R
and IGFBPs (336).

Insulin -like growth factor receptors -1 and -2

The IGF-1R is produced as a 1367 amino acid pre-pro-peptide single chain, with
a 30 amino acid single peptide that is cleaved after translation. The mature
mol ecul e has 2sulsunits thaa are respandibe rfor ligand binding
and 2 tr an s{subunisrthatnaee reBponsible for signal transduction
through the cytoplasmic tyrosine kinase domains (337). Ligand binding induces
conformational changes of the receptor leading to activation of tyrosine kinase
activity, which in turn activates downstream signalling molecules through protein
phosphorylation (338). IGF-1R is structurally similar to IR and both can bind
insulin, IGF-1 and IGF-2 with variable affinity and the mechanism of IGFs binding
to IGF1-R is assumed comparable to insulin binding IR (339). IRS molecules
mediate both IR and IGF1-R signalling, possibly leading to crosstalk of these
signalling pathways in osteoblasts (340)

The IGF-2R/mannose 6 phosphate (M6P) receptor is a type 1 transmembrane
glycoprotein, with the main action of suppressing IGF1-R signalling through
binding to excess extracellular IGF-2. IGF-2/IGF2-R interaction is key for normal
development and is involved in carcinogenesis as well, with IGF2-R reported as

an oncogene in some cancers and as tumour suppressor gene in others (341).

Insulin -like growth factor binding proteins

IGFBP-1 is a secretory protein of ~30 kDa present mainly in the liver and kidneys,
with minor concentration in other tissues. Its serum levels were lower in patients
with glucose intolerance and positively correlated with insulin sensitivity
(342,343). IGFBP-1 phosphorylated form has more affinity to IGF-1 than the non-
phosphorylated one and it was shown to have both stimulating and inhibitory
effects on IGF-1(344).

IGFBP-2 is a plasma protein of 34 kDa produced mainly in the liver, as well as
muscles and adipose tissue (345). IGFBP-2 effects on IGFs action are mainly
inhibitory and serum levels of IGFBP-2 increased with aging in both men and
women; and were associated with lower bone mineral density (BMD) (346) and
with expression of bone resorption markers (347). IGFBP-2 in gingival crevicular

fluid was higher in periodontitis patients and correlated positively with CAL and
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BOP (348). However, on the cellular level, IGFBP-2 along with IGF-1 constitute
key factors for osteoblasts differentiation (349). IGFBP-2 was upregulated during
osteogenic differentiation of DPSCs and also enhanced IGF-1 induced matrix
mineralisation of these cells (350).

IGFBP-3 is 40i 45 kDa glycoprotein and represents by far the main IGFBP in
serum (351). Around 75-80% of IGFs in serum form ternary complexes with
IGFBP-3 (and less commonly IGFBP-5) and acid labile subunit (ALS) (352).
Serum levels of IGFBP-3 were linked with higher BMD in healthy men (353), but
also with vertebral fractures in postmenopausal women (354) and higher CAL
and more teeth loss in patients with periodontitis (355). IGFBP-3 is produced
mainly by hepatic tissues in addition to the kidneys, GIT and uterus under
influence of GH, nutrition and age. IGFBP-3 was shown to have a number of IGF
independent functions, such as regulating gene expression by binding to retinoid
acid X receptor alpha (327).

IGFBP-4 is 237 residue protein with mostly inhibitory effects on IGF-1 and IGF-2
and its overexpression in bone tissue lead to impaired bone formation and
growth. However, some studies have shown anabolic effect of IGFBP-4, where
its systemic administration increased expression of ALP and OCN in mice bone
and serum (356). IGFBP-4 has a cleavage site for pregnancy associated plasma
protein A (PAPP-A), which upon binding, leads to IGFBP-4 proteolysis and IGF-
1 release (357).

IGFBP-5 is a 29 kDa glycosylated protein with high affinity for IGF-1, leading to
reduced IGF-1 receptor biding (358). Itis found in multiple tissues and is the most
ample IGFBP in bone. IGFBP-5 can bind ECM which offers protection against
IGF-1 degradation, represent a reservoir for IGF-1 and potentiates its effects.
IGFBP-5 stimulatory and inhibitory action on IGF have been reported (359).
IGFBP-5 was shown to bind to a number of ECM proteins, including OPN and
collagen, possibly to provide a reservoir of IGF-1 close to IGF-1R or sequester
and inhibit IGF-1 or a combination of both (360).

IGFBP-6 is expressed in humerous tissues particularly the lungs, liver, GIT and
CNS and it is the only IGFBP that has higher affinity for binding IGF-2 than IGF-
1. IGFBP-6 expression is regulated by vitamin D, retinoic acid, IGFs,
glucocorticoids, Wnt and Hedgehog pathways (361). IGFBP-6 functions include

inhibition of IGF-2 dependant cell division, migration, differentiation and survival,
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in addition to inhibiting cell proliferation and stimulating apoptosis independently
of IGF-2 (362). IGFBP-6 also holds intracellular function through binding to

nuclear and possibly mitochondrial receptors (363).

With exception of IGF-2R, all IGF axis members are expressed in cementum and
PDL tissue in variable degrees. Immunohistochemical analysis showed that

cementum Sharpeyods fibres shHGFR2asdiGFBPA g

5, while PDL tissue ECM (not cells) displayed high immunoreactivity of IGF-1 and
IGFBP-6. Interestingly, PDL cells showed immunoreactivity only to IGF-1R and
cementum cells stained positive only with IGFBP-2 (364). This is consistent to
some extent with the work of Reckenbeil et al. (365), that investigated IGF axis
expression in PDL cells excluding IGF-2 and IGF2-R. PDL cells cultured under
basal conditions barely expressed mRNA of IGF-1 and IGFBP-1. However, IGF-

1R was clearly expressed at both gene and protein levels.

Nevertheless, different expression profiles were concluded in other studies.
Compared to gingival fibroblasts, PDL cells overexpressed IGF-1R and IGFBP-5
on gene level (366). PDL cells were also found to express mRNA of IGF-2 and
IGFBP-6 and both show time dependent increase at gene level and decrease at
protein level, but this study did not examine other IGF axis genes and thus, no
firm conclusions can be drawn about their relative expression patterns (367).
Whether these expression patterns would be different in PDL cells from T2DM

patients or under osteogenic conditions is still to be explored.

1.7.3.2 IGF axis in periodontal regeneration

Members of IGF axis have been used for treatment of periodontal and bone
defects in animal models since late 1980s. IGF-1 combined with PDGF was
applied to roots surfaces of teeth with periodontitis in beagle dogs following OFD.
This procedure prompted formation of new cementum and bone with the later
lined with a continuous layer of osteoblasts, while control sites healed with
formation of LJE (368). Similar results were also reported in monkeys (369).
However, when PDGF and IGF-1 were tested individually, PDGF solely could
provoke the periodontal regeneration, unlike IGF-1. Adding IGF-1 to PDGF
significantly stimulated the positive effect of PDGF (370). Consistent with the
above studies, PDGF and PDGF/IGF-1 combination, but not IGF-1 on its own,
enhanced PDL cells attachment to dentine chips from human extracted teeth with
periodontitis (371).
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One study using collagen sponges loaded with a combination of IGF-2, FGF and
TGF-b and applied on alveol ar bone defects
contralateral control sites that received collagen sponges with vehicle only. The
authors propose that the collagen sponge could have interfered with the wound
healing process (372). Another possible explanation is unknown interactions of
the 3 GFs applied simultaneously with little spatial or temporal control of release.
In another study, IGF-1 surgically applied to experimental class Il furcation
defects in beagle dogs improved bone, cementum and PDL regeneration.
However, the results were drastically improved when IGF-1 was incorporated into
a local drug delivery system of dextran-co-gelatine microspheres, which could
help sustain IGF-1 levels in the periodontal defect for longer periods without
repeated administrations (237). Systemic IGF-1 improved glycaemic control and
increased rate and height of bone formation in diabetic rats following teeth
extraction. Although alveolar bone remodelling after dental extraction is not a
periodontal bone defect, these results can still be a plausible cue for periodontal
regeneration in diabetics (373). In swine models of periodontitis, locally applied
IGFBP-5 improved probing depth, CAL and new bone formation (374).

Clinically, a phase I/l clinical trial showed that 150 pg/mL of both rh-IGF-1 and
rh-PDGF produced significant bone fill in angular bone loss including class Il
furcation involvement (375). rh-IGF-1 used with TCP bone graft and PLGA
membranes in clinical surgical treatment of two wall intraosseous defects
improved probing depth, CAL and bone levels, while combining rh-IGF-1 with rh-
VEGF produced even better results (376).

1.7.3.3 Effects of IGF axis on BM -MSCs

FGF-2, but not IGF-1, increased number and size of colonies formed by BM-
MSCs although the majority of these cells expressed IGF1-R, possibly due to
high concentrations of IGFBPs in the cultures (377). IGF-1 stimulation of BM-
MSCs in osteogenic cultures lead to a significant increase in ALP activity, while
BMP-7 lead to a non-significant decrease in ALP activity (378). Another study
found that IGF-1 induced both ALP activity and minerals formation in BM-MSCs
superior to BMP-7, even if the difference was not statistically significant,
suggesting that IGF-1 represents a more promising candidate for clinical
application in bone fractures (379). IGF-1 mediated osteogenesis was linked to

activation of MAPK and PKD signalling pathways and subsequent upregulation

50



of OSX (380), as well as other osteogenic markers, such as ALP, RUNX2 and
OCN (381). IGF-1 pro-osteogenic effects extended to aging BM-MSCs as well
(382).

On the other hand, IGF-1 induced proliferation, adipogenic differentiation and
lipid accumulation in BM-MSCs and these effects were inhibited by IGF1-R
blockers (383), suggesting a more complex role of IGF-1 in regulating
multilineage differentiation potentials of BM-MSCs. Indeed, IGF-1 signalling axis
has shown pro-adipogenic potentials, in addition to its well documented pro-
osteogenic effects (384). IGF-2 also induced ALP activity, Alizarin Red (AR)
staining and expression of RUNX2 and COL-1 in BM-MSCs (385) and could
contribute to regulation of IGF-1 bioavailability in BM-MSCs (386). IGF-2 was
necessary for IGFBP-4 proteolysis and subsequent release and higher
bioavailability of IGF-1. This was increased by pre-treating human osteoblasts
withTGF-b, whi ch st i-Anand sugpessed PAPP-A inhibitor (386).

Relatively ample literature about IGF axis in rodent BM-MSCs exists. [IGF-1
enhanced osteogenic differentiation (ALP activity and AR staining) of rats BM-
MSCs in a dose dependant pattern with maximum effect at 100-200 ng/mL. This
was manifested by increased RUNX2 and OCN expression at both mRNA and
protein levels at a dose of 100 ng/mL (387). IGF-1 was also found to enhance the
osteogenic effect of BMP-6 more than BMP-2 in mouse preosteoblasts (388).
Subcutaneous administration of IGF-1 and BM-MSCs in mice with a stabilized
tibial fracture enhanced soft and hard tissue healing with increased force and
stiffness of the newly formed tissues (389). Moreover, pre-treatment of BM-MSCs
from diabetic rats with a combination of IGF-1 and FGF-2 enhanced their

proliferation rates (390).

Both IGF-1 and IGFBP-2 were crucial for early differentiation of mice osteoblasts

through activation of AMPZactivated protein kinase (AMPK) (391,392). IGFBP-2

binding to receptor tyrosine phosphataseb ( RTPb) , and nodil, its
enhanced IGF-1-stimualted activation of the protein kinase B (AKT) pathway and
subsequent osteoblasts differentiation. Conversely, blocking IGFBP-2 binding to

RTPb has |l ed to i nhi b(398)il@BP-Ddshowbdatanablp h e nor
range of effects raging from inhibition of pro-osteogenic influence of BMP-6 on

mice osteoblasts (394), to increasing IGF-1 concentration in bone matrix and
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enhancing its bone forming effect in terms of bone mass, density and
microarchitecture in rats (395).

1.7.3.4 Effect of IGF axis on PDL cells

Controversial findings were reported about PDL cells response to IGF-1. PDL
fibroblasts, and to a lesser extent gingival fibroblasts, showed higher proliferation
in response to IGF-1, but not GH, possibly due to lack of immediate effect of GH
on these cells. This exposure to IGF-1 also influenced expression of
proteoglycans, with down regulation of decorin and upregulation of versican and
biglycan, indicating potential role of IGF-1 in ECM homeostasis of PDL tissues
(396). On the contrary, PDL cells have shown enhanced proliferation in response
to EMD alone and in combination of IGF-1, but not IGF-1 on its own. Both factors
and their combination had no effect on cells migration, adhesion or expression of
COL-1 (397).

Okubo et al. (398) reported rh-IGF-1 stimulated proliferation of PDL cells, and
EMD treatment enhanced PDL cells proliferation and upregulated IGF-1 on both
gene and protein levels. Anti-IGF-1 antibodies reversed the EMD-mediated
growth of PDL cells and thus, these EMD effects could be conveyed in part
through endogenous production of IGF-1 by these cells. This is different from the
results of cDNA array analysis by Parkar et al. (399), where EMD upregulated a
number of GFs in PDL cells, including PDGF, BMP-1 and -4 but not IGF-1 (399).
One possible explanation is the difference in concentration and duration of EMD
treatment, where Okubo et al. (398) used 50 ug/mL EMD for a max of 2 days,
while Parkar et al. (399) used 100 pg/mL EMD for 4 days.

Additionally, IGF-1 was upregulated in PDL cells under hypoxic conditions,

possibly to decrease apoptosis and promote ROS scavenging through
PISK/Akt/mTOR signalling pathway (400). IGF-1 was also upregulated by
intermittent compressive stress simulating occlusal load via TGF-b pat hway.
Interestingly, hypoxia attenuated this upregulation, suggesting that IGF-1
upregulation in response to occlusal forces could be inhibited in hypoxic deep
periodontal pockets, which may contribute to progression of periodontitis (401).

Single exposure to TGF-b  u p r e dGF1land erdmoted osteogenesis in PDL

cells, while the opposite was observed after repeated exposures to TGF-b . the n

later situation, IGF-1 induction rescued the deteriorating osteogenic
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differentiation of PDL cells, suggesting it could be a valuable tool for promoting
bone regeneration under chronic inflammatory conditions (402).

IGF-1 was expressed at higher levels in PDLSCs than DPSCs. However, when
both cell types underwent osteogenic/odontogenic induction, IGF-1 was
upregulated in DPSCs, but downregulated in PDLSCs. With the overall changes
in gene expression in PDLSCs being more complex (including higher number of
altered genes mostly downregulated), this possibly reflects the distinctive nature
of both cell populations. DPSCs primarily differentiate into odontoblasts for pulp
maintenance, while PDLSCs differentiate into 3 different cell population for
homeostasis of both soft and hard tissues forming periodontium (184).

IGF-1 at a concentration of range 20-200 ng/mL could promote PDLSCs
proliferation. With an optimum concentration of 100 ng/mL, IGF-1 increased
cellular organelles, Alizarin red staining and ALP activity. Moreover, IGF-1
induced the upregulation of RUNX2, OCN and OSX expression at both mRNA
and protein levels under osteogenic media (403). Similar results were obtained
by combining IGF-1 with platelet rich fibrin (PRF) (404). IGF-1 also reduced

apoptosis and caspase-3 expression in PDL cells (405).

Exogenous IGF-1 and IGF-2 induced proliferation of both preconfluent and
confluent PDL cells under basal conditions. However, IGF-1 treatment was
associated with higher expression of OCN in both preconfluent and confluent
cells and higher ALP activity only in preconfluent PDL cells. These effects were
not matched by IGF-2 (IGF-2 induced only ALP activity in confluent cells). This is
consistent with IGF-2 acting as a promitogenic agent maintaining a pool of
undifferentiated cells, while IGF-1 is more committed to PDL cells differentiation
(406). Opposing results were reported for PDL cells cultured under osteogenic
media, with adding rh-IGF-1 increasing mineral deposition, despite decreasing
ALP activity and having no significant influence on OCN expression in PDL cells
(365). Interestingly, osteogenic media suppressed IGF-1 and upregulated IGF-2
MRNA expression, which may indicate that their roles change in different contexts

or culture conditions (407).

These effects of IGF-1 on PDLSCs were most likely mediated through IGF-1R,
as silencing this receptor inhibited the IGF-1 induced proliferation and migration
of PDLSCs. IGFR-1 silencing also decreased IGF-1 expression by PDLSCs (408)
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and selective blockers of IGF-1R kinase reduced calcium deposits of PDL cells,
confirming its role in regulating IGF-1 mediated osteogenesis (407).
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Chapter 2 Aim and Objectives

The main aim of this project was to characterise BM-MSCs isolated from T2DM
patients compared to cells from non-diabetics and investigating their osteogenic
potentials and expression of IGF axis genes for use in autologous stem cell based

bone and periodontal regeneration.
This aim was addressed through multiple experimental objectives as follows:

1. Characterisation and enumeration of BM-MSCs from diabetic and non-diabetic
donors, using colony forming unit fibroblasts (CFU-Fs) assay, population

doubling time (PDT) assay and flow cytometric analysis.

2. Evaluation of osteogenic potentials of both cell populations, using alkaline
phosphatase (ALP) and Alizarin Red (AR) stains, as well as expression of
osteogenic and periodontal markers genes under basal and osteogenic

conditions using gPCR.

3. Evaluation of IGF axis expression in both cell populations at gene and protein

levels under basal and osteogenic conditions.
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Chapter 3 Materials and Methods

3.1 Materials

3.1.1 Cell isolation, ¢ ulture and staining

Table 3-1: Materials used in cell isolation, culture and staining

Product Product number Manufacturer
0.25% (w/v) trypsin-
o (Wiv) )_/p T4049 Sigma-Aldrich
EDTA solution
0.4% (w/v) Trypan blue
b (Whv) _yp T8154 Sigma-Aldrich
solution
15 mL centrifuge tubes 430790 Corning®
50 mL centrifuge tubes 430828 Corning®
6 well cell culture plate 18341 Corning®
70 um cell strainer 352350 Falcon
Acetone 20066423 VWR International
Alizarin Red Staining ScienCellf Research
e . SC-8678 .
Quantification Assay kit Laboratories
U-Modified Minimum
Essential -M BE12-169F Lonza BioWhittaker
MEM)
Citrate concentrate , ,
) 854C-20ML Sigma-Aldrich
solution
Collagenase type |, .
J yp 17100-017 GIBCOE
powder
Corning® Primaria 100
mm Standard Cell 353803 Corning®
Culture Dish
Dexamethasone, powder 31375 Sigma-Aldrich
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Product Product number Manufacturer
Dimethyl sulfoxide . :
276855 Sigma-Aldrich
(DMSO)
Dispase Il (neutral
protease, grade lII), 4942078001 Roche
powder
Fast Blue RR salt, . .
FBS25-10CAP Sigma-Aldrich
capsules
Foetal bovine serum _ _
F9665 Sigma-Aldrich
(FBS)
Formaldehyde BP531-500 Fisher Bioreagents
Glycerol phosphate
disodium salt hydrate G6501-25G Sigma-Aldrich
powder
L-ascorbic acid powder A4403 Sigma-Aldrich
L-glutamine (L-G) , ,
) G7513 Sigma-Aldrich
solution 200 mM
Methylene blue powder 66719-100G Sigma-Aldrich
e Thermo Scientific
Mr Frostie® 5100-0036
Nalgene
Naphthol AS-MX
phosphate alkaline 855-20ML Sigma-Aldrich
solution
Nunc Cryovials 1.8 mL 368632 ThermoFisher Scientific
Penicillin/Streptomycin , ,
, P4333 Sigma-Aldrich
(P/S) solution
Phosphate buffered , ,
BE17-516F Lonza BioWhittaker

saline (PBS)

Pipette tips (10, 20, 200
and 1000 pL)

Starlab, Tip One

Stripettes (5, 10, 25 and
50 mLs)

Corning®
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Product Product number Manufacturer
Tissue culture flasks
(T25 cm?: T75 cm? and -- Corning®
T175 cm?)
ViewPlate-96 Black,
Optically Clear Bottom 6005182 PerkinElmer
with lid
3.1.2 Flow cytometry
Table 3-2: Materials used in flow cytometry
Product Product number Manufacturer
Antibodies (Table 3-3) BD Biosciences
Brilliant stain buffer 563794 BD Biosciences
Compensation Beads 552843 BD Biosciences
Falcon Round Bottom
Polystyrene Tube 5 mL
: 352052 Falcon
Without Cap (12 x 75
mm)
Fixable viability stain .
565388 BD Biosciences
(FVS) 780
Fixation buffer 554655 BD Biosciences
Human Fc Block Pure 564220 BD Biosciences

58




Table 3-3: Antibodies used in flow cytometry analysis

Antibody Product
_ Fluorophore Clone Manufacturer
against number
Phycoerythrin
CD73 AD2 561014
(PE)
Fluorescein
CD90 Isothiocyanate 5E10 561969
(FITC)

Brilliant Violet
CD105 266 566265
421 (BV421)

Brilliant Violet

CD14 MPHIP9 563079
510 (BV510) BD
Allophycocyanine Biosciences
CD19 HIB19 561742
(APC)
Brilliant Blue 700
CD34 581 745835
(BB700)
Brilliant Violet
CD45 HI30 563717
650 (BV650)
Brilliant
HLA-DR Ultraviolet 395 G46-6 565972
(BUV395)
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3.1.3 Quantitative polymerase chain reaction (q

Table 3-4: Materials used in qPCR

PCR)

Product

Product number

Manufacturer

0.2 mL PCR Tubes with
Flat Caps

TF10201

Applied Biosystems

96-Well Semi-Skirted
PCR Plate, White

11402-9909

Bio-Rad Laboratories
Ltd

Ethanol molecular
biology grade

108543-0250

VWR International

High capacity RNA to

Molecular Biology Grade

. 4387406 Applied Biosystems
cDNA kit
Invitrogent UltraPuref
DNase/RNase-Free 10977035 ThermoFisher Scientific
distilled water
Nonstick, RNase-free . :
, AM12450 Applied Biosystems
Microfuge Tubes, 1.5 mL
PCR plate cover seal PCR0516 4titude
RNase-Free DNase Set 79254 Qiagen
RNase-free microfuge , L
AM12425 ThermoFisher Scientific
tubes 2 mL
RNeasy® Mini Kit 74104 Qiagen
TagMan® Gene ( . :
) Applied Biosystems
Expression Assays Table 3-5)
TagMan® Gene
Expression Master Mix-1 4369016 Applied Biosystems
x5 ml
d>Mercaptoethanol ,
A1108-0100 PanReac AppliChem
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Table 3-5: TagMan® gene expression a ssay s used in gPCR

TagMan® Gene

Hb | i(RAAIKLY

resorption (416)

# Gene Description (reference) Expression Assay
number
Glyceraldehyde-3-
hosphate Housekeeping gene
1 prosp Ping 9 Hs99999905-m1
dehydrogenase (409)
(GAPDH)
Hypoxanthine-guanine
yP ] g Housekeeping gene
2 phosphoribosyl (410) Hs99999909 mil
transferase 1 (HPRTL1)
Alkaline phosphatase Osteogenic marker
3 Hs01029144-m1
(ALPL) (411)
Transcription factor -
Runt-related
L Early marker of
4 | transcription factor-2 _ Hs00231692-m1
osteogenic
(RUNX2) . .
differentiation (411)
Calcium binding ECM
. protein - Late marker of
5 Osteocalcin (OCN) , Hs00609452-g1
osteogenic
differentiation (412)
Marker of fibroblasts
Collagenl Al
6 and osteoblasts Hs00164004 _m1
(COL1A1) . _
differentiation (413)
Marker of PDL
7 Periostin (POSTN) fibroblasts differentiation Hs01566750_m1
(414)
_ Marker of
Cementum protein-1
8 cementoblasts Hs04185363 sl
(CEMP-1) . _ B
differentiation (415)
i Receptor for TNF and
Osteoprotegerin (OPG-
9 decoy receptor for Hs00900360_m1
TNFRSF11B)
RANKL (416)
_ Marker of osteoclasts
Receptor activator NF- _ .
10 differentiation and bone Hs01092186_ml
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TagMan® Gene

# Gene Description (reference) Expression Assay
number
Insulin like growth Natural growth factor
11 Hs01547656-m1
factor-1 (IGF-1) (GF) (417)
Insulin like growth
12 Natural GF (417) Hs04188276-m1
factor-2 (IGF-2)
Insulin like growth
Natural GF receptor
13 factor-1 receptor (417) Hs00609566-m1
(IGF1-R)
Insulin like growth
Natural GF receptor
14 factor-2 receptor (417) Hs00974474-m1
(IGF2-R)
Insulin like growth _ )
o ) Carrier protein for IGFs
15 | factor binding protein-1 (418) Hs00236877-ml
(IGFBP-1)
Insulin like growth , )
o . Carrier protein for IGFs
16 | factor binding protein-2 (418) Hs01040719-m1
(IGFBP-2)
Insulin like growth , )
o . Carrier protein for IGFs
17 | factor binding protein-3 (418) Hs00426289-m1
(IGFBP-3)
Insulin like growth Carri tein for IGF
1g | factor binding protein-4 | ~@fer protein for ks Hs01057900-m1
(IGFBP-4) (418)
Insulin like growth , .
o i Carrier protein for IGFs
19 | factor binding protein-5 (418) Hs00181213-m1
(IGFBP-5)
Insulin like growth , .
o i Carrier protein for IGFs
20 | factor binding protein-6 Hs00181853-m1

(IGFBP-6)

(418)

62




3.1.4 Enzyme linked immunosorbent assay (ELISA)

Table 3-6: Kits used for the ELISA assays

Product Product number Manufacturer
Human IGFBP-2
o ) DGB200
Quantikine® ELISA kit
Human IGFBP-3
o ) DGB300
Quantikine® ELISA kit
R&D Systems
Human IGFBP-4
) DY804
DuoSet® ELISA kit
DuoSet® ELISA
) ) DYO009
Ancillary Reagent Kit 3
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3.1.5 Prepared buffers, fixatives and stains

Table 3-7: List of buffers, fixatives and stains

Buffer

Preparation

1% Methylene blue in borate buffer

1 g methylene blue powder dissolved
in 100 mL of 10 mM borate buffer

3.7% Formaldehyde buffer

1 mL of 37% formaldehyde solution
added to 9 mL PBS

Borate buffer

1.91 g disodium tetraborate
decahydrate dissolved in 500 mL H20
and pH adjusted at 8.8 using 1 M
boric acid

Citrate working solution

1 mL citrate concentrate added to 49
mL of distilled (d) H2O.

FACS buffer

PBS supplied with 0.5% v/v bovine
serum albumin (BSA) and 0.05% v/v
sodium azide

Fast-Blue solution

1 capsule of Fast Blue RR salt into 48
mL of d H2>O at room temperature
(RT). The solution was wrapped in

foil for light protection and warmed in

37°C water bath. When dissolved, 2
mL of Naphthol As-MX phosphate
alkaline solution was added.
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3.1.6 Equipment

Table 3-8: Equipments used in different experiments

Equipment Manufacturer

Applied Bi Veybst-etE

Well Thermal Cycler ThermoFisher Scientific

Centrifuges eppendorf
Cytation 5 Plate Reader Biotek
CytExpert software Beckman Coulter
CytoFLEX LX Flow Cytometer Beckman Coulter

NanoDrop ND-1000

Spectrophotometer NanoDrop Technologies, Inc.

The LightCycler® 480 (PTC-100

Peltier - version 9) Roche

Varioskan LUX 1.00.38 Plate

ThermoFisher Scientific
Reader
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3.2 Methods

3.2.1 Isolation of human bone marrow mesenchymal stem cells

Human bone samples of knee joints from T2DM and non-diabetic patients (n=3

for each), undergoing knee joint replacement surgeries at Chapel Allerton

Hospital were used for isolation of human BM-MSCs. The samples were collected

under ethical approval from Yorkshire and Humberside National Research Ethics
Committee (reference number 14/YH/0087 T Appendi x A) and wi't
informed written consent. Demographic data of the donors and preoperative

HbA1c of diabetic donors are listed in Table 3-9.

Table 3-9: Demographic data of BM -MSCs donors .

Diabetic
Other
Donor Age (yrs) Gender (HbAlc e
comorbidities
mmol/mol)

D1 81 F Yes (45) OA, HT
D2 82 M Yes (NA) OA
D3 85 F Yes (47) OA
ND1 76 F No OA
ND2 64 M No OA
ND3 86 M No OA

D: diabetic, HT: hypertension, NA: not available, ND: non-diabetic, OA: osteoarthritis

Bony chips (approximate size of 25 i 30 mm?) were generated from the
cancellous bone parts of the knee joints using sterile bone rongeurs, dental chisel
and mallet. These chips were incubated in a mixture of equal volumes of 3 mg/mL
collagenase type | and 4 mg/mL dispase for 4 hrs at 37°C, with gentle agitation
every 30 mins until the chips looked pale and fragile, as described previously
(4191 421).

Digestion was arrested using 3 mLs of complete me d i aModjfied Minimum
Essent i al -ME#R)dsupplemeatéd with 20% foetal bovine serum (FBS),

1% penicillin/streptomycin (P/S) and 1% L-glutamine (L-G)). The cell suspension
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was aspirated away from the bony chips and centrifuged at 148 x g for 5 mins.
The supernatant was removed and the cell pellet was resuspended in complete
media and passed through a 70 pum cell strainer to generate single cell
suspension for optimum expansion. Cells were cultured in 3 x T175 tissue culture
flasks, labelled as passage (P) 0 and kept in an incubator at 37° C and 5% CO..
After 2 days, media was fully discarded and adherent cells were washed twice
with 10 mL PBS, to remove hematopoietic cells present in suspension. Fresh
media was added (40 mL/T175 flask), and after this media was fully changed
every 5 days.

3.2.2 Cell culture, passaging, expansion and freezing

When PO cells reached 80% confluence, they were washed twice with 10 mL
PBS and detached using 5 mL trypsin-EDTA 0.25% (w/v) solution for 10 mins.
When the cells were completely detached as observed under a light microscope,
2 mL of complete basal media was added to halt the action of trypsin; and the
cell mix was transferred to a 15 mL centrifuge tube and centrifuged at 148 x g for
5 mins. The supernatant was discarded and the cell pellet was resuspended in 5
mL fresh media and live cells were counted using a haemocytometer and 0.01%

(w/v) Trypan blue stain to distinguish dead cells.

To expand cells for further experiments (flow cytometry analysis and osteogenic
differentiation assay), cells were subcultured at density of 4000 cells/cm? in T75
and T175 flasks in 20 mL and 40 mL of media respectively. When confluent, cells
were passaged as described above. Excess cells at each passage were frozen
by resuspension in expansion media supplemented with 10% dimethyl sulfoxide
(DMSO) at a density of ~1.5 x 108 cells per 1.8 mL cryovial. Cells were chilled at
a speed of 1°C/ min in Mr Frostie containers and stored at -80°C freezers for

short term or liquid nitrogen for long term storage (Figure 3-1).
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Figure 3-1: Cells passaging, counting and expansion

A: Tissue culture flask, B: Centrifuge tube, C: Neubauer counting chamber, D: Cryovial.
This figure is designed using schematic art pieces provided by Servier Medical art
(http://servier.com/Powerpoint-image-bank). Servier Medical Art by Servier is licensed
under a Creative Commons Attribution 3.0 Unported License

3.2.3 Colony forming unit fibroblasts (CFU-Fs) assay

Colony forming unit-fibroblasts (CFU-Fs) assay was performed in order to
evaluate the proportions of highly-proliferative cells in early-passage cultures as
described before (422). BM-MSCs at P1/2 were counted and seeded at a density
of 1000 cells (following optimization) in 15 mL of complete media in 100 mm
tissue culture dish in duplicates. Media was fully changed every 5 days, and at
day 14 media was removed. Cells were then washed twice with 10 mL PBS, fixed
using 10 mL of 3.7% formaldehyde solution for 20 mins; and then stained using
10 mL of 1% methylene blue in borate buffer solution for 45 mins. The cells were
gently washed with d H.O and colonies of 50 or more cells were counted and
averaged for each donor. The percentage of colony forming MSCs was calculated

using the equation as described before (423):

% MSCs = number of colonies / number of seeded cells x 100.

3.2.4 Population doubling time assay

To assess the population doubling time of diabetic versus non-diabetic cells, BM-
MSCs at P1 were seeded in T25 flasks at a density of 1 x 10° cells per flask. Cells
were passaged and counted, as described in Section 3.2.2. Counts of seeded
and trypsinized cells, P numbers and passaging dates were recorded to generate
a curve of accumulative population doublings versus accumulative culture days,
as previously described (424). For each passage, population doubling (PD),
accumulative population doubling (APD) and population doubling time (PDT)

were calculated using the following formulas:
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PD = Log 2 (Count of trypsinized cells/count of seeded cells)
APD = Sum of PDs

PDT = Accumulative days (duration) of culture / APD

3.2.5 Flow cytometry analys is

Flow cytometric analysis allows for robust multiparametric analysis of thousands
of cells within the sample preparation on an individual cells basis, depending on
2 physical light scattering parameters (forward and side scatter) and multiple
fluorescent signals emitted from antibody-conjugated fluorophores. This allows
for analysis of phenotypically distinct cell subpopulations (425). A flow cytometer
contains 3 components: fluidics (that direct the liquid containing the sample to the
light), optics (excitation lasers and detectors collecting scattered light and
fluorescent signals); and electronics (converting the collected signals to digital
data) (426). In addition to forward and side scatter, dyes or fluorochrome that can
be conjugated to monoclonal antibodies and get excited by lasers in the flow
cytometer are used to identify markers expressed by the cells (427).

As outlined in chapter 1 of this thesis, the ISCT suggested a panel of markers for
identification of MSCs populations. This includes positive (CD73, CD90, CD105)
and negative (CD14, CD19, CD34, CD45 and HLA-DR) markers (Table 3-10).
These negative markers are normally expressed by hematopoietic cells and
therefore, are used to eliminate the possibility of MSCs contamination by such
cells (177).
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Table 3-10: Surface markers used for MSCs identification through flow
cytometric analysis

Marker Biological role Reference
CD73 Cell surface glycoprotein, expressed on (428)
(ecto-5-NjT) different cell types
Cell surface glycoprotein expressed b
CD90 (Thy-1) _ Jyeop p Y (429)
MSCs, fibroblasts and myofibroblasts
CD105 Cell surface glycoprotein, important for
. . . (430)
(Endoglin) angiogenesis
CD14 Expressed by monocytes and macrophages | (177,431,432)
CD19 Expressed by B cells (177,431)
Expressed by hematopoietic stem and
CD34 _ _ (177,431)
progenitors cells as well as endothelial cells
CD45 Leukocyte common antigen (177,432)
HLA-DR MHC class Il cell surface receptor (424)

3.2.5.1 Setting up compensation matrix

Compensation is the process integral to multicolour flow cytometry to correct
spectral overlap or spillover, which happens with fluorophores that are
measurable in more than one detector/channel. This is achieved by minimizing
the spillover of other fluorophores into one particular channel so that each

channel contains information from one fluorophore only (433).

For compensation matrix setup, single stained tubes of each fluorophore were
run and analysed on the cytometer using either cells or compensation beads
(Table 3-11). CompBeads are polystyrene particles of two populations: the
| g, ) ch

bearing immunoglobulin, and the CompBeads negative control, which has no

CompBeads anti-Mo u s e particles whi
binding capacity. When mixed together with a single antibody-conjugated
fluorophore, they provide 2 populations of beads with distinctive fluorescence that
is used to setup the compensation while preserving the cells populations. BM-

MSCs were used for compensation for the fixable viability stain (FVS), as this
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stain excludes dead cells by positively

cell membranes unlike living ones.
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Table 3-11: Tubes used for compensation matrix setup

# Tube Purpose
1 Unstained cells Control
] ] Compensating for FVS
2 BM-MSCs stained with FVS 780
780
3 Negative beads only Control
4 Beads stained with anti CD73-PE Compensating for PE
5 Beads stained with anti CD90-FITC Compensating for FITC
) ) ) Compensating for
6 Beads stained with anti CD105-BVv421
Bv421
] ) ) Compensating for
7 Beads stained with anti CD14-BV510
BV510
8 Beads stained with anti CD19-APC Compensating for APC
] ) ) Compensating for
9 Beads stained with anti CD34-BB700
BB700
) ) ) Compensating for
10 Beads stained with anti CD45-BV650
BV650
1 Beads stained with anti-HLA-DR- Compensating for
BUV395 BUV395

3.2.5.2 Fluorescence minus one (FMOSs) control

FMOs controls are based on staining cells with all antibody-fluorophore
conjugates used in the panel, except one, for which the threshold to be set to
best determine the negative cell population. Thresholds or gates can be drawn
based on FMOs and applied to the fully stained sample to identify positive events,
with data from FMO and fully stained tubes displayed and compensated similarly
(433,434). Compared to isotype controls, gates based on FMO controls are more
sensitive to dully fluorescent cells and also take into account potential
interactions between antibody reagents and are therefore, considered of greater

value in complex multi-colour staining panels (434).
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For each analysis, a total of 9 FMO tubes were prepared, in addition to the

unstained cells and all stained cells (the sample stained with the full panel of all

antibodies and the live dead stain). These FMOs served as the negative controls

to which the all stained tube was compared for the expression of the

corresponding antibody/fluorophore (Table 3-12).

Table 3-12: FMO controls used in flow cytometry analysis

FMO

) . Anti- ) ) ) ) Anti-
Anti- | Anti- Anti- | Anti- | Anti- | Anti- FVS
CD HLA-
CD73 | CD90 CD14 | CD19 | CD34 | CD45 780
105 DR
Tube 1 CD73
- + + + + + + + +
FMO
Tube 2 CD90
+ - + + + + + + +
FMO
Tube 3 CD105
+ + - + + + + + +
FMO
Tube 4 CD14
+ + + o + + + + +
FMO
Tube 5 CD19
+ + + + - + + + +
FMO
Tube 6 CD34
+ + + + + - + + +
FMO
Tube 7 CD45
+ + + + + + - + +
FMO
Tube 8 HLA-DR
+ + + + + + + = +

Tube 9 FVS 780
FMO
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3.2.5.3 Samples preparation and analysis

Flow cytometric analysis of surface markers was used to characterize the
different stem cell populations examined in this study. Cells at P3-5 were cultured

as above, and harvested at 80% confluency.

Cells were centrifuged at 148 x g for 5 mins, washed twice with PBS and strained
with 70 pL cell strainer to ensure single cell suspension and eliminate any cell

6clumpsd. Cells were then counteddxa0hd

cells/mL. Two aliquots of 50 pL each were put aside for the unstained cells and
FMO T FVS cells.

The remaining cells were incubated with FVS at concentration of 1:1000 (1 pL for
each 1 mL of cells suspension) at room temperature (RT), for 10-15 mins in the
dark. Cells were then washed twice and resuspended in FACS buffer. Cells were
aliquoted into the remaining FMO tubes and the all-stained tube in equal volumes.

Every sample/tube contained approximately 1x10° cells.

Five (5) pL of Fc block reagent was added each tube and incubated for 10 mins
at RT to reduce nonspecific binding of the Fc region of the antibody reagents due
to the Fc receptors that are present on the surface of some cell types. Fifty (50)
uL of Brilliant stain buffer was added to each of the stained tubes, to reduce the

dye-dye interaction.

The appropriate fluorochrome-conjugated antibodies were then added to each
tube and incubated for 45 mins on ice sealed from light. Cells were then washed
twice with 1 mL FACS buffer, centrifuged at 148 x g for 5 mins at a temperature

of 5°C and supernatant was removed.

Fixation buffer (250 pyL) were added to each cell pellet and cells were
resuspended by pipetting and incubated for 15-30 mins at 4°C. Fixed cells were
then washed twice and resuspended in 500 pL of FACS buffer. Fixed cells were

kept at 4°C protected from light until read within 1 week.

The analysis was performed using the CytoFLEX Flow Cytometer. For each
donor/experiment, the following tubes were analysed: Unstained tube, FMO
tubes and fully stained tube. The samples preparation steps are outlined in Figure

3-2 . Data was then compensated and analysed using CytExpert software.
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Cells trypsinized, suspended in PBS and counted

Unstained cells and FMO-FVS
cells aliquoted into their tubes

Rest of cells stained with FVS then incubated, washed and centrifuged

Main cells resuspended in FACS buffer and aliquoted into the
remaining FMO tubes
Fc block and BSB added to each tube

All cells {except in the unstained tube) stained with designated
antibodies then incubated, washed using FACS buffer and centrifuged

Cells fixed, kept at -4°C and analysed within 1 week

Figure 3-2: Samples preparation for flow cytometry analysis

75



3.2.6 Osteogenic differentiation of BM-MSCs

To assess the osteogenic potentials of BM-MSCs, cells isolated from each donor
at P 2-4 were cultured under basal conditions (complete media, Section 3.2.2)
and osteogenic conditions (basal media supplied with 10nM dexamethasone, 50
mg/mL L-ascor bi ¢ aci dlyceaaphbspHateysMis described in other
reports (435)), for 3 different durations: 1, 2 and 3 weeks. The experimental
design is outlined in Table 3-13.

For alkaline phosphatase (ALP) and Alizarin Red (AR) stains, cells were seeded
in 6 well plates at a density of 3 x 10* cells/well. Media was changed weekly and
at each time-point cell cultures were terminated as cells were washed, fixed and

stained, as described in the following sections.

For gPCR gene expression analysis, cells were seeded in T25 flasks at a density
of 1 x 10° cells in 10 mL media. Additionally, 1 x 10° of trypsinized cells were
mixed with RLT lysis buffer and frozen at -80°C, to serve as baseline (T0) controls
as described earlier (436). Similar to cultures planned for staining, media was
changed weekly. At each time-point media was collected for ELISA analysis,
centrifuged at 148 x g to remove any debris, aliquoted into eppendorfs of 1.5 mL
each and stored at -80°C. Cells were then trypsinized as described earlier; and

lysed for RNA extraction and subsequent cDNA synthesis and gPCR analysis.
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Table 3-13: Experimental design for assessment of osteogenic potentials
of isolated BM -MSCs

Time-
point gPCR ALP staining AR staining ELISA
(wks)
Placing 1 x 10° Seeding 2 Seeding 6
trypsinized cells into | wells for each | wells for each
RLT buffer, freezing | time-point (1 B | time-point (3 B
at -80°C and 1 O, no and 3 O,
replicates) duplicates)
Seeding 2 x T25 flask | each with 3 x | each with 3 x
0 (one basal, B and 10* cells. 10* cells.
one osteogenic, O)
each with 1 x 10°
cells for each time-
point (1,2 and 3) 1
total 6 flasks
Collecting
Trypsinizing Wk1 media from
flasks (1 B and 1 O), gPCR flask,
add RLT buffer, aliquoting
freeze at -80°C Staining Wk 1 | Staining Wk1 and85(t)co>£|:ng
wells (LB and | wells (3B and | &~
p-fl\ 10) 30)
1 B
/ ,,
O
Full media change of all Wk2 and Wk3 cultures
2 Same as WKk1 + Full media change of all Wk3 cultures
3 Same as WK1

* Wells stained with AR stain were also used for stain extraction and quantification, B:
basal, O: osteogenic. This figure is designed using schematic art pieces provided by
Servier Medical art (http://servier.com/Powerpoint-image-bank). Servier Medical Art by
Servier is licensed under a Creative Commons Attribution 3.0 Unported License.
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3.2.6.1 Alkaline phosphatase (ALP) staining assay

This assay uses a chemical substrate of ALP enzyme (naphthol) and the products
of the ALP-substrate reaction or their derivatives produce the characteristic blue
stain, which allows detection of ALP activity (437). First media was aspirated from
each well and cells were gently washed twice with 1 mL PBS per well. Next PBS
was removed, 2 mLs of fixative (2 parts of citrate working solution mixed with 3
parts of acetone) were added to each well for 30 secs and then washed twice in
d H20, as previously described (438). Fast Blue stain mixture (section 3.1.5) was
added (2 mL per well) and incubated for 30 mins at RT in the dark. Stained cells

were washed twice with d H>O, examined under light microscope and imaged.

3.2.6.2 Alizarin red (AR) staining and quantification of calcium nodules

The AR staining and quantification of deposited calcium nodules were assessed
after 1, 2, and 3 weeks of culture under basal and osteogenic conditions as
described earlier (439).

AR staining
The staining was performed according t

culture media was removed from all wells and cells were gently washed 3 times
with PBS (2 mL/well). Cells were then fixed using 4% formaldehyde (2 mL/well)
for 15 mins at RT. Formaldehyde was removed and cells were washed gently 3
times with d H20 (2 mL/well) and then water was discarded. One mL of 40 mM
AR dye was added to each well and incubated at RT for 207 30 mins, with gentle
shaking. AR dye was removed and cells were washed 5 times with d H20O (2
mL/well). Stained cells were examined and images were taken using a light

microscope and plates were stored at -20°C until quantification.

Quantification of AR stain

The AR stain quantification assay was
recommendations. First, 800 €L of 1 0Was added toieach veeltand
incubated at RT for 30 mins, with gentle shaking. Next, cells were detached from
the bottom of the wells using a cell scrapper and the acetic acid containing the
cells was transferred to 1.5 mL microfuge tubes, which were vortexed for 30 secs.
The tubes were then sealed with parafilm, heated at 85°C for 10 mins and then

incubated on ice for 5 mins. Tubes were centrifuged at 20,000 x g for 15 mins;
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and 500 OL of the supernatant was ©offansf
10% ammonium hydroxide was added to each tube to neutralize the acetic acid.

Standards were prepared by adding and mi

solution with 900 L of standard dil uti c
standard sol ut iobsandardldiwtion,soluiod erecabdded into 8
mi crofuge tubes (1.5 mL) | abelled #1 to

solution were added and well mixed into tube #1 to get the 2 mM AR stain
standard. This first standard was serially diluted to get a total of 7 standards with

the concentrations of 2 mM, 1 mM, 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 and

0.0313 mM. No AR standard was added to tube #8, which served as the blank.
Finally, 150 gL/ well of each AR stain st
were aliquoted in triplicates in an opaque-walled, transparent-bottomed 96-well

plates.

The absorbance of each well was read at 405 nm (known as optical density or
OD) using Cytation 5 Plate Reader. The OD readings of triplicate wells were
averaged and the OD of the blank well was subtracted from the OD of the
samples to get the calibrated OD. The calibrated OD values of the standard wells
were plotted on the y axis versus the AR stain concentration on the x axis to
produce the standard curve. The equation of the standard curve was calculated

and used to extrapolate the AR concentration of samples.

3.2.7 Analysis of gene expression using quantitative polymerase

chain reaction ( qPCR)

gPCR is a sensitive and efficient assay that can amplify a specific segment of

DNA from a wide pool of DNA, using the following basic components:

Template cDNA that contains the target DNA sequence to be amplified.
Primers which are short DNA fragments with a specific sequence of DNA
bases complementary to target DNA and thus, specify which part of
template DNA is amplified.

Nucleotides, the building blocks of amplified DNA.

DNA polymerase, the enzyme responsible for building up DNA target.

The gPCR allows for repeated cycles of DNA amplification (each cycle consists
of 3 phases: denaturation, annealing and extension); and with each cycle the

amount of target DNA doubles (440).
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One of the main applications of qPCR is measuring gene expression (mRNA) in
a cell. This is usually done by extraction of RNA from cells, using this RNA as a
template to construct single stranded complementary DNA (cDNA), through
reverse transcription and then cDNA is used as a template for PCR (441).

3.2.7.1 mRNA extraction and quantification (including elimination of
genomic DNA) from BM -MSCs cultured under basal and o  steogenic

conditions

Cells were detached using trypsini EDTA solution as described above and RNA

extraction was done using RNeasy Mi ni

I nstructions. First, RLT buffer was

10%) and mixed well. The mix was transferred to nuclease free 2 mL Eppendorf
tubes and stored at -80°C. Cell lysate was removed from -80°C and allowed to
thaw on ice. Equal volume of 70% ethanol was added to the lysate (1:1 v/v with
RLT buffer) and well mixed by pipetting. Next, 700 pL of the solution was
transferred to the RNeasy Mini spin column placed in 2mL collection tube.
Samples were centrifuged for 15 secs at 8000 x g and flow-through was
discarded. Then, 350 uL of RW1 buffer was added and samples were centrifuged
for 15 secs at 8000 x g, flow-through was discarded and 80 pL of DNase enzyme
(10 pL of DNase stock solution and 70 pL of RDD buffer) was added directly to

the RNeasy spin column membrane and incubated for 15 mins at RT.

Next, 350 puL of RW1 buffer was added and samples were centrifuged for 15 secs
at 8000 x g and flow-through was discarded. Then, 500 yL of RPE buffer was
added and samples were centrifuged for 15 secs at 8000 x g and flow-through
was discarded. Finally, 500 yL of RPE buffer was added and samples were
centrifuged for 2 mins at 8000 x g. The spin column was placed in a new 1.5 mL
collection tube and 30 pL of nuclease free water was added. Finally, the tubes

were centrifuged for 1 min at 8000 x g and RNA eluate was collected.

RNA quantification was performed using NanoDrop Spectrophotometer. Two pL
of each RNA sample was used and the resultant quantities were recorded as
ng/uL. The 260/280 ratio was also recorded to assess purity of RNA yield and

these were typically between 1.8 and 2.
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3.2.7.2 Reverse transcription

Single stranded DNA was generated from RNA using High-Capacity RNA-to-
cDNA Kit according to manufacturerods i nst
to thaw on ice and the reagents were mixed so that each reaction had a total

volume of 20 pL:

- 10 pL RT buffer

- 1 pL enzyme mix

- Up to 9 pL RNA sample with a max of 2 pg RNA per reaction.

- Nuclease free H>O sufficient to make the total reaction volume 20 pL

Reactions were incubated in a thermal cycler for 60 mins at 37°C, then for 5 mins
at 95°C and held at 4°C. The resultant cDNA was stored at -20°C until gPCR

amplification.

3.2.7.3qPCR

gPCR reactions were carried out to measure the relative changes in gene
expression using Tagman® gene expression assays (Table 3-5). Each reaction
was conducted into the 96 well plate in duplicates, with each of a volume of 20

UL consisting of:

- 10 pL Master Mix.

- 8 UL nuclease free water.

- 1 uL cDNA sample.

- 1 uL of Tagman® gene expression assay.

Each plate also included non template negative controls (Master Mix, nuclease
free water and TagMan® assay) to exclude any cDNA contamination of the
reagents. The plates were well sealed and centrifuged for 10 secs using a plate
centrifuge and then put into thermal cycler machine (Roche LC480 Light Cycler).
Ampl i fication was carried out according t

reaction composed of 3 phases:
- Preincubation cycle at 95°C for 10 mins.
- 45 Amplification cycles, each at 95°C for 5 secs, then at 65°C for 1 min.

- Final cooling at 4°C for 30 secs.
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3.2.7.4 Data analysis

For each gene, the relative change of gene expression was assessed using the
a&Ct method. For each sample at each time-point, the threshold cycle (Ct) value
for each gene was generated in duplicate using the thermal cycler, indicating the
cycle at which the amplicon florescence was above the threshold. The average
Ct of each gene of interest (GOI) was calculated and normalized to the average
Ct of the housekeeping gene (HKG) GAPDH, HPRT1 and the average Ct of both
genes (normalization to multiple HKGs). This normalization was calculated for

each time-point separately using the equation:

8t = Ct gene of interest (Gon I Ct Hke

3.2.8 ELISA assay for a ssessing protein levels of IGFBPs in

conditioned media

Cells were cultured under basal and osteogenic conditions for 1, 2 and 3 weeks
and at each time-point, conditioned media was collected, centrifuged at 148 x g
for 5 mins at RT and aliquoted to prelabelled 1.5 mL Eppendorf tubes.
Conditioned media aliquots were stored at -80°C till ELISA analysis was carried
out; and unconditioned basal and osteogenic media were used as controls.
Concentrations of IGFBP-2, IGFBP-3 and IGFBP-4 in conditioned media were
measured using human IGFBP-2 and IGFBP-3 Quantikine® ELISA kits and
IGFBP-4 DuoSet® ELISA kit, respectively, according t o manufactur

instructions.

3.2.8.1 IGFBP-2 concentrations measurement using IGFBP -2 Quantikine ®
ELISA kit

Reagents preparation

All reagents except the conjugate antibody were first brought to RT. Wash Buffer
Concentrate was gently mixed to dissolve any crystals, before mixing 20 mL with
480 mL of d H2O to prepare 500 mL of Wash Buffer. IGFBP-2 standard was
reconstituted using d H>O to make a stock solution of 200 ng/mL, which was well
mixed and allowed to sit for 15 mins. Serial dilutions of IGFBP-2 standard were
made by first mixing 100 pL of standard and 900 uL of Calibrator Diluent RD5-20
into a tube labelled with the concentration 20 ng/mL. Then, 500 uL of this tube

were mixed with 500 L of the diluent to prepare a dilution of 10 ng/mL. A total of
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7 serial dilutions were made ending with a solution of concentration of 0.313
ng/mL. The diluent was used as the zero standard or blank (0 ng/mL).

Assay procedure

Samples were removed from -80°C freezer and allowed to thaw on ice. Assay
Diluent RD1X (100 pL) was added to each well. Samples, controls (basal and
osteogenic media) and standards (50 pL), were added to wells in duplicates. The
plate was covered with the adhesive strip and incubated for 2 hrs at RT. Each
well was aspirated and thor oughtfordtimeas hed
After the last wash, any remaining Wash Buffer was aspirated and the plate was

inverted and plotted against clean paper towels.

Human IGFBP-2 Conjugate (200 pL) was added to each well and the plate was
covered with a new adhesive strip and incubated for 1 hr at RT. Towards the end
of the incubation time, Substrate Solution was prepared by mixing equal volumes
of Colour Reagent A and B and the mixture was protected from light. The wells
were washed as described above; and Substrate Solution (200 uL) was added to
each well. Next, the plate was sealed from light and incubated for 30 mins at RT.
Finally, Stop Solution (50 pL) was added to each well and colour change was

observed.

OD was determined for each well within 30 mins using a microplate reader at 450
and 540 nm; and the average of duplicates of each standard, sample and control
was calculated. Readings at 540 nm were subtracted from readings at 450 nm to
correct for optical imperfections in the plate. A standard curve was made by
plotting the average OD for standards on the y-axis and their concentrations on

the x-axis and IGFBP-2 concentrations in samples were extrapolated.

3.2.8.2 IGFBP-3 concentrations measurement using IGFBP -3 Quantikine ©®
ELISA kit

Reagents preparation

Wash Buffer Concentrate was warmed and well mixed to remove any crystals;
and 20 mL of the Concentrate were mixed with 480 mL of d H2O to prepare 500
mL of Wash Buffer. Calibrator Diluent RD5P (20 mL) was added to d H>O (80
mL) to prepare 100 mL of Calibrator Diluent RD5P (diluted 1:5). Human IGFBP-

3 standard was reconstituted using Calibrator Diluent RD5P to prepare a stock
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solution of 50 ng/mL. The reconstituted solution was well mixed and allowed to
sit for 15 mins.

Reconstituted IGFBP-3 standard was serially diluted by first mixing Calibrator
Diluent RD5P (300 pL) with the standard (300 pL) to prepare a dilution of 25
ng/mL. Then, a total of 6 standard dilutions (1:1) were prepared ending with the
one of 0.781 ng/mL. The undiluted IGFBP-3 standard (50 ng/mL) served as the
high standard and Calibrator Diluent RD5P (diluted 1:5) served as the zero
standard or blank (0O ng/mL).

Assay procedure

Samples were removed from freezer and thawed on ice. Assay Diluent RD1-62
(100 pL) was added to each well. Samples, controls and standards (100 pL) were
added to wells as planned in duplicates and the plate was covered with the
adhesive strip and incubated for 2 hrs at 2-8°C.

Each well was aspirated and thoroudhly w
4 times. After the last wash, any remaining Wash Buffer was aspirated and the
plate was inverted and plotted against clean paper towels. Cold Human IGFBP-
3 Conjugate (200 pL) was added to each well. The plate was covered with a new
adhesive strip and incubated for 2 hrs at 2-8° C. Towards the end of the
incubation time, Substrate Solution was prepared by mixing equal volumes of

Colour Reagent A and B. The mixture was protected from light.

The washing procedure described above was repeated and Substrate Solution
(200 pL) was added to each well. The plate was sealed from light and incubated
for 30 minutes at RT. Stop Solution (50 pL) was added to each well and colour
changes were observed. OD was determined as described before, a standard
curve was plotted and IGFBP-3 concentrations in samples were extrapolated as

mentioned above.

3.2.8.3IGFBP-4 concentrations measurement using IGFBP -4 DuoSet®
ELISA kit

Reagents preparation

1x PBS (60 mL) was prepared by mixing 20x PBS (3 mL) with d H2O (57 mL).
Reagent Diluent 3 (diluted 1:5, 60 mL) was prepared by mixing Reagent Diluent
Concentrate 3 (12 mL) with 1x PBS (48 mL) and then 2% heat inactivated goat
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serum was added. 1x Wash Buffer (600 mL) was prepared by mixing Wash Buffer
Concentrate (24 mL) with d H2O (576 mL).

Mouse Anti-Human IGFBP-4 Capture Antibody was reconstituted with 1 mL of
PBS without carrier protein, to the working concentration of 4 ug/mL, as indicated
in the kit Certificate of Analysis. Biotinylated Goat Anti-Human IGFBP-4 Detection
Antibody was reconstituted with 1 mL of Reagent Diluent with 2% heat inactivated
normal goat serum, to the working concentration of 100 ng/mL, as indicated in
the kit Certificate of Analysis. Streptavidin conjugated to horseradish-peroxidase
(Streptavidin-HRP, 1 mL) was diluted 200-fold using Reagent Diluent.

One vial of recombinant Human IGFBP-4 Standard was reconstituted with 0.5 mL
of Reagent Diluent, to prepare a stock standard solution (460 ng/mL). A total of
seven 2-fold serial dilutions were prepared with concentrations ranging from 32
ng/mL to 0.5 ng/mL. The Reagent diluent served as the zero standard or blank.

Assay procedure

Immediately after preparation of diluted Capture Antibody, the 96-well microplate
was coated with the diluted Capture Antibody, by addi ng 100heelL pe
plate was then sealed and incubated overnight at RT. The next day, each well

was aspirated and thoroughly washed 3 times as described earlier.

The plate was blockedby addi n gfRegayént Déluent o each well and
incubated for at least 1 hr at RT and then the washing procedure was repeated.
Samples, controls, and standards (100 pL per well) were added in duplicates.
The plate was covered with an adhesive strip and incubated for 2 hrs at RT; and

the washing procedure was repeated.

Detection Antibody (100 pL, diluted in Reagent Diluent with the inactivated
normal goat serum) was added to each well. The plate was covered with a new
adhesive strip and incubated for 2 hrs at RT and the washing procedure was
repeated. The working dilution of Streptavidin-HRP A (100 uL) was added to each
well. The plate was covered, wrapped in aluminium foil for light protection and
incubated for 20 mins at RT. Within 15 mins of its use, Substrate Solution was
prepared by mixing equal volumes of Colour Reagent A and Colour Reagent B

and protected from light. The washing procedure described above was repeated.

Substrate Solution (100 pL) was added to each well. The plate was wrapped in

aluminium foil for light protection and incubated for 20 mins at RT. Stop Solution
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(50 pL) was added to each well and colour changes were observed. The OD of
each well was measured and IGFBP-4 concentrations were extrapolated as

described before.

3.2.9 Statistical analysis

Data were analysed using GraphPad Prism software (v 9.2.0). The results of
CFU-Fs, PDT, flow cytometry and AR stain quantification analyses are presented
as mean = standard deviation (SD). The results of gPCR and ELISA assays are
presented as mean = standard error of mean (SEM). Paired t test was used to
compare matching groups (basal and osteogenic cultures of the same cells
population at each time-point) while unpaired t test was used to compare non
matching groups (non-diabetic and diabetic cells cultures at each culture
condition and time-point). Repeated measures one way ANOVA (RM-ANOVA)
was used to compare different time-points of each cell population under the same
culture condition for AR stain quantification, q°PCR and ELISA assays. P values
were determined and differences were considered statistically significant if p
<0.05.
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Chapter 4 Results

Characterisation of diabetic BM -MSCs in comparison to non -

diabetic controls

4.1 Introduction

BM-MSCs are the most investigated MSCs for bone regeneration due to their
superior osteogenic capabilities (442). Autologous stem cells transplantation
offers multiple advantages over other approaches for bone regeneration. For
instance, it carries no risk of immunologic reaction which could be associated with
allogenic cell transplantation (217). Therefore, characterisation of BM-MSCs
isolated from patients with systemic diseases is of utmost importance for
successful clinical translation of this regenerative therapeutic approach. This is
especially true for diabetes, which is projected to affect more than 10% of world
population by 2045 and is associated with multiple macro- and micro-vascular

complications (443).

Basic identification and characterisation of MSCs is a cornerstone for any
subsequent investigation. The International Society for Cellular Therapy (ISCT)
proposes that MSCs are defined by their ability to adhere to plastic, positive
expression of CD73, CD90 and CD105 in the absence of CD45, CD34, CD14 or
CD11b, CD79a or CD19 and HLA-DR expression and finally their multilineage
differentiation potentials (177). The CFU-Fs assay is considered one of the
longest standing and simplest methods for MSCs enumeration, based on their
capability to adhere to plastic and to proliferate forming colonies (422). The
expression of the above mentioned MSCs markers have been investigated using
multi-parameter flow cytometric immunophenotyping of BM-MSCs and their
MSCs expression profile has been confirmed (423,444), including in BM-MSCs
from diabetics (245,248). Yet the number of studies investigating diabetic BM-
MSCs i s relatively | i mi t eMBCsc Momepvarr asd t o
elaborated later in this chapter, there is considerable variation in these studies
regarding anatomical origin of BM-MSCs, their method of isolation and the overall

experimental design.
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The present study was designed to compare diabetic and non-diabetic BM-
MSCs, in terms of their clonogenic potentials, growth kinetics and expression of
stem cells surface markers using flow cytometry. This would highlight whether
diabetes has an influence on BM-MSCs and whether these cells are competent
for regenerative periodontal applications. Three donors from each group were
included and their demographic data are shown in chapter 3 of this thesis.

4.2 Results

4.2.1 Colony for ming unit fibroblasts (CFU -Fs) assay of diabetic and
non -diabetic BM-MSCs

BM-MSCs from non-diabetic (n=3) and diabetic (n=3) donors at P1/2 were
counted and seeded at density of 1000 cells in 100 mm tissue culture dishes in
duplicate. After 14 days, cells were fixed, stained and colonies of 50 or more cells
were counted and averaged. The percentage of colony forming MSCs for each
donor was calculated and compared. Figure 4-1 shows a representative image
of stained CFU-Fs from a diabetic and a non-diabetic donor. Non-diabetic BM-
MSCs had an average of 9.58 + 2.42% CFU-Fs, while the mean CFU-Fs from
diabetic cells was 10.07 + 6.41%, and this difference was not statistically

significant (Figure 4-2).

A

Figure 4-1: Representative CFU -Fs of early passage BM -MSCs isolated
from a non -diabetic (A) and a diabetic donor (B).
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Figure 4-2: CFU-Fs in non -diabetic (ND) and diabetic (D) early passage
BM-MSCs.

The data are presented as the mean of biological replicates (n=3) = SD and was
analysed using unpaired t test. p=0.91.

4.2.2 Population doub ling time (PDT) assay of diabetic and non -
diabetic BM -MSCs

To assess the proliferative capacities and potential impact of passaging on BM-
MSCs growth kinetics, cells from diabetic and non-diabetic donors at P1 were
seeded in T25 flasks at a density of 1 x 10° per flask. Cells were passaged and
counted and at each passage, population doubling (PD), accumulative population
doubling (APD) and population doubling time (PDT) were calculated, as

described in chapter 3 of this thesis.

Table 4-1 shows the means and SDs of PD, APD and PDT at P2:5 for non-
diabetic and diabetic BM-MSCs. Figure 4-3 shows PD (A), APD (B) and PDT of
non-diabetic and diabetic cells at P 2-5 (C) and none of these differences were
statistically significant. Unsurprisingly, there was a trend of reduced PD and
increased PDT in P5 versus P2 in both cell populations, indicating relatively lower

proliferation rates at later passages.
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Table 4-1: PD, APD and PDT of non -diabetic and diabetic BM -MSCs

APD PDT
Y Y Y
Passage
ND (mean % D (meant | value | ND (mean + D (mean+ | value | ND (mean + D (mean+ | value
SD) SD) SD) SD) SD) SD)

P2 1.72 £0.38 1.33+£0.79 0.5 2.72 £0.99 2.74+0.54 | 0.97 8.1+0.34 582 +1.4 0.1
P3 1.49 £0.89 1.49+0.66 | 0.99 421+1.73 423+1.18 | 0.99 8.45 + 1.56 6.24+0.58 | 0.12
P4 0.87 £0.51 1.31+0.54 | 0.37 5.08 £2.22 554+169 | 0.79 | 11.28+356 | 6.58+1.31 | 0.14
P5 0.67 £0.72 0.92+0.34 | 0.63 5.76 £ 2.93 6.46 £193 | 0.75 | 12.48+4.79 791+24 0.24

APD: Accumulative population doubling, D: Diabetic, ND: Non-diabetic, PD: Population doubling, PDT: Population doubling time.
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Figure 4-3: PDT assay of non -diabetic (ND) and diabetic (D) BM -MSCs

A: Population doubling (PD). B: Accumulative population doubling (APD). C:

Population doubling time (PDT). Data presented as mean + SD and was analysed
using unpaired t test.
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4.2.3 Flow cytometric analysis of stem cells surface markers of
diabetic and non -diabetic BM-MSCs

4.2.3.1 Stem cell surface markers expression on non  -diabetic and diabetic
BM-MSCs

BM-MSCs from non-diabetic and diabetic donors at P3-5 were cultured under
basal conditions until 80% confluent. They were then detached and stained with
the antibody panel as described in the chapter 3 of this thesis, to assess the
expression pattern of ISCT MSCs surface markers (positive MSCs markers were
CD73, CD90 and CD105 and the negative markers were CD14, CD19, CD34,
CD45 and HLA-DR). An appropriate compensation matrix was set up using cells
and CompBeads and FMOs tubes were used as negative controls to determine
the negative population of each antibody used. Cells were analysed using
CytoFLEX Lx Flow Cytometer and data was compensated and analysed using
CytExpert software.

The dot plot showing FSC versus SSC was used to set up the first gate (P1),
whose purpose is to exclude dead cells and debris which typically have lower
values of both. Next, viable cells were further gated based on their negative
uptake of the FVS (this dye binds to cell surface and intracellular amines, the
latter will only be stained where a cellular membrane is permeable, as occurs in
dead or dying cells. This increases the fluorescence of non-viable cells). The
signal of FVS in the corresponding channel was plotted versus FSC and cells
with FVS florescence below 10° were gated as likely viable cells and carried

forward in the following analyses (Figure 4-4).

Following the gating described above, the FMO for each antibody was used as
the negative control, where gates were placed to include 98% of the FMO cells.
Histogram overlays of FMO and the all stained sample were constructed and the
proportion of cells falling beyond the FMO gate in the all stained sample was
determined as the proportion of cells positively stained with the
antibody/fluorophore conjugate (Figure 4-4). This approach was used on cells
from all donors, and representative plots are shown from a non-diabetic donor
(ND1, Figure 4-5) and a diabetic donor (D2, Figure 4-6). CD73 is shown as an
example of a positive marker and CD14 is shown as an example of a negative

marker.
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Both diabetic and non-diabetic cultures contained substantial populations that
expressed the positive markers, CD73, CD90 and CD105, but only contained
minimal levels of expression of negative markers CD14, CD19, CD34, CD45 and
HLA-DR. Table 4-2 show the proportion of cells expressing each marker in non-
diabetic and diabetic BM-MSCs and none of these differences was statistically
significant. Figure 4-7 show the percentage of cells expressing each marker in

BM-MSCs from non-diabetic and diabetic donors.
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Figure 4-4: Flow chart showing sequential gat  ing strategy for evaluation of MSCs surface markers expression on BM -MSCs
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Figure 4-5: Expression of MSCs surface markers on non  -diabetic BM -MSCs

A: Gating to exclude dead cells and debris based on their forward and side scatter. B: Gating of living cells based on their negative
uptake of FVS. C: Expression of CD73 (as an example of a positive MSCs marker) in sample stained with all panel antibodies (all
stained cells) relative to FMO control (minus CD73 antibody). The gates were set to include 98% of the FMO control cells. D: Lack of
CD14 expression (as an example of a negative MSCs marker) in all stained cells relative to FMO control missing CD14 antibody.
The gates were set to include 98% of the FMO control.
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Figure 4-6: Expression of MSCs surface markers on diabetic BM  -MSCs

A: Gating to exclude dead cells and debris based on their forward and side scatter. B: Gating of living cells based on their negative
uptake of FVS. C: Expression of CD73 (as an example of a positive MSCs marker) in all stained cells relative to FMO control missing
CD73 antibody. The gates were set to include 98% of the FMO control cells. D: Lack of CD14 expression (as an example of a negative
MSCs marker) in all stained cells relative to FMO control missing CD14 antibody. The gates were set to include 98% of the FMO
control.
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Table 4-2: Proportions of cells expressing MSCs mark

and diabetic BM -MSCs

ers in non -diabetic

Marker Non-diabetic (mean + SD %) | Diabetic (mean + SD %) | p value
CD73 96.58 + 3.49 99.22 +0.71 0.32
CD90 95.42 + 3.7 98.11 +1.08 0.33
CD105 90.2 +9.58 97.05+4.18 0.34
CD14 3.09+2.32 2.07 £0.51 0.53
CD19 4.03+2.52 3.65+2.72 0.87
CD34 3.54 +2.38 5.2+4.61 0.62
CD45 1.42+0.3 2.27 £1.08 0.3
HLA-DR 1.28 £0.32 2.42 +0.87 0.14
150
- = ND
XX
5 mE D
§ 1001z T I
o
)
o 50
7
3
=

Figure 4-7: Expression of MSCs surface
diabetic (D) BM -MSCs.

Data presented as mean + SD (n=3) and was analysed using unpaired t test.
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4.2.3.2 Identification and enumeration of MSCs populations in non -diabetic
and diabetic BM-MSCs based on their phenotype

BM-MSCs cultures from non-diabetic and diabetic donors were compared
regarding the population of cells that fulfil the ISCT criteria for MSCs identification
(177). Since MSCs would typically express all of the positive markers and none
of the negative markers, a hierarchical gating strategy using dot plots was used
as shown in Figure 4-8. Cells positive for both CD73 and CD90 were gated and
carried forward to be analysed and further gated based on expression of CD105,
in the absence of CD14 expression. This analytical approach was performed
sequentially where cells were then subjected to further gating set up to select
cells that were negative for CD19, CD34, CD45 and HLA-DR and ultimately the
proportion of MSCs population relative to living cells was calculated. This scheme
was used with both non-diabetic cells (donor ND1 as a representation is shown
in Figure 4-9) and diabetic cells as well (donor D2 as a representation is shown
in Figure 4-10). Non-diabetic cells included 82.88 + 7.28% MSCs while diabetic
cells included 94.02 + 1.5 % MSCs and this difference was not statistically

significant (Figure 4-11).
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Figure 4-8: Flow chart showing gating strategy for MSCs enumeration in non -diabetic and diabetic BM -MSC.
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Figure 4-9: Sequential gating for enumeration of MSCs population in non

diabetic BM -MSCs

A: Gating to exclude dead cells and debris based on their forward and side
scatter. B: Gating to include living cells based on their negative uptake of FVS.
C: Gating to include CD73*CD90* cells in quadrant Q1-UR. D: gating to include
CD73*CD90*CD105"CD14" cells in quadrant Q2-LR. E: Gating to include
CD73*CD90*CD105"CD14°CD19CD34 cells in quadrant Q3-LL. F: Gating to
include CD73*CD90*CD105"CD14°'CD19CD34 CD45HLA-DR" cells in quadrant

Q4-LL.
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Figure 4-10: Sequential gating for enumeration of MSCs population in
diabetic BM -MSCs

A: Gating to exclude dead cells and debris based on their forward and side
scatter. B: Gating to include living cells based on their negative uptake of FVS.
C: Gating to include CD73*CD90* cells in quadrant Q1-UR. D: gating to include
CD73*CD90*CD105"CD14" cells in quadrant Q2-LR. E: Gating to include
CD73"CD90"CD105"CD14CD19CD34" cells in quadrant Q3-LL. F: Gating to
include CD73*CD90*CD105"CD14'CD19CD34 CD45HLA-DR" cells in quadrant
Q4-LL.
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Figure 4-11: MSCs enumeration in non -diabetic (ND) and diabetic (D) BM -
MSCs

Data presented as mean + SD (n=3) and was analysed using unpaired t test, p
=0.11.

4.3 Discussion

The results presented in this chapter show that both diabetic and non-diabetic
BM-MSCs have similar clonogenic and proliferative capacities. CFU-Fs assay
have been used for decades to quantify MSCs from different tissue sources,
including bone marrow aspirates (BMA) (445) and early passage cultured BM-
MSCs (446), with the latter approach reporting higher counts of CFU-Fs
compared to uncultured fresh tissue digests. The presented data showed there
was no significant difference in number of CFU-Fs in both cell types (Figure 4-2),
which agrees with previous reports (246,249). In one report, BM-MSCs count in
BMA, following density gradient centrifugation, from diabetics and non-diabetics

was comparable (247) which is also in harmony with the presented findings.

Nonetheless, reduced CFU-Fs and CFU-Os in diabetic BM-MSCs compared to
non-diabetics has been reported by Cassidy et al. (248). A possible explanation
for this discrepancy is BM-MSCs source and isolation technique. While BM-MSCs
in this thesis were isolated from OA knee joints using enzymatic digestion, BM-
MSCs in the aforementioned study were isolated from BM of femoral necks of
patients undergoing hip replacement surgery. Moreover, in our study diabetic
patients had age range of 81-85 yrs and non-diabetics of 64-86 yrs. Cassidy et al
(248) recruited diabetic donors with age range of 57-91 yrs and non-diabetics of
51-89 yrs. It is possible that the cohort included in the present study experienced
age dependant decline in CFU-Fs due to their relatively older age as reported
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elsewhere (446,447). Thi s decline could have 6émask

attributed to the donorsdé diabetic s

Moreover, the CFU-Fs in this thesis used early passage BM-MSCs which were
cultured for 14 days as reported earlier (424,448), and the results were reported
as a percentage of seeded cells. Cassidy et al. (248) cultured their CFU-Fs and
CFU-Os using fresh BM aliquots for 8-10 days and reported their results per
100,000 mononuclear cells (MNCs). It is possible that this relatively shorter
duration of both assays and the use of fresh BM rather than passaged cells
allowed Cassidy etal. (248)t o 6pi ck updé minor diff
non-diabetic cells.

The presented results indicated no difference in PD, APD or PDT in diabetic
versus non-diabetic BM-MSCs (Figure 4-3), and these findings were supported
by literature showing similar outcomes (245,247,248). Brewester et al. (246)
reported reduced proliferation of ischemic and ischemic/diabetic BM-MSCs
compared to healthy controls, but no differences in APD between ischemic and
ischemic/diabetic cells, which is also comparable to our results. Thus, consensus
opinion seems to support that T2DM is unlikely to influence BM-MSCs growth

kinetics.

In contrast, BM-MSCs cultured under HG or other diabetic simulation conditions
showed significantly lower proliferation capacities (268,273,275). This could
indicate that such changes are related to MSCs environment rather than inherent
alterations in diabetic cells. HG culture conditions possibly use excessive levels
of glucose that may be much higher than those present physiologically in
diabetics (256) and do not fully or accurately replicate the complicated type 2
diabetic microenvironment that entails hyperglycaemia, hyperlipidaemia,
hyperinsulinemia, inflammatory cytokines, hypoxia, AGES and ROS (253) as

detailed in chapter 1 of this thesis.

Nevertheless, one study has shown initial higher proliferation rates of BM-MSCs
cultured under simulated diabetes/periodontitis conditions (HG and LPS),
followed by sustained reduced proliferation as a result of the cytotoxic effects of
LPS (271). Another study showed that serum of T2DM patients with 8-10%
HbAlc concentrations boosted BM-MSCs proliferation compared to non-diabetic
serum with <6.5% HbAlc with authors suggesting that a certain degree of

hyperglycaemia could induce BM-MSCs proliferation. On the other hand, serum
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with >10% HbA1c concentrations typically seen in poorly controlled diabetics
considerably reduced BM-MSCs proliferation rates (276).

Both diabetic and non-diabetic cells in this study showed steady decline in
proliferation over passaging and this also is consistent with previous reports
(247). Indeed, BM-MSCs extensive culture and passaging can be considered in
vitro aging, possibly leading to cells senescence and reduced proliferation due to
decline of fast dividing cells (449). Zhang et al. (450) noted increased senescent
phenotype in diabetic BM-MSCs using senescence-a s s 0 c i -gdlaetasidabe
(SA-b-Gal) staining, and a similar conclusion was made using BM-MSCs cultured
under HG (268). Yin et al. (451) in a recent review discussed possible
mechanisms through which hyperglycaemia can induce senescence in MSCs,
including mitochondrial dysfunction, oxidative stress and telomere attrition (451).

The expression of MSCs surface markers was assessed using multi-parameter
flow cytometric immunophenotyping and the presented data show that both
diabetic and non-diabetic viable BM-MSCs included similar and relatively high
proportions of MSCs, which expressed positive and negative markers at
comparable levels. This set of experiments used a multi-parameter flow
cytometry panel consisting of 8 antibody/fluorophore conjugates and a FVS as
described in chapter 3 of this thesis. These conjugates were selected to minimize
the risks of spectral overlap and the need for subsequent compensation. Factors
considered in this process included fluorophores brightness and excitation and
emission spectra and whether they were conjugated to antibody detecting a
positive (abundantly expressed on MSCs) or negative marker (scarcely
expressed) was also considered. The FVS used in this panel is an amine binding
dye that would be taken up by dead cells because of their permeable plasma
membranes as described earlier in this chapter. This type of dyes can be
advantageous over DNA binding dyes whichcou |l d 61 eak 6 of st ain

to some signal loss (452).

CD73, CD90 and CD14 expression patterns in diabetic BM-MSCs in this study
were similar to those reported by Phadnis et al. (244). However, their study
reported lower levels of CD105 expression (~37.6 + 15.56%) and higher levels of
CD34 (<17.4 £ 8.14%) and CD45 (<26.9 * 12.92%) expression, possibly
indicating an overall lower proportion of cells that fulfilled the MSC criteria in their

samples. This could be due to differences of recruited donors of BM-MSCs in
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both studies: Phadnis et al. (244) isolated BM-MSCs from the sternum of T2DM
patients undergoing cardiac bypass surgery, with age range 15-85 yrs old. The
BM-MSCs in the current study were isolated from OA knee joints of T2DM
patients undergoing joint replacement surgery, with age range of 81-85 yrs.
Moreover, the sternal BM-MSCs were isolated using mechanical disruption of
BMA, followed by density gradient separation, as opposed to here, where BM-
MSCs were isolated using enzymatic digestion of cancellous bone chips from the
excised knee joints. Although BM-MSCs from iliac crest and vertebral body of the
same donor have shown variable osteogenic potentials, still they expressed
similar levels of CD34, CD90 and CD105 (453). This means that anatomical site

may not influence MSCs expression profiles dramatically.

Another explanation that could be considered but unlikely to be influential is the
above mentioned difference in age range of BM-MSCs donors in this thesis
compared to Phadnis et al. (244). Although ageing is known to negatively
influence BM-MSCs numbers and proliferation rates (454), BM-MSCs from
elderly and younger donors showed no difference in their phenotypes (247).
Indeed, the MSCs surface markers assessed in this thesis are known to be
relatively stable, with no apparent influence of aging on their expression patterns
unlike other markers, such as CD106 or CD146, which can show variable

expression patterns (454).

The presented results are also similar to those reported by Gabr et al. (245), who
reported similar expression levels of MSCs markers in diabetic and non-diabetic
BM-MSCs. Although they did not isolate their cells from knee joints as was
performed in this study (the diabetic BM-MSCs were from BMA of iliac crest, while
the non-diabetic cells were harvested from BMA during hip replacement surgery),
it seems that in this instance the variable isolation site and method did not
influence the expression patterns of isolated cells. The presented results also fall
within the same range as those reported by Andrzejewska et al. (247), where
both diabetic and non-diabetic BM-MSCs expressed similar levels of MSCs
markers. The authors isolated the cells from metaphyseal BM biopsies of patients
undergoing hip replacement surgery, and it was passaging (in vitro aging) that
lead to a weak decrease in CD105 expression in both diabetic and non-diabetic
cells with no impact attributed to the diabetic status. The current findings also

agree with those of Cassidy et al. (248), where both diabetic and non-diabetic

105



BM-MSCs fit the aforementioned MSCs phenotype with no significant
differences.

Brewster et al. (246) compared the MSCs markers expression in healthy,
ischemic and ischemic diabetic BM-MSCs, cultured in media with FBS and
platelet lysate. The authors reported their results as mean fluorescent intensity,
which makes it challenging and inconsistent to make comparisons to the current
findings described as proportion of positive markers expression relative to FMO
controls. There were no identifiable differences between both media types and
differences between the 3 cells populations investigated were not reported,
although they all fitted the expected MSCs expression patterns (246).

It could be argued that osteoarthritic status of the knee joints used in the present
study could have influenced the BM-MSCs expression pattern of MSCs surface
markers. Although OA influences all components of the joint, including
subchondral bone (455), its impact on expression of MSCs markers on BM-MSCs
from OA joints is not fully established. One report comparing BM-MSCs from
healthy and osteoarthritic hip joints found that all MSCs surface markers were
similarly expressed except for increased CD90 and reduced CD166 expression
in OA cells. Other markers had comparable expression levels in OA and healthy
cells, indicating similar MSCs phenotype (456). Another study on BM-MSCs from
talus and distal tibia of OA ankle joints as wellas BM-MSCs fr om O6heal t
crest, were all 95% or more positive for MSCs positive markers and 3% or less

positive for MSCs negative markers (444).

It is worth mentioning that while Phadnis et al. (244), Gabr et al. (245) and
Brewster et al. (246) used isotype controls to gate the negative populations, this
thesis used FMO controls. FMO controls account for background staining
resulting from spillover and control for interactions between multiple antibodies
used simultaneously, thus is more relevant and increasingly used in complex
multi-parameter flow cytometric immunophenotyping. While isotype controls on
the other hand has been extensively used to address background staining
attributed to non-specific binding to Fc receptors (457), the staining protocol
followed in this thesis used Fc block which would act to minimise non-specific
binding via interaction with Fc receptors. Because of the number of
antibody/fluorophores conjugates used in the present study, FMO controls were

judged to be more appropriate compared to isotype controls. Additionally,
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including the all stained sample in this thesis allowed for true multi-parameter
phenotyping where cells were stained for all the markers within one sample to

confirm concurrent expression of all the markers in the same cell preparation.

Different studies cultured BM-MSCs under normoglycemic and simulated diabetic
conditions, as detailed in chapter 1 of this thesis with some of these studies
running flow cytometric analysis only on cells grown under normoglycemic media
for confirmation of MSCs phenotype prior to further experiments (275). However,
none of these evaluated the expression patterns following exposure to diabetic
culture conditions. Interestingly, one study compared early versus late passage
BM-MSCs, subcutaneous and omentum AT-MSCs under HG conditions. For all
included cell types, there was no significant change in expression patterns in later
passages compared to early ones, with positive MSCs markers generally
expressed at + 90% and negative MSCs markers expressed generally at i 20%.
The fact that the 3 cell types maintained their phenotype even under extensive
culture in HG was interesting, but the lack of normoglycemic cultures as controls

does not give the full picture (270).

In general, MSCs of different sources including BM-MSCs and AT-MSCs have
shown no difference between diabetic and non-diabetic cells regarding their
phenotype, as Mahmoud et al. (7) have elaborated in their extensive review on
diabetic MSCs. Nevertheless, there are some isolated reports of altered
expression patterns attributed to diabetes. For instance, diabetic AT-MSCs
showed higher expression levels of CD90 and CD105, coupled with upregulation
of Nanog and Oct-4 compared to non-diabetic cells. Because the MSCs niche is
under strict control of different factors striking a fine balance between self-renewal
and differentiation, the authors suggest that the diabetic microenvironment could
have 6skewedd t hree M&SWasl -darf bae adednats|ldading d 6 st

to this overexpression of stemness markers (458).

All the above mentioned studies compared expression of MSCs surface markers
in diabetic and non-diabetic BM-MSCs. However, they did not include MSCs
enumeration based on the hierarchical expression of these markers as described
in this chapter. This approach uses the data already collected in flow cytometric
analysis of MSCs surface markers expression, but with a few extra steps of
analysis. Such methodology was described in the work by Alkharobi et al. (459),

who compared DPSCs from sound and carious teeth using 3 positive (CD90,
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CD105 and CD146) and 2 negative (CD31, CD45) MSCs markers. Herein, a total
of 8 markers (3 positive and 5 negative markers) were used as recommended by
the ISCT as minimal criteria to define MSCs. This is particularly important for BM-
MSCs identification to exclude blood cells and hematopoietic stem cells that the
bone marrow normally harbours (177). While this thesis concluded that non-
diabetic BM-MSCs contained 82.88 + 7.28% MSCs population compared to 94.02
+ 1.5% in diabetic cells, Alkharobi et al. (459) reported much lower proportions
with DPSCs form carious teeth expressed including 34 + 16.6% MSCs population
compared with 18.5 N 19.3% in 6heal't
et al. (459) used DPSCs with a different panel to the one employed in this thesis

and encountered considerable variation in CD146 expression.

Flow cytometry based MSCs enumeration and sorting has been repeatedly
reported in the literature using a variety of antibody/fluorophore conjugates. For
instance, BM-MSCs were enriched based on their positive expression of D7-FIB
(a fibroblast marker) and then CD45'°% D7-FIB* LNGFR* (LNGFR or CD271 is
low affinity nerve growth factor receptor) population was enumerated within the
enriched cells (447). Moreover, BM-MSCs were purified as CD45'°%/CD271* cells
using FACS (419,421,460,461). Both procedures are used to enrich uncultured
BM-MSCs, which is different to the approach utilized in this thesis. However, to
the best of my knowledge, the work described in this thesis should be the first
attempt to use flow cytometry based MSCs enumeration with passaged human
diabetic BM-MSCs. It would be interesting to employ the CD45'°Y/CD271* cells
sorting and enumeration with uncultured diabetic BM-MSCs and further examine
their regenerative potentials as outlined later in the General Discussion chapter

of this thesis.
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Chapter 5 Results

Osteogenic differentiation of diabetic and non -diabetic BM-

MSCs with a vision for periodontal regeneration

5.1 Introduction

BM-MSCs have been the subject of several clinical trials for bone regeneration
(209). A phase I/l study where autologous BM-MSCs were transplanted to
infrabony periodontal defects has shown that they improved probing depth, tooth
mobility and linear bone growth without safety issues (217). Autologous BM-
MSCs could be a promising approach for periodontal regeneration in T2DM
patients as well, but evidence relating to possible impact of T2DM on the

osteogenic potentials of these cells is still inconclusive (7).

The aim of this chapter is to evaluate the osteogenic differentiation potentials and
expression of periodontal markers in diabetic and non-diabetic BM-MSCs under
osteogenic and basal culture conditions. This was assessed at 3 different time-
points (1, 2 and 3 weeks) using ALP stain and AR stain and quantification.
Moreover, gPCR analysis was carried out for evaluation of relative changes of
gene expression of osteogenic markers (ALPL, RUNX2 and OCN), periodontal
fibroblasts differentiation markers (COL1 and POSTN) and cementoblasts
differentiation markers (CEMP-1). In addition, expression of OPG, RANKL and
OPG/RANKL ratios were investigated to evaluate bone deposition/resorption

homeostasis in the isolated cells.
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5.2 Results

5.2.1 Alkaline phosphatase (ALP) staining of diabetic and non -
diabetic BM -MSCs cultured under basal and osteogenic

conditions

ALP is an enzyme converting organic phosphates to inorganic phosphates and
serves as a fairly early marker of osteogenic differentiation (462). Diabetic and
non-diabetic BM-MSCs (n=3 for each group) were cultured under basal and
osteogenic conditions for 3 different durations, fixed and stained with ALP stain
as described in chapter 3 of this thesis. ALP staining intensity of both diabetic
and non-diabetic BM-MSCs cultured under basal conditions showed a subtle
increase as culture duration increased from 1 to 3 weeks. At each time-point, the
staining of diabetic BM-MSCs was weaker than that of non-diabetic BM-MSCs
(One donor from each group is represented in Figure 5-1). Under osteogenic
conditions, a similar pattern was observed albeit with an accentuated overall
staining intensity compared to basal cultures (One donor from each group is
represented in Figure 5-2). There was also increased cell density/confluence in

osteogenic versus basal cultures, most notably at the Wk3 time-point.
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Figure 5-1: BM-MSCs from diabetic (D) and non-diabetic (ND) donors cultured under basal (B ) conditions and stained with
alkaline phosphatase stain at Wk1, Wk2 and Wk3 time -point s

Scale bar = 100 um. One donor from each group is represented.
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Figure 5-2: BM-MSCs from diabetic (D) and non-diabetic (ND) donors cultured under osteogenic (O) conditions and stained
with alkaline phosphatase stain at Wk1, Wk2 and Wk3 time -point s

Scale bar = 100 um. One donor from each group is represented.
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5.2.2 Alizarin Red (AR) staining and quantification of calcified
nodules in diabetic and non -diabetic BM -MSCs cultured under

basal and osteogenic conditions

Diabetic and non-diabetic BM-MSCs (n=3 for each group) cultured under basal
and osteogenic conditions in technical triplicates were stained with AR stain at
time-points 1, 2 and 3 weeks as described in chapter 3 (Figure 5-3 and Figure
5-4, each with representative images of one donor from each group). The results
show higher staining intensity in osteogenic versus basal media which is subtle
in WK1 but tends to be more distinguishable in Wk2 and Wk3 cultures.

AR stain quantification showed a statistically significant higher mineralization in
basal cultures of diabetic BM-MSCs at Wk3 versus Wk1 (p=0.0009) and at Wk3
versus Wk2 (p=0.0039). Diabetic cells also showed a statistically significant
higher calcification in osteogenic cultures versus basal cultures at WK1
(p=0.0042) and at Wk2 (p=0.0052). A similar pattern was observed in non-
diabetic cells at Wk3 (p=0.0373). There was, however, no significant differences
between non-diabetic and diabetic cells at the different time-points/culture
conditions (Figure 5-5).
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Figure 5-3: BM-MSCs from diabetic (D) and non-diabetic (ND) donors cultured under basal (B) conditions and stained with
Alizarin Red stain at Wk1, Wk2 and WKk3 time -point s

Scale bar = 100 um. One donor from each group is represented.
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Figure 5-4: BM-MSCs from diabetic (D) and non-diabetic (ND) donors cultured under osteogenic (O) conditions and stained
with Alizarin Red stain  at Wk1, Wk2 and Wk3 time -point s

Scale bar = 100 um. Black arrows point to calcified nodules. One donor from each group is represented.
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Figure 5-5: Quantification of Alizarin Red stain in cultures of non -diabetic

(ND) and diabetic (D) BM-MSCs

Cells were cultured for 1, 2 and 3 weeks under basal (B) and osteogenic (O)
conditions. Data are presented as mean £ SD (n=3).*p " 0..05

5.2.3 Relative changes in the expression of osteogenic and
periodontal markers genes in diabetic and non  -diabetic BM-
MSCs using gPCR

The relative changes of gene expression of osteogenic, periodontal and bone
homeostasis markers in non-diabetic and diabetic BM-MSCs under basal and
osteogenic conditions after 1, 2 and 3 weeks of culture were assessed using

gPCR as described earlier in chapter 3.

5.2.3.1 Optimization and selection of housekeeping gene (HKG)

As described earlier, qPCR data in this study were reported as relative changes
of expression of genes of interest (GOIs) normalised to HKG in 7 samples for
each donor: baseline expression (TO) of freshly trypsinized untreated cells and
cells cultured under basal and osteogenic conditions for 1, 2 and 3 weeks (WKk1B,
Wk10, Wk2B, Wk20, Wk3B and Wk30). In each sample, the relative change of

gene expression was calculated using the formula 2" (-.eCt ) wher e:

xeCt soll Cltuke.
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Two different HKGs were assessed: Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) and Hypoxanthine-Guanine Phosphoribosyl
transferase 1 (HPRT1). GAPDHr epr esent s a 6cl assical 6 c
been used in multiple studies on BM-MSCs (463i 465), while some investigations

opted for using HPRT1 instead (421,466). Studies on optimising reference genes

in BM-MSCs concluded HPRT1 could be a more reliable HKG in this cell type
(410,467).

The expression levels of both GAPDH and HPRT1 were assessed in all samples
and 3 different normalization strategies were tested: Normalization to GAPDH,
normalization to HPRT1 and normalization to the average Ct of both genes. This
approach of normalising Ct of GOls to the average Ct of multiple HKGs has been
proposed to increase robustness, validity and reproducibility of relative gene
expression results using gPCR (468). Gene expression using the 3 approaches
was assessed for ALPL (Figure 5-6) and COL1Al (Figure 5-7) as a
representative of a relatively rare and an abundant gene respectively as shown
by the scale of the y axes in both figures. In general GAPDH had higher
expression levels as evident by its lower Ct values compared to HPRTL1. This
could mean that some GOls with relatively higher Ct values/lower expression
levels would not be detectable creating false data gaps if normalization to GAPDH
was utilised. As discussed later in this chapter, the majority of GOIs investigated
in the present study had relatively lower expression levels and thus normalization
to HPRT1 was selected and used for all GOIs for more consistent and balanced
results. The overall analysis of diabetic and non-diabetic BM-MSCs (n=3 for each
group) was presented as mean + standard error of mean (SEM). Paired t test was
used to compare matching groups (basal and osteogenic cultures of the same
cells population at each time-point) while unpaired t test was used to compare
non matching groups (diabetic and non-diabetic cells cultures at each culture
condition and time-point). RM-ANOVA was used to compare different time-points
of each cell population under the same culture condition and showed no
statistically significant time dependant differences in all genes. For all

comparisons, p <0.05 was considered statistically significant.
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Figure 5-6: ALPL relative expression in BM -MSCs from non-diabetic (ND)
and diabetic ( D) donors normalized to HPRT1 (A), GAPDH (B) and the
average of both genes (C).

TO: time-point 0 (untreated cells)
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Figure 5-7: COL1AL1 relative expressionin BM -MSCs from non-diabetic (ND)
and diabetic (D) donors normalized to HPRT1 (A), GAPDH (B) and the
average of both genes (C).

TO: time-point 0 (untreated cells)
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5.2.3.2 Relative changes in the expression of  ALPL gene in non -diabetic
and diabetic BM -MSCs

Figure 5-8 (A) again reproduces data shown in Figure 5-6, and shows the
expression levels of ALPL in BM-MSCs from individual non-diabetic and diabetic
donors at TO, basal and osteogenic cultures at 3 different time-points. Cells from
all donors showed expression of ALPL albeit at different levels.

Figure 5-8 (B) shows the overall analysis of ALPL expression levels in non-
diabetic versus diabetic BM-MSCs. There were no significant differences
between non-diabetic and diabetic cells at the different time-points/culture
conditions, or between basal and osteogenic cultures of either cell population.
However, there was a trend of lower ALPL expression in diabetic versus non-
diabetic BM-MSCs at Wk3 basal cultures. There was also a trend of ALPL
upregulation in osteogenic versus basal cultures of non-diabetic BM-MSCs at
WKk1, and diabetic BM-MSCs at both Wk1 and WkS3.
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Figure 5-8: Relative changes in gene expression of  ALPL in non -diabetic
and diabetic BM -MSCs

A: Gene expression of ALPL in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in ALPL gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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5.2.3.3 Relative changes in the expression of RUNX2 gene in non -diabetic
and diabetic BM -MSCs

Figure 5-9 (A) shows expression levels of RUNX2 in BM-MSCs from individual
non-diabetic and diabetic donors at the different time-points/culture conditions.
RUNX2 is an early osteogenic marker typically upregulated in the first phase of
osteoblasts differentiation (469). RUNX2 was upregulated at WK1 in osteogenic
versus basal cultures of all non-diabetic cells. On the other hand, RUNX2 was
upregulated in BM-MSCs from all 3 diabetic donors at WK3 in osteogenic versus

basal cultures.

Figure 5-9 (B) shows the overall analysis of RUNX2 expression levels in diabetic
versus non-diabetic BM-MSCs. There were no statistically significant differences
between non-diabetic and diabetic cells at the different time-points/culture
conditions. Moreover, there was no statistically significant differences between
basal and osteogenic cultures of either cell population. Nonetheless, there was a
trend of lower RUNX2 expression in basal cultures of diabetic versus non-diabetic
cells at Wk3. Moreover, there was also a trend of RUNX2 upregulation in
osteogenic versus basal cultures in both diabetic and non-diabetic BM-MSCs
albeit at different time-points. For non-diabetic cells, this upregulation was

observed at Wk1, whereas for diabetic cells, it was detected at WkS3.
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Figure 5-9: Relative changes in gene expression of ~ RUNX2 in non -diabetic
and diabetic BM -MSCs

A: Gene expression of RUNX2 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes of RUNX2 gene expression in ND and D
BM-MSCs. Data are presented as mean = SEM (n=3 for each group).
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5.2.3.4 Relative changes in the expression of  OCN gene in non -diabetic and
diabetic BM -MSCs

Figure 5-10 (A) shows expression levels of OCN, a late osteogenic marker (470),
in BM-MSCs isolated from individual non-diabetic and diabetic donors at the

different time-points/culture conditions.

Figure 5-10 (B) shows the overall analysis of OCN expression levels in non-
diabetic versus diabetic BM-MSCs. There were no trends or statistically
significant differences between non-diabetic and diabetic cells at the different
time-points/culture conditions, or between basal and osteogenic cultures of either

cell population.
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Figure 5-10: Relative changes in gene expression of ~ OCN in non -diabetic
and diabetic BM -MSCs

A: Gene expression of OCN in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in OCN gene expression in ND and D BM-
MSCs. Data are presented as mean = SEM (n=3 for each group).
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5.2.3.5 Relative changes in the expression of COL1A1l gene in non -diabetic
and diabetic BM -MSCs

Figure 5-11 (A) again reproduces data shown in Figure 5-6, and shows
expression levels of COL1A1 in BM-MSCs derived from individual non-diabetic
and diabetic donors at the different time-points/culture conditions. COLL1 is a
marker of both osteogenic (471) and fibroblastic (472) differentiation of stem cells.
The scale of y axis indicates higher levels of expression compared to RUNX2 and
OCN. COL1A1 was downregulated at Wk3 in osteogenic versus basal cultures

of BM-MSCs from all non-diabetic and diabetic donors.

Figure 5-11 (B) shows the overall analysis of COL1A1 expression in non-diabetic
and diabetic BM-MSCs. There were no statistically significant differences in
COL1A1 expression levels in non-diabetic versus diabetic cells at the different
time-points/culture conditions. Both non-diabetic and diabetic BM-MSCs showed
a trend of COL1A1 downregulation in osteogenic versus basal cultures at Wk3

time-point.
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Figure 5-11: Relative changes in gene expression of COL1A1 in non -
diabetic and diabetic BM -MSCs

A: Gene expression of COL1AL1 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in COL1A1 expression in ND and D BM-
MSCs. Data are presented as mean = SEM (n=3 for each group).
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5.2.3.6 Relative changes in the expression of POSTN gene in non -diabetic
and diabetic BM -MSCs

Figure 5-12(A) shows expression of POSTN in BM-MSCs derived from individual
non-diabetic and diabetic donors. POSTN, a marker of PDL fibroblasts (473) as
well as osteoblasts (474) differentiation, was expressed in all cultures although
at variable levels. All diabetic donors showed lower levels of POSTN expression
at TO and Wk3 basal cultures compared to non-diabetic controls.

Figure 5-12(B) shows the overall analysis of POSTN expression in non-diabetic
and diabetic BM-MSCs. POSTN had statistically significant lower levels of
expression in diabetic versus non-diabetic cells in Wk3 osteogenic cultures (p
<0.05), with a similar trend of lower POSTN at TO and Wk3 basal cultures. There
was no statistically significant differences between basal and osteogenic cultures
of both non-diabetic and diabetic BM-MSCs. However, there was a trend of
POSTN downregulation in Wk2 osteogenic versus basal cultures of non-diabetic
BM-MSCs.
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Figure 5-12: Relative changes in gene expression of  POSTN in non -diabetic
and diabetic BM -MSCs

A: Gene expression of POSTN in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in POSTN gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group). *p < 0.05.
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5.2.3.7 Relative changes in the expression of CEMP-1 gene in non -diabetic
and diabetic BM -MSCs

Figure 5-13(A) shows expression of CEMP-1, a cementoblasts marker (475), in
BM-MSCs derived from individual non-diabetic and diabetic donors. CEMP-1 was

expressed in all cultures albeit at variable levels.

Figure 5-13(B) shows the overall analysis of CEMP-1 expression in diabetic
versus non-diabetic cells. CEMP-1 expression levels were significantly lower in
diabetic versus non-diabetic cells in Wk1 basal cultures (p <0.05) with a similar
trend in Wkl osteogenic cultures as well. There was no statically significant
differences between basal and osteogenic cultures of both non-diabetic and
diabetic BM-MSCs. Nonetheless, there was a trend of CEMP-1 upregulation in
Wk3 osteogenic versus basal cultures of diabetic cells.
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Figure 5-13: Relative ¢ hanges in gene expression of CEMP-1in non -diabetic
and diabetic BM -MSCs

A: Gene expression of CEMP-1 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in CEMP-1 gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).* p<0.05.
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5.2.3.8 Relative changes in the expression of  OPG gene in non -diabetic and
diabetic BM -MSCs

Figure 5-14(A) shows expression of OPG in BM-MSCs derived from individual
non-diabetic and diabetic donors. All cultures expressed OPG though at variable
levels. All non-diabetic donors displayed OPG upregulation in osteogenic versus
basal cultures at WK1.

Figure 5-14(B) shows the overall expression of OPG in non-diabetic and diabetic
BM-MSCs. There were no statistically significant differences between non-
diabetic and diabetic cells at the different time-point/culture conditions, or
between basal and osteogenic cultures of either cell population.
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Figure 5-14: Relative changes in gene expression of  OPG in non -diabetic
and diabetic BM -MSCs

A: Gene expression of OPG in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in OPG gene expression in ND and D BM-
MSCs. Data are presented as mean + SEM (n=3 for each group).
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5.2.3.9 Relative changes in the expression of RANKL gene in non -diabetic
and diabetic BM -MSCs

Figure 5-15(A) shows the expression of RANKL in BM-MSCs derived from
individual non-diabetic and diabetic donors. RANKL was expressed in all

cultures, but at variable levels.

Figure 5-15(B) shows the overall expression of RANKL in non-diabetic and
diabetic BM-MSCs. There were no significant differences between diabetic and
non-diabetic cells at the different time-points/culture conditions, or between basal

and osteogenic cultures of either cell population.
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Figure 5-15: Relative changes in gene expression of  RANKL in non -diabetic
and diabetic BM -MSCs

A: Gene expression of RANKL in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in RANKL gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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5.2.3.10 Relative changes in the OPG/RANKL ratio in non -diabetic and
diabetic BM -MSCs

Figure 5-16(A) shows the OPG/RANKL ratio in BM-MSCs from individual non-
diabetic and diabetic donors at the different time-points/culture conditions. All
non-diabetic and diabetic cells showed a ratio >1, indicating relatively higher
osteoblastic activity.

Figure 5-16(B) shows the overall analysis of OPG/RANKL ratio in non-diabetic
and diabetic BM-MSCs. There were no statistically significant differences
between non-diabetic and diabetic cells at the different time-points/culture
conditions, or between basal and osteogenic cultures of either cell population.
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Figure 5-16: OPG/RANKL ratio in non -diabetic and diabetic BM -MSCs

A: OPG/RANKL ratio in individual non-diabetic (ND) and diabetic (D) donors at
TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of OPG/RANKL ratio in ND and D BM-MSCs. Data are
presented as mean £ SEM (n=3 for each group).
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5.3 Discussion

The results presented in this chapter relate to the osteogenic differentiation of
diabetic and non-diabetic BM-MSCs. Both cell types have been cultured under
basal and osteogenic conditions for 3 different durations: 1, 2, and 3 weeks and
at each time-point the cultures were terminated and various assays were utilised
to assess osteogenic potentials of both cell populations. These time-points were
selected as they represent the 3 different phases of mineralisation as described
elsewhere: The first phase is cell proliferation, followed by osteogenic
differentiation and finally matrix mineralisation (476). Thus, changes of
expression of osteogenic markers at each stage can be picked up and compared
in diabetic and non-diabetic BM-MSCs.

The results of the present study showed, as expected, a general trend of
increased ALP staining intensity in osteogenic media compared to basal media.
This difference was more accentuated as the duration of culture increased with
Wk3 osteogenic cultures usually displaying the highest staining intensity (Figure
5-1 and Figure 5-2), with generally higher staining intensity in cultures of BM-
MSCs from non-diabetic donors compared to diabetic donors. In general, this
supports the gPCR findings showing a trend of higher ALPL expression in non-

diabetic versus diabetic cells at Wk3 basal cultures.

The above results also agree with those of Sun et al. (251), who reported lower
ALP staining and activity in cultures of alveolar BM-MSCs isolated from type 2
diabetic versus non-diabetic donors, despite the variation in the tissue source of
BM-MSCs (alveolar bone versus knee joints in the present study) and the
composition of the osteogenic media (only glycerophosphate and ascorbic acid
but not dexamethasone, while in this thesis all 3 supplements were used). In
addition, ALP staining was assessed after 7 days of culture and the ALP activity
was measured at days 3, 5 and 7 (251), whereas in the present study the staining
was evaluated at days 7, 14 and 21. Liang et al. (252) also observed weaker ALP
staining in cultures of diabetic alveolar BM-MSCs compared to non-diabetic

controls.

AR staining was employed to evaluate the formation of calcified nodules in
cultures of diabetic and non-diabetic BM-MSCs (Figure 5-3 and Figure 5-4). This
stain forms Alizarin Red Si calcium complex and has been used extensively for

detection of mineral deposits (477). Although cetylpyridinium chloride based
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techniques could be more time and work efficient, AR staining and quantification
IS more sensitive with consistent measurements in weakly stained monolayer
cultures. Moreover, this approach allows for both direct visualisation of calcium
deposits under light microscope, followed by colorimetric quantification within the
same cultures (439).

Unsurprisingly, the AR staining intensity increased with the culture duration,
however there were no notable differences between diabetic and non-diabetic
cells, whether under basal or osteogenic conditions. This was followed by stain
guantification to detect differences in calcification content. The present results
showed significantly higher mineralisation when comparing time-points or culture
conditions, confirming the positive effect of culture duration and the use of
osteogenic supplementation to boost mineralisation of BM-MSCs (Figure 5-5).
Still, all these changes were detected within the same cell type without any
statistically significant differences between diabetic and non-diabetic cells. Such
findings are in agreement with other studies that reported similar calcium
depositions by diabetic and non-diabetic BM-MSCs (247,248). Moreover,
Andrzejewska et al. (247) also reported time dependant increase in calcium
deposition in both diabetic and non-diabetic BM-MSCs, while in the present study

this was observed only in basal cultures of diabetic cells (Figure 5-5).

In contrast, other investigations concluded that cultures of alveolar bone BM-
MSCs from diabetic donors had lower AR staining compared to non-diabetics
(251,252,450), suggesting that alveolar bone BM-MSCs could be more prone to
be affected by diabetes compared to knee joint BM-MSCs that were used in the
present study. Additionally, the osteogenic media in one study (251) did not
include dexamethasone, and the second study (450) used double the
glycerophosphate and 10 times the dexamethasone concentrations used in this
thesis, which could have contributed to these different findings and the third study

(252) used readymade osteogenic media.

Studies of BM-MSCs cultured under simulated diabetic conditions showed
variable results. In one study, BM-MSCs cultured under HG (25 mM glucose)
formed more calcium nodules compared to control media after 14 and 28 days in
culture (269). Such a rarely reported pro-osteogenic effect of HG could be due to
variation in BM-MSCs anatomical source or isolation technique which were not

clearly stated in the study. Other studies reported reduced mineralisation under
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HG conditions (267), HG and LPS (271), HG and free fatty acids (272), as well
as HG and palmitic acid (273). Similar conclusion can be drawn from literature on
PDLSCs, where HG (255,288,293,478) and AGEs (300,302i 304) induced
weaker mineralisation. However, one study (299) described opposing results,
where HG induced mineralisation, ALP activity and POSTN expression in PDL
cells. This rational behind this discrepancy was highlighted in chapters 1 and 3 of

this thesis.

This thesis investigated multiple osteogenic markers (ALPL, RUNX2 and OCN)
and bone homeostasis markers (OPG, RANKL and OPG/RANKL ratio) across 3
different time-points: 1, 2 and 3 weeks. The expression of this range of markers
was chosen because osteogenic differentiation is a complex process, involving
differential expression of multiple genes over time. Some of these changes
include upregulation of early osteogenic markers (transcription factors, such as
RUNX2) (479). This is followed by upregulation of late osteogenic markers,
mainly matrix proteins involved in the mineralisation process, such as OCN (262).
Moreover, OPG and RANKL are well known for their role in regulating bone
homeostasis (acquisition/loss balance)
osteoclasts differentiation (480). Since periodontal regeneration would entail
cementum and periodontal ligament restoration as well, markers of
cementoblasts differentiation (CEMP-1) (178,481) and PDL fibroblasts (COL1
(472,482,483) and POSTN (239,484i 487)) were also included in the present
study. Taken altogether, the findings of this chapter would give a comprehensive
analysis of gene expression changes related to osteogenic and periodontal

differentiation of diabetic versus non-diabetic BM-MSCs in monolayer cultures.

The presented results showed a trend of lower ALPL expression levels in Wk3
basal cultures of diabetic versus non-diabetic cells (Figure 5-8), suggesting
diabetic cells cannot sustain ALPL expression in prolonged basal cultures
compared to their non-diabetic counterparts. This agrees with the findings of Ying
et al. (267), who cultured BM-MSCs under osteogenic and osteogenic HG
conditions; and found that HG cultures showed ALPL downregulation.
Osteoblasts from osteoarthritic knee joints also demonstrated ALPL
downregulation in cultures supplied with AGE-modified BSA (AGE-BSA) (488).
On the other hand, AT-MSCs from diabetic and non-diabetic donors displayed
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similar ALPL expression levels (489), possibly indicating weaker influence of
diabetes on ALPL expression in AT-MSCs.

The present data showed that ALPL had a trend of upregulation in osteogenic
versus basal media at Wkl in both diabetic and non-diabetic cells (Figure 5-8).
This is parallel to the differences observed in ALP staining intensity described
earlier in this chapter, and is consistent with ALP being an essential and early
marker of active osteogenesis that is usually upregulated during the initial phases
of osteogenic differentiation (490). ALP enzyme induces hydrolysis of ATP and
pyrophosphate and thus is necessary for phosphate production and
hydroxyapatite crystallization (464). The ALP staining intensity on the other hand
peaked at Wk3 osteogenic cultures (Figure 5-1 and Figure 5-2), as it takes time
for the ALP protein/enzyme to be produced and active relative to mRNA.

RUNX2 belongs to the gene family RUNX that also includes RUNX1, which
regulates hematopoietic cell development and RUNX3, which regulates
neurogenesis and GIT development (491). The Runt domain in RUNX2 is
responsible for its binding to DNA and subsequently acting as a master
transcriptional factor, regulating expression of multiple genes involved in
osteoblastic commitment of MSCs (along with its downstream target OSX) (492).
RUNX2 guides MSCs to the osteoblastic lineage and inhibits their adipogenic
differentiation. Furthermore, RUNX2 along with OSX and the canonical Wnt
pathway control the transition of osteoblasts progenitors into immature

osteoblasts expressing osteogenic markers, such COL1 (493).

The presented results showed no statistically significant difference in RUNX2
expression when comparing non-diabetic and diabetic BM-MSCs (Figure 5-9).
Such findings are in accord with the work of Koci et al. (489) on AT-MSCs from
diabetic and non-diabetic donors where similar RUNX2 expression levels were
reported. Still, alveolar bone BM-MSCs from diabetic patients showed lower
RUNX2 expression, as well as lower AR staining, as previously mentioned (251),
which could indicate that MSCs may be influenced by diabetes differentially
depending on their tissue of origin with alveolar bone BM-MSCs showing more

vulnerability to diabetes induced changes.

On the other hand, downregulation of RUNX2 in BM-MSCs cultured under
diabetic stimulatory conditions have been reported in a number of studies: one
using HG (30 mM) (267), a second study using HG (30 mM) combined with

141



palmitic acid (100 pM) as a possibly more accurate representation of
hyperglycaemia and hyperlipidaemia associated with diabetes by combining HG
and fatty acids (273), and a third using serum of diabetic patients (276).
Conversely, Shiomi et al. (271) reported RUNX2 upregulation at moderate HG
concentrations (8 and 12 mM) and its downregulation at higher HG
concentrations (24 mM), and both concentrations were combined with LPS (1
mg/mL) as a simulation of periodontitis. The authors suggest the initial
upregulation of RUNX2 could aim at increasing glucose uptake by the
differentiating osteoblasts, especially that OCN, a downstream gene of RUNX2,
acts on pancreatic b cel (281). tndeedj OCt, uas

described later in this chapter, has been linked with higher insulin production by

b cells and higher insulin sensitiuvi

were inconclusive (494).

OCN i s al so k rcarboryglwtasnic bcal (Géa) pootein or BGP, and is
encoded by the human osteocalcin gene, BGLAP. OCN is mainly produced by
osteoblasts and odontoblasts (495). Following protein synthesis, OCN is either
carboxylated with high affinity to calcium ions in ECM of bony tissues or
uncarboxylated and released into systemic circulation with several endocrinal
functions (496). The present study showed no trends or statistically significant
differences of OCN expression levels when comparing non-diabetic and diabetic
cells at the different culture conditions/time-points (Figure 5-10). This differs from
the work of Sun et al. (251), where diabetic alveolar BM-MSCs displayed lower
OCN levels. The differences between their methodologies and those used in this
thesis have been highlighted earlier in this chapter. OCN downregulation was
also reported in BM-MSCs cultured under a number of diabetic culture conditions:
HG (267), HG and LPS (271), HG and palmitic acid (273), and serum of T2DM
patients (276) as well as osteoblasts cultured under AGE-BSA (488). OCN was
also downregulated in PDLSCs cultured under HG (286,287,497) and AGEs
(303,304). Additionally, OCN serum levels are lower in diabetic patients and are
inversely associated with fasting blood glucose Ilevels and glycated
haemoglobins, suggesting a protective effect against diabetes. This is further
supported by animal studies showing uncarboxylated OCN improving insulin

sensitivity and glucose tolerance (498).
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No statistically significant differences in OCN expression osteogenic versus basal
cultures of both non-diabetic and diabetic BM-MSCs were detected in the present
study (Figure 5-10). Evidence on the exact role of OCN in bone mineralisation is
somewhat contentious, with reports of both pro-osteoblasts and pro-osteoclasts
effects. Multiple studies also reported OCN both inhibiting and promoting bone
mineralisation. Additionally, serum levels of OCN are a sensitive marker of bone
formation in humans, but can also indicate bone turnover since OCN is released
into blood during bone resorption (412). These inconclusive data on OCN as an
osteogenic marker could explain the OCN expression levels observed in the
present study. Although OCN expression is used as an osteogenic marker, with
its upregulation indicating osteogenic differentiation of MSCs in a considerable
body of literature (238,459,499), another study reported OCN downregulation,
coupled with upregulation of the adipogenic marker PPAR-2, in osteogenic
cultures of human BM-MSCs (500). The authors suggested that these expression
patterns were possible due to using dexamethasone as an osteogenic
supplement (500), however they used similar concentrations of dexamethasone
and ascorbic acid and double the glycerophosphate concentrations used in this
thesis. Interestingly, their results showed that ALP and parathyroid hormone were
more sustainably upregulated in osteogenic cultures and thus, they could be

more reliable osteogenic markers (500).

COL1 has been used as a marker for both osteoblasts (415) and PDL fibroblasts
(472,482) differentiating from MSCs, since collagen fibres are an integral part of

ECM of all connective tissues, including bone and periodontal ligament (501).

Such 6éoverlapd in its expression c oofll

COL1 expression detected in the present study, since it could be expressed by
BM-MSCs differentiating into both osteoblasts and fibroblasts (COL1 expression
levels were around 10-fold higher compared to ALPL or OCN) (Figure 5-11).
COL1 produced by osteoblasts constitute the major part of ECM of bone and in
return promotes osteoblast adhesion and differentiation (502), both facts are the
rationale behind using collagen as a scaffold for bone tissue engineering in
multiple studies (186,503,504).

There was no difference in COL1 expression between diabetic and non-diabetic
BM-MSCs at any time-point (Figure 5-11), possibly indicating no influence of
diabetes on COL1 expression in BM-MSCs. Conversely, diabetic BM-MSCs
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isolated from alveolar bone showed lower COL1 expression (as well as lower
RUNX2 and OCN expression as detailed earlier in this chapter) (251); and this
could be attributed to the difference in tissue origin of the BM-MSCs. Osteoblasts
cultured under AGE-BSA also displayed COL1A1 downregulation in the study

mentioned above by Franke et al. (488).

However, both diabetic and non-diabetic BM-MSCs showed a trend of COL1
downregulation at Wk3 in osteogenic versus basal cultures. A possible
explanation is that COL1A1 being an early marker of osteoblasts/odontoblasts
differentiation (usually peaking at day 4-7 of culture) and an essential constituent
of the initial organic phase of calcified tissues ECM (505). Egusa el al. (506)
described osteogenic differentiation of BM-MSCs using a commercial osteogenic
media and AT-MSCs using media supplemented with 0.1 mM of dexamethasone,
1 0mM gliycerdphosphate and 50 mM of ascorbate-2-phosphate. After 21
days, both cell populations formed calcified nodules but with COL1Al
downregulation in AT-MSCs and unchanged expression levels in BM-MSCs. The
authors commented that MSCs from different sources undergo differentiation to
the same endpoint through different pathways and that possible epigenetic
mechanisms, such as gene silencing could be an integral part of this process.
COL1 downregulation was also demonstrated in another study of osteogenic
cultures of AT-MSCs at day 10 and 18 (507); and in DPSCs cultured for 3 weeks
on dentine substitute biomaterial (Bio d e n t i (508).E )

POSTN was first identified in the mouse calvarial osteoblastic cell line MC3T3-
E1 (508) and later was shown to be expressed in human PDL tissues and in ECM
of the periosteum, following its secretion by osteoblast precursors (484). POSTN
is a matricellular protein, which are a group of extracellular proteins not serving
directly as a component of the ECM but rather regulating cell-matrix interactions
through binding to cell surfaces, ECM and growth factors (509). POSTN has been
shown to bind to osteoblasts with subsequent activation of multiple signalling
pathways. POSTN also binds to BMP-1 and COL1, prompting collagen
crosslinking and connective tissue stability (510). These roles of POSTN could
mean it is upregulated in MSCs differentiating into osteoblasts as well as PDL
fibroblasts (239,484 487) similar to COL1. Again this could be behind the relative
higher expression levels of this marker compared to other osteogenic markers or

the cementogenic marker CEMP-1 (Figure 5-12, the scale of y axis indicates
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POSTN was expressed at approximately 10-fold compared to the expression
levels of OCN and CEMP-1).

The present data show POSTN expression levels in diabetic cells were
significantly lower than non-diabetic cells in Wk3 osteogenic cultures (p<0.05).
POSTN is upregulated in healing bone following fracture (511) and could be
involved in periodontal healing as well through regulation of survival, proliferation,
migration and adhesion of PDL cells and osteoblasts (512), including periodontal
defects post periodontal surgeries (513). Thus, these lower POSTN expression
levels in the present study could possibly contribute to less than optimal
periodontal regeneration in diabetics, if these cells were to be used as an
autogenous regenerative therapeutic modality to treat periodontal defects.
|l ndeed, 0t we aMSCs dguictionalf defi@ekicies prior to their
transplantation to enhance their success rate has been proposed (514) as will be

outlined later in this thesis.

In contrast to the presented results, Seubbick et al. (299) reported POSTN
upregulation in PDL cells cultured under HG conditions. Interestingly, this paper
is one of a very few reporting pro-proliferation and pro-osteogenic effects of HG.
The authors proposed that glucose as a source of energy boosted the metabolism
of PDL cells, increasing their proliferation rates and also inducing calcium influx
into cells with subsequent higher osteogenic differentiation potentials. The
authors also suggested that pathological changes seen in diabetics could not be
attributed to HG alone, but to a more complicated diabetic microenvironment as
described earlier in this thesis (299). Indeed, PDL cells cultured under AGEs did
show POSTN downregulation at both gene and protein levels (515).

POSTN also showed no statistically significant differences between osteogenic
and basal cultures of both non-diabetic and diabetic BM-MSCs (Figure 5-12).
Very few studies have investigated POSTN expression profile under osteogenic
cultures. In one study, POSTN was downregulated in osteogenic cultures of BM-
MSCs from steroid induced osteonecrotic femoral heads, while it was
upregulated in the control group (516). It should be noted, however, that
osteonecrosis and diabetes represent different pathologies: steroid induced
osteonecrosis is a localized disease caused by excessive or prolonged steroids
therapy for chronic inflammatory conditions, such as asthma and inflammatory

bowel disease, leading to possibly insufficient blood supply and cell apoptosis
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within the affected joints (516). Diabetes, on the other hand, is a systemic
metabolic disease inducing a generalised low grade inflammatory state across
multiple tissues (5171 519), as discussed in the first chapter of this thesis.

CEMP-1 was identified in 2006 as a protein expressed by cementoblasts covering
the root surface, a subpopulation of PDL cells and perivascular cells in PDL
tissues (520). CEMP-1 showed statistically significant lower expression in
diabetic versus non-diabetic cells in Wk1 basal cultures (p <0.05) (Figure 5-13).
As this marker was not investigated in diabetic BM-MSCs or BM-MSCs cultured
under diabetic conditions before, there are yet any close comparator. In fact, little
is known about cementogenic differentiation of BM-MSCs (208) compared to
PDLSCs or dental stem cells in general. Nevertheless, CEMP-1 was
downregulated at the protein level in PDL cells cultured under HG conditions
(50mM) in a time dependant manner (521), which is in agreement with the results
of this thesis. This is further supported by a report of reduced cementum
thickness in extracted teeth of T2DM versus non-diabetic controls (522), however
this study did not include immunohistochemical analysis of CEMP-1 expression
in cementum tissues, which would have shed more light on potential mechanisms

behind the observed diminished thickness of cementum in diabetics.

The presented data showed no statistically significant differences in CEMP-1
expression in osteogenic versus basal cultures of both non-diabetic and diabetic
cells (Figure 5-13). CEMP-1 was upregulated in PDL cells cultures supplied with
ascorbic acid and glycerophosphate (523). Moreover, addition of Wnt (524),
vitamin D and vitamin C (525) to osteogenic media (ascorbic acid,
glycerophosphate, dexamethasone) caused a similar upregulation of CEMP-1 in
PDL cells. On the other hand, CEMP-1 was downregulated in PDL cells cultures
supplied with BMP-2 and a combination of ascorbic acid, glycerophosphate and
dexamethasone (236). Nonetheless, expression of CEMP-1 by BM-MSCs under

osteogenic conditions remains to be fully established.

The RANK/RANKL/OPG system consists of RANK, its ligand RANKL, and the
decoy receptor of RANKL, OPG. The role of this system as the chief regulator of
bone homeostasis in health and disease has been extensively explored (526).
RANKL is a type 2 transmembrane protein expressed mainly on osteoblasts,
osteocytes and T lymphocytes, with a capacity to bind the functional receptor
RANK and the decoy receptor OPG (527). RANK is a type | transmembrane
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protein initially discovered on osteoclasts precursor and mature osteoclasts, but
later identified on other cells including mammary cells and malignant cells (528).
RANK/RANKL binding leads to expression of transcription factors essential for
osteoclastogenesis and bone resorption most notably nuclear factor-a BINF-HUB
(529).

OPG, on the other hand, was identified as a member of the TNF receptor family,
which inhibits osteoclasts differentiation and causes increased bone density in
animal models (530). OPG is mainly secreted by osteoblasts (531) and it is not
a transmembrane but a soluble protein exported to the extracellular space (532).
By acting as a decoy receptor of RANKL, OPG inhibits activation of NF-HuBand
subsequent inflammatory and skeletal changes (533). While RANKL/RANK
binding modulates osteoclasts differentiation and activation, OPG prevents
excessive bone resorption by binding to RANKL and thus inhibiting its binding to
RANK. This is why OPG/RANKL ratio can be used as a predictor of bone mass
(534) where OPG/RANKL ratio above 1 indicates a relatively higher tendency of
bone deposition (535) which was true for both diabetic and non-diabetic BM-
MSCs in this thesis (Figure 5-16).

There was no statistically significant difference in OPG or RANKL expression
(Figure 5-14 and Figure 5-15 respectively) or their ratio (Figure 5-16) when
comparing diabetic and non-diabetic cells. This is different to the results reported
by Miranda et al. (88) who isolated osteoblast like cells from osteoporotic and
osteoporotic diabetic patients and these cells were cultured under 3 different
experimental conditions: LG, HG in addition to HG and AGEs. For osteoporotic
diabetic cells, the HG media caused downregulation of OPG, RANKL and higher
OPG/RANKL ratio (or lower RANKL/OPG ratio) compared to low glucose media
and all these changes were reversed in HG+AGEs media. Difference in cell type
(BM-MSC:s in this thesis versus osteoblasts like cells in the study by Miranda et
al. (88)) , donorsé medi cal -digpatio Veisds ©OP an® OP-a n d
diabetic); and the use of simulating diabetic cultures all could be possible reasons
behind these discrepancies. The upregulation of OPG and RANKL in HG and
AGEs versus HG cultures was justified by the authors as some alleviatory effect
produced by the AGEs binding to their receptors. Moreover, the authors also

argued that OPG upregulation could be linked to the vascular calcification and
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damage seen in diabetics and causing a significant part of diabetic complications
(88).

Zhang et al. (536) described both OPG downregulation and RANKL upregulation,
while Wu et al. (298) and Feng et al. (537) reported unchanged OPG expression
and RANKL upregulation in PDL cells cultured under HG. RANKL upregulation
was also observed in PDL cells cultured under HG and TNF-U (41). Such
difference from the present findings could be attributed to the different cell type
investigated and the use of HGand TNF-U t o si mul ate di abete
higher RANKL expression and lower OPG/RANKL ratio were detected in bone
specimens removed during implant placement in T2DM patients (499). This
experimental design is possibly not directly addressing BM-MSCs differentiation
or fully comparable to periodontal regeneration, as the bone removed during the
implant placement was from the residual ridge at least 1 year following dental
extractions (499), however it can at least partially reflect the levels of bone

homeostasis in diabetics.

A recent study showed women with T2DM had lower serum levels of RANKL,
lower number of osteoblast precursors but higher numbers of osteoclasts
precursors in their peripheral blood mononuclear cells (PBMCs). Although this
indicated lower bone turnover rate, their BMD was not different from age and BMI
matched healthy controls. The authors commented that lower RANKL levels
could be behind the reduced osteoclasts maturation (538). Furthermore, HG was
shown to inhibit RANKL induced osteoclastogenesis in murine cells. Since
osteoclastogenesis removes damaged bone, generates anabolic signals for
osteoblasts and maintains optimum levels of bone mineralization, hardness and
overall quality, this defective osteoclastogenesis could explain bone fragility seen
in diabetics (529). On the other hand, AGE-BSA induced RANKL upregulation in

osteoblasts possibly indicating a pro-osteoclastogenic effect of AGEs (488).

To conclude, although diabetic BM-MSCs displayed weaker ALP staining
intensity and statistically significant lower expression of POSTN and CEMP-1 at
Wk3 osteogenic and Wk1 basal cultures respectively, their overall osteogenic
potentials were comparable to their non-diabetic counterparts. The next chapter
would shed more light on possible changes of IGF axis during osteogenic
differentiation of diabetic BM-MSCs.
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Chapter 6 Results

IGF axis expression in diabetic and non  -diabetic BM -MSCs

6.1 Introduction

The IGF axis plays an essential role in normal human growth and development
by regulating cell proliferation and differentiation. It consists of 2 ligands (IGF-1
and IGF-2), 2 cell surface receptors (IGF1-R and IGF2-R) and 6 soluble binding
proteins (IGFBP-1 to 6) (539). Strong evidence supports a central role for the
GH/IGF-1 axis, along with the IGF receptors and binding proteins, in the
development and repair of the dento-avleolar complex (418).

IGF-1 promoted proliferation and osteogenic differentiation (404), as well as
expression of anti-apoptotic marker Caspase in PDL cells (405). Additionally,
collagen sponges with conditioned media of BM-MSCs with high levels of IGF-1
(compared to VEGF, TGF-b , HGF ;2, PPGHBB and BMP-2) enhanced
alveolar bone regeneration in patients requiring alveolar bone augmentation
(540) and rhIGF-1 improved bone deposition in diabetic rats during distraction
osteogenesis (541). IGF-2 is vital for appositional and longitudinal bone growth
in mice, including temporal regulation of chondrocytes maturation and survival.
Moreover, IGF-2 null mice showed disturbed bone growth and abnormal glucose
metabolism suggesting a strong role of IGF-2 in regulating and linking these

biological phenomena (542).

IGF-1 binding to IGF-1R and subsequent activation of the IGF-1/IGF1- R pathway
is crucial for IGF-1 dependant MSCs proliferation and osteogenic differentiation
(543). The role of IGF-2R in osteogenic differentiation is not yet fully explored.
However it is possible that IGF-2 pro-osteogenic effects could be mediated
through IGF-1R (329). IGFBPs bind IGFs with high affinity, thereby limiting IGFs
bioavailability and subsequent binding to IGFRs, as well as preventing potential
insulin-like side effects (544); and their decline in aging osteoblasts was proposed
as a possible mechanism behind their reduced osteogenic potentials (545).

Several IGFBPs were suggested to play important roles in the osteogenic
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differentiation of several types of MSCs. For instance, IGFBP-2 was upregulated
during osteogenic differentiation of human dental follicle cells (546) and human
dental pulp cells (350). In addition, IGFBP-6 was downregulated during
osteogenic differentiation of MC3T3 murine cell line and its overexpression
inhibited ALP activity and mineralisation (547).

In this chapter, the expression of IGF axis genes in diabetic and non-diabetic BM-
MSCs cultured under basal and osteogenic conditions was evaluated. This was
carried out at gene level using gPCR at time-points TO and also after 1, 2 and 3
weeks of culture. ELISA was then used to evaluate the changes in protein levels
of IGFBPs that showed statistically significant differences in gene expression in
diabetic versus non-diabetic cells. The aim was to test the hypothesis that
diabetes had an influence on the expression of the IGF axis in BM-MSCs isolated
from T2DM patients.

The overall analysis of g°PCR and ELISA data of non-diabetic and diabetic BM-
MSCs (n=3 for each group) are presented as mean + standard error of mean
(SEM). Paired t test was used to compare matching groups (basal and osteogenic
cultures of the same cells population at each time-point), while unpaired t test
was used to compare non-matching groups (non-diabetic and diabetic cells
cultures at each culture condition and time-point). RM-ANOVA was used to
compare different time-points of each cell population under the same culture
condition and showed no statistically significant time dependant changes in
expression levels of all genes. However, there were some time dependant
increases in levels of IGFBPs (as detailed in section 6.2.2). For all comparisons,

p <0.05 was considered significant.
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6.2 Results

6.2.1 Relative changes in the expression of IGF axis genes in diabetic
and non -diabetic BM -MSCs

6.2.1.1 Relative changes in the expression of  IGF-1 gene in non -diabetic
and diabetic BM -MSCs

Figure 6-1(A) shows expression of IGF-1 in BM-MSCs isolated from individual
non-diabetic and diabetic donors. IGF-1 was below detection levels at 2 instances
(Wk2 osteogenic cultures of donor ND2 and Wk3 osteogenic cultures of donor
D3).

Figure 6-1(B) shows the overall analysis of IGF-1 expression in non-diabetic and
diabetic BM-MSCs. There were no statistically significant differences between
non-diabetic and diabetic cells at the different time-points/culture conditions.
Nonetheless, both cell populations showed a trend of lower levels of IGF-1 in
osteogenic versus basal cultures at Wk1, 2 and 3, reaching statistical significance
at Wk2 osteogenic versus basal cultures of non-diabetic BM-MSCs (p <0.05).
Furthermore, non-diabetic and diabetic BM-MSCs showed relatively unchanged
levels of IGF-1 across the different time-points under basal conditions.
Osteogenic cultures, however, showed a more distinctive pattern in both cell
populations: initial downregulation of IGF-1 at Wk1, followed by further
downregulation at Wk2 and then upregulation at Wk3.
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Figure 6-1: Relati ve changes in gene expression of IGF-1 in non -diabetic
and diabetic BM -MSCs

A: Gene expression of IGF-1 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGF-1 gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group). BD: below
detection. *p <0.05.
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6.2.1.2 Relative changes in the expression of  IGF-2 gene in non -diabetic
and diabetic BM -MSCs

Figure 6-2(A) shows the expression of IGF-2 in BM-MSCs isolated from individual
non-diabetic and diabetic donors. IGF-2 was below detection levels at 3 instances
(Wk2 basal cultures of donor ND2, Wk1 and Wk2 basal cultures of donor D3).

Figure 6-2(B) shows the overall analysis of IGF-2 expression in non-diabetic and
diabetic BM-MSCs. There were no statistically significant differences between
non-diabetic and diabetic cells at the different time-points/culture conditions.
Nonetheless, there was a trend of IGF-2 upregulation in Wk1 osteogenic cultures
of non-diabetic BM-MSCs.
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Figure 6-2: Relative changes in gene expression of  IGF-2 in non -diabetic
and diabetic BM -MSCs

A: Expression of IGF-2 in individual non-diabetic (ND) and diabetic (D) donors at
TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGF-2 gene expression in ND and D

BM-MSCs. Data are presented as mean + SEM (n=3 for each group). BD: below
detection.
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6.2.1.3 Relative changes in the expression of  IGF1-R gene in non -diabetic
and diabetic BM -MSCs

Figure 6-3(A) shows the expression of IGF-1R in BM-MSCs isolated from

individual non-diabetic and diabetic donors. All cells expressed IGF-1R at the

different time-points/culture conditions with some variation.

Figure 6-3(B) shows the overall analysis of IGF-1R expression in non-diabetic
and diabetic BM-MSCs. There were no trends or statistically significant
differences between expression levels of IGF1-R in non-diabetic versus diabetic

cells or in basal versus osteogenic cultures.
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Figure 6-3: Relative changes in gene expression of  IGF-1R in non -diabetic
and diabetic BM -MSCs

A: Gene expression of IGF1-R in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGF1-R gene expression in ND and D
BM-MSCs. Data are presented as mean = SEM (n=3 for each group).
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6.2.1.4 Relative changes in the expression of  IGF2-R gene in non -diabetic
and diabetic BM -MSCs

Figure 6-4(A) shows the expression of IGF-2R in BM-MSCs isolated from
individual non-diabetic and diabetic donors. All cells expressed IGF-2R at the

different time-points/culture conditions with little variation.

Figure 6-4(B) shows the overall analysis of IGF-2R expression in non-diabetic
and diabetic BM-MSCs. Similar to IGF1-R, there were no trends or statistically
significant differences between expression levels of IGF2-R in non-diabetic

versus diabetic cells or in basal versus osteogenic cultures.
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Figure 6-4: Relative changes in gene expression of  IGF-2R in non -diabetic
and diabetic BM -MSCs

A: Gene expression of IGF2-R in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGF2-R gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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6.2.1.5 Relative changes in the expression of IGFBP-1 gene in non -diabetic
and diabetic BM -MSCs

Figure 6-5(A) shows IGFBP-1 expression in BM-MSCs isolated from non-diabetic
and diabetic individual donors. All cells expressed IGFBP-1 under the different

culture conditions/time-points but at generally low levels.

Figure 6-5(B) shows the overall analysis of IGFBP-1 expression in non-diabetic
and diabetic BM-MSCs. There were no statistically significant differences
between expression levels of IGFBP-1 in non-diabetic versus diabetic cells, but
there was a trend of lower IGFBP-1 expression in diabetic cells at TO, Wk1 basal
and Wk2 osteogenic cultures compared to non-diabetic BM-MSCs. Moreover,
IGFBP-1 showed a trend of downregulation at Wkl osteogenic versus basal
cultures of non-diabetic cells and this change was not mirrored in diabetic BM-
MSCs.
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Figure 6-5: Relative changes in gene expression of

and diabetic BM -MSCs

IGFBP-1 in non -diabetic

A: Gene expression of IGFBP-1 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGFBP-1 gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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6.2.1.6 Relative changes in the expression of IGFBP-2 gene in non -diabetic
and diabetic BM -MSCs

Figure 6-6(A) shows the expression of IGFBP-2 in BM-MSCs isolated from
individual non-diabetic and diabetic donors. All cells expressed IGFBP-2 the

different time-points/culture conditions.

Figure 6-6(B) shows the overall analysis of IGFBP-2 expression in non-diabetic
and diabetic BM-MSCs. IGFBP-2 expression levels were significantly lower in
diabetic versus non-diabetic BM-MSCs in Wkl basal cultures (p <0.05). In
addition, IGFBP-2 had a trend of upregulation in osteogenic cultures of both
diabetic and non-diabetic cells albeit at different time-points (Wk2 and Wk3
osteogenic cultures for non-diabetic BM-MSCs and Wk1 and Wk3 osteogenic
cultures for diabetic BM-MSCs).
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Figure 6-6: Relative changes in gene expression of  IGFBP-2 in non -diabetic

and diabetic BM -MSCs

A: Gene expression of IGFBP-2 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGFBP-2 gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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6.2.1.7 Relative changes in the expression of IGFBP-3 gene in non -diabetic
and dia betic BM -MSCs

Figure 6-7(A) shows the expression of IGFBP-3 in BM-MSCs isolated from
individual non-diabetic and diabetic donors. IGFBP-3 was expressed at the

different time-points/culture conditions at variable levels.

Figure 6-7(B) shows the overall analysis of IGFBP-3 expression in non-diabetic
and diabetic BM-MSCs. IGFBP-3 expression levels were significantly lower in
diabetic versus non-diabetic cells in Wk3 basal cultures (p <0.05); and a similar
trend was also observed in Wk2 basal cultures. Furthermore, IGFBP-3 was
significantly downregulated in Wk3 osteogenic versus Wk3 basal cultures of non-
diabetic BM-MSCs (p <0.05), with similar trends at Wkl and WKk2 osteogenic
cultures. Interestingly, none of these changes were reflected in diabetic BM-
MSCs.
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Figure 6-7: Relative changes in gene expression of  IGFBP-3 in non -diabetic
and diabetic BM -MSCs

A: Gene expression of IGFBP-3 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGFBP-3 gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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6.2.1.8 Relative changes in the expression of IGFBP-4 gene in non -diabetic
and diabetic BM -MSCs

Figure 6-8(A) shows the expression of IGFBP-4 in BM-MSCs isolated from
individual non-diabetic and diabetic donors. IGFBP-4 was expressed abundantly
at the different time-points /culture conditions as indicated by the scale of the y

axis.

Figure 6-8(B) shows the overall analysis of IGFBP-4 expression in non-diabetic
and diabetic BM-MSCs. IGFBP-4 expression levels were significantly lower in
diabetic versus non-diabetic cells at Wk3 under basal culture conditions (p
<0.05). IGFBP-4 also had a trend of downregulation in Wk2 osteogenic cultures

of non-diabetic cells.
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Figure 6-8: Relative changes in gene expression of  IGFBP-4 in non -diabetic
and diabetic BM -MSCs

A: Gene expression of IGFBP-4 in individual non-diabetic (ND) and diabetic (D)
donors TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGFBP-4 gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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6.2.1.9 Relative changes in the expression of IGFBP-5 gene in non -diabetic
and diabetic BM -MSCs

Figure 6-9(A) shows the expression of IGFBP-5 in BM-MSCs isolated from
individual non-diabetic and diabetic donors. IGFBP-5 was expressed at the

different time-points/culture conditions.

Figure 6-9(B) shows the overall analysis of IGFBP-5 expression in non-diabetic
and diabetic BM-MSCs. There was no trends or significant differences between
diabetic and non-diabetic cells. However, IGFBP-5 showed a trend of
downregulation in osteogenic cultures of diabetic and non-diabetic cells across
the 3 time-points: Wk1, Wk2 and Wk3.
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Figure 6-9: Relative changes in gene expression of  IGFBP-5 in non -diabetic
and diabetic BM -MSCs

A: Gene expression of IGFBP-5 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGFBP-5 gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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6.2.1.10 Relative changes in the expression of IGFBP-6 gene in non -
diabetic and diabetic BM -MSCs

Figure 6-10(A) shows the expression of IGFBP-6 in BM-MSCs from individual
non-diabetic and diabetic donors. IGFBP-6 was expressed at the different time-
points/culture conditions, with minimal expression at TO and Wk2 basal cultures
of donor ND2.

Figure 6-10(B) shows the overall analysis of IGFBP-6 expression in non-diabetic
and diabetic BM-MSCs. There were no statistically significant differences in the
expression levels of IGFBP-6 in diabetic versus non-diabetic cells or in basal
versus osteogenic cultures. Still, there was a trend of IGFBP-6 downregulation in
Wk3 osteogenic cultures of non-diabetic BM-MSCs without equivalent changes

in the diabetic cells under the same culture conditions.
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Figure 6-10: Relative changes in gene expression of IGFBP-6 in non -
diabetic and diabetic BM -MSCs

A: Gene expression of IGFBP-6 in individual non-diabetic (ND) and diabetic (D)
donors at TO, basal and osteogenic conditions at Wk1, Wk2 and Wk3 time-points.

B: Overall analysis of relative changes in IGFBP-6 gene expression in ND and D
BM-MSCs. Data are presented as mean + SEM (n=3 for each group).
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6.2.1.11 Comparing the IGF axis gene expression in non  -diabetic and
diabetic BM -MSCs at baseline (TO)

Figure 6-11 shows relative levels of expression of IGF axis genes at TO in
untreated non-diabetic and diabetic BM-MSCs. Generally non-diabetic and
diabetic cells showed similar levels of expression of the IGF axis genes. However,
some genes have been expressed at very low levels, such as IGF-1 and 2. IGF-
1R and IGF-2R, on the other hand, were also expressed similarly in both cell
populations but at relatively higher levels compared to the IGF-1 and -2. Looking
at the IGFBPs, IGFBP-1 showed the lowest expression levels, followed by
IGFBP-2, IGFBP-5 and IGFBP-6, which all showed roughly similar levels of
expression. IGFBP-3 and IGFBP-4 showed the highest levels of expression
among all IGF axis genes.
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Figure 6-11. Comparing the levels of IGF axis genes expression in non -
diabetic and diabetic BM -MSCs at baseline (T0O)
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6.2.2 Protein levels of IGFBPs in conditioned media of diabetic and
non -diabetic BM -MSCs

Since gPCR results showed statistically significant changes in expression of
IGFBP-2, IGFBP-3 and IGFBP-4 genes in diabetic versus non-diabetic BM-MSCs
at some time-points, the level of these proteins was assessed in the conditioned
media of basal and osteogenic cultures of both cell populations using ELISA as
described in chapter 3 of this thesis. Conditioned media was collected at time-
points week 1, 2 and 3 and samples were appropriately diluted to fall within the
kit range following initial optimization. Wk2 and 3 cultures had full media change
weekly, hence the concentrations of IGFBPs in media collected at each of these
2 time-points are reflective of weekly not cumulative release of each protein.
Samples of unconditioned basal and osteogenic media were assayed as controls
in each ELISA assay and had negligible concentrations of IGFBP-2, -3 and -4

that were below the detection range of the corresponding ELISA Kkit.

6.2.2.1 IGFBP-2 levels in conditioned media of non -diabetic and diabetic
BM-MSCs

Figure 6-12 shows IGFBP-2 protein concentrations in conditioned media of non-
diabetic and diabetic BM-MSCs. There were no statistically significant differences
between both cell populations at the different time-points/culture conditions.
There were also no statistically significant differences between time-points or
between osteogenic versus basal cultures. However, IGFBP-2 had a trend of
higher levels in osteogenic cultures compared to basal cultures, mirroring and
supporting changes on gene expression level as evidenced by gPCR analysis
(Figure 6-6).

172



IGFBP-2

400
ND/Basal
3004 B ND/Osteogenic
D/Basal
-
% 2004 B D/Osteogenic
c
100
0 1 1 1

S"\S@é@ S"\@*{L&@ $$\’$\1~k@ @“\&A“k‘&

Figure 6-12: IGFBP-2 levels in conditioned media of non -diabetic and
diabetic BM-MSCs

Data are presented as mean = SEM (n=3 for each group). D: diabetic, ND: non-
diabetic.

6.2.2.2 IGFBP-3 levels in conditioned media of non -diabetic and diabetic
BM-MSCs

Figure 6-13 shows IGFBP-3 protein concentrations in conditioned media of non-
diabetic and diabetic BM-MSCs. There were no statistically significant differences
between both cell populations at the different time-points/culture conditions.
Different to gPCR results (Figure 6-7), basal cultures of non-diabetic cells showed
statistically significant higher concentrations of IGFBP-3 at Wk3 versus Wk1 and
Wk3 versus Wk2 (p <0.05) and a similar trend was observed for basal cultures of

diabetic BM-MSCs, but without statistical significance.
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Figure 6-13: IGFBP-3 levels in conditioned media of non -diabetic and

diabetic BM -MSCs

Data are presented as mean = SEM (n=3 for each group). D: diabetic, ND: non-
diabetic. * p <0.05.

6.2.2.3 IGFBP-4 levels in conditioned media of non -diabetic and diabetic
BM-MSCs

Figure 6-14 shows IGFBP-4 protein concentrations in conditioned media of non-
diabetic and diabetic BM-MSCs. There were no statistically significant differences
between both cell populations at the different time-points/culture conditions. Non-
diabetic cells showed statistically significant higher levels of IGFBP-4 under basal
conditions at Wk2 versus WKk1; and under osteogenic conditions at Wk3 versus
Wk1 and Wk3 versus Wk2 (p <0.05), indicating time dependant increase of
IGFBP-4 concentrations under both culture conditions. Similar to non-diabetic
cells, diabetic BM-MSCs showed a trend of time dependant increase of IGFBP-4

concentrations under basal cultures but without reaching statistical significance.

Non-diabetic BM-MSCs also showed significantly higher IGFBP-4 concentrations
in osteogenic versus basal cultures at Wk3 (p <0.05); and diabetic cells showed
a similar pattern (statistically significant higher IGFBP-4 concentrations in

osteogenic versus basal cultures), but at Wkl (p <0.05).
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Figure 6-14: IGFBP-4 levels in conditioned media of non -diabetic and
diabetic BM -MSCs

Data are presented as mean = SEM (n=3 for each group). D: diabetic, ND: non-
diabetic. * p <0.05.
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6.3 Discussion

6.3.1 Relative changes in the expression of IGF axis genes in diabetic
and non -diabetic BM -MSCs

In this study, diabetic and non-diabetic BM-MSCs were cultured under basal and
osteogenic conditions for 3 different durations: 1, 2 and 3 weeks. The capacity of
both cells to differentiate into osteogenic lineages has been in shown in the
previous chapter. In the current chapter, the relative expression of IGF axis genes
under these conditions and time-points is discussed.

In accordance with earlier studies reporting that IGF-1 and IGF-2 were expressed
by human osteoblasts (548), both untreated non-diabetic and diabetic BM-MSCs
in the present study expressed IGF-1 and IGF-2 at TO. As IGF-1 was
downregulated in osteogenic cultures, its levels of expression in some
donors/cells were so low they dropped below the detection level in these
conditions. The same observation was true for IGF-2 but under basal conditions.
Furthermore, IGF-1 levels were generally comparable in non-diabetic and
diabetic cells, whether at TO, in basal or osteogenic cultures, with no significant
differences or trends observed. In contrast to the presented findings, IGF-1 was
shown to be downregulated in human DPSCs cultured under both basal and
osteogenic media supplemented with HG (549), and the critique of diabetic
simulating culture conditions was elaborated on in previous chapters of this

thesis.

The presented results also disagree with the findings of Khan et al. (550), where
BM-MSCs from diabetic mice showed lower levels of IGF-1 expression. A very
similar conclusion was reached by Zhao et al. (551), using BM-MSCs from
diabetic rats. Such variable results can be attributed to both studies isolating BM-
MSCs from animal models while this thesis investigated human BM-MSCs from
patients with T2DM. Nonetheless, MC3T3E1 mouse calvarial cell line cultured in
media supplemented with AGE-BSA had a notably different expression profile of
IGF-1. Cells cultured under basal media and exposed to AGE-BSA had lower
expression levels of IGF-1, whereas cells cultured in osteogenic media and
exposed to AGE-BSA showed no changes of IGF-1 expression at day 15 and

upregulated IGF-1 expression at day 25 compared to control cultures with BSA
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alone. This could indicate a protective effect of osteogenic media against AGE-
BSA influence on IGF-1 expression (552).

IGF-1 also had a trend of downregulation in osteogenic versus basal cultures of
both diabetic and non-diabetic BM-MSCs at 3 time-points (Wk1, Wk2 and Wk3),
reaching statistical significance at Wk2 osteogenic cultures of non-diabetic cells
(p <0.05) (Figure 6-1). This is most likely due to the use of dexamethasone as a
supplement in the osteogenic media in this thesis. Indeed, IGF-1 downregulation
was reported in cultures of rat osteoblasts supplemented with cortisol (553) and
also in cultures of rat osteoprogenitor-containing bone cells supplemented with
dexamethasone (476). In the second study, this decline was observed at 3
different time-points: 8, 14 and 20 days which are very close to the time-points
used in this thesis. Interestingly, dexamethasone in the above mentioned study
firstinduced osteoblast proliferation (up to day 8), followed by their differentiation
(day 8-20) as evidenced by increased ALP staining intensity and area. The
authors noted that no mineralisation was detected by day 20, probably because
of lack of glycerophosphate in the media (476).

The presented results also agree, at least in part, with the work of Birnbaum et
al. (554), where mouse calvarial osteoblasts showed initial high levels of IGF-1
expression (day 10), followed by downregulation at days 20 and 30. The authors
suggest that IGF-1 was upregulated in the initial proliferative phase, reflecting its
role as a pro-proliferation growth factor while such role may not be essential
during the early and late mineralisation phases (intervals 10-20 and 20-30 days,
respectively). Further endorsing dexamethasone potential role behind IGF-1
downregulation, the fact that MC3T3 cells have shown a gradual (though not
statistically significant) increase in IGF-1 expression from day 5 to day 21 (555);
and rats osteoblasts have also shown IGF-1 upregulation at days 3 and 6 (556)
and in both studies the culture media was supplemented only with

glycerophosphate and ascorbic acid.

IGF-1 induced osteogenic differentiation of rat BM-MSCs (387), rabbit PDLSCs
(408), human PDLSCs (403), human SCAP (557), human BM-MSCs (378,381)
and human DPSCs cultured under HG conditions (549). On the other hand, IGF-
1 stimulated differentiation and activation of rat osteoclasts and subsequent bone
resorption in vitro (558), and rh-IGF-1 was also reported to induce osteoclasts

differentiation in rat models of orthodontic tooth movement (559). Moreover,
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IGF-1 binding to IGF1-R on human osteoclast precursors induced their migration
(560) and expression levels of RANK and RANKL were reduced in long bones of
IGF-1 knockout mice, indicating its role in regulating osteoblasts-osteoclasts
interaction (561). Taken altogether, IGF-1 most likely regulates bone remodelling
through both pro-osteogenic and pro-osteoclastogenic effects (562).

Similar to IGF-1, the presented data indicate IGF-2 levels were very alike in
diabetic and non-diabetic BM-MSCs (Figure 6-2). To the best of my knowledge,
the expression of IGF-2 was not fully investigated in BM-MSCs isolated from
diabetic patients or cultured under diabetic simulation conditions. The closest
comparator in literature would be serum levels of IGF-2 in prediabetic patients.
Such investigations were in the context of looking at whether IGF axis proteins
could be used as markers of glycaemic control or the risk of developing CVD in
patients with T2DM. One study showed that serum levels of IGF-2 did not show
significant difference in patients with prediabetes compared to non-diabetic
controls (563), which agrees with the presented findings. On the other hand,
serum levels of IGF-2 were higher in STZ-induced diabetic rats compared to non-
di abetic controls. As such increase

suggest this excess IGF-2 could have come from the kidneys as a part of diabetes
effects on renal functions (564). Another study reported higher IGF-2 in diabetic
rats sera along with its upregulation in the heart, but not renal or hepatic tissues
(565) suggesting differential IGF-2 expression patterns in different tissues/organs

of diabetic animal models.

IGF-2 also showed a trend of upregulation in osteogenic versus basal cultures of
non-diabetic BM-MSCs at Wk1 time-point. This agrees with the work of Al-Khafaji
et al. (325), where IGF-2 was also upregulated in osteogenic cultures of human
DPSCs and the work of Fanganiello et al. (566) on osteogenic differentiation of
SHED. IGF-2 was also upregulated during osteogenic differentiation of iliac crest
BM-MSCs (466). This is consistent with IGF-2 and its transcription promotors
regulating expression of hallmark osteogenic markers, RUNX2 and OSX, and
subsequent MSCs osteogenic differentiation (567). Indeed, IGF-2 null mice were
around 60% smaller than their wild type counterparts (568) and Silver-Russell
syndrome, a congenital disorder manifested by prenatal and postnatal growth
retardation, abnormal facial features and body asymmetry, has been linked with

epigenetic downregulation of IGF-2 (569). Also supportive to the current study,
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IGF-2 promoted cellular viability and osteogenic differentiation of BM-MSCs
cultured on Bio-Oss® bone graft (570). On the other hand, IGF-2 expression
levels showed no changes in rats osteoblasts cultured with dexamethasone,
which is not very surprising given the fact that IGF-2 is most active in embryonic
bone development in rats but its expression levels drop after birth (476).

IGF-1, IGF-2 and insulin can all bind IGF-1R with IGF-1 having the highest affinity
and the GH/IGF-1/IGF1-R axis activity is crucial for normal growth and
development (571). This could possibly explain the relatively unchanged
expression levels of IGF1-R in both non-diabetic and diabetic cells under basal
and osteogenic conditions. Mice MSCs lacking IGF-1R could not differentiate into
osteoblasts and mice with knocked out IGF1-R had lower bone mass compared
to their wild type counterparts (395). The presented results indicate that IGF1-R
did not show any differences between diabetic and non-diabetic BM-MSCs
(Figure 6-3). This is in contrast with the findings of Jiang et al. (572), where IGF1-
R on the protein level was higher in PDLSCs cultured under HG versus
normoglycemic media, but such discrepancy can be attributed to the different
MSCs used in their work and using simulating diabetic micro-environment rather
than isolating cells from diabetics. On the other hand, IGF1-R was downregulated
on both mRNA and protein levels in DPSCs cultured under both basal and
osteogenic conditions supplied with HG, similar to IGF-1 as mentioned above
(549).

Ferland-McCollough et al. (250) concluded that diabetic BM-MSCs expressed
higher levels of adipogenic markers including IGF1-R and platelet-derived growth
factor receptor bdiabetio cglisa Othalt studies did eoeport
upregulation of IGF-1 and IGF1-R during BM-MSCs adipogenesis (573).
However, more research is needed to confirm how IGF-1/IGF-1R signalling can
contribute to both osteogenic and adipogenic differentiation of BM-MSCs and

which factors could favour one lineage over the other.

IGF-1R also showed no significant changes between basal and osteogenic
culture of both diabetic and non-diabetic cells, despite a trend of both IGF-1
downregulation and IGF-2 upregulation under osteogenic conditions. This could
signpost IGF axis regulating osteogenic differentiation of BM-MSCs through
changes in IGFs, rather than IGF-Rs expression levels, which remained relatively

stable. Nonetheless, IGF1-R overexpression in DPSCs was associated with
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increased expression of osteogenic and odontogenic markers and the opposite
was observed when IGF-1R was inhibited (574), indicating that IGFs axis could
coordinate osteogenic differentiation of different MSCs in variable ways. On the
other hand, IGF-1R was downregulated in dexamethasone treated cultures of
rats osteoprogenitor-containing bone cell populations (476), and this
disagreement compared to the presented findings could be attributed to the
differences in cells source and osteogenic supplements as outlined earlier in this
chapter.

IGF2-R as discussed earlier lacks a tyrosine kinase domain and thus, its main
role is binding IGF-2 to limit is bioavailability and binding to IGF1-R or IR.
However, some recent data indicate an active role of IGF-2/IGF2-R in homing of
epithelial progenitor cells (575). The presented results show no change in IGF-
2R expression whether in diabetic versus non-diabetic BM-MSCs or in
osteogenic versus basal cultures of both cell populations, designating quite stable
levels of expression of this molecule similar to IGF1-R (Figure 6-4). However,
similar to IGF1-R, IGF2-R was downregulated in dexamethasone treated cultures

of rats osteoprogenitor-containing bone cell populations (476).

IGFBP-1 had a trend of lower expression in diabetic versus non-diabetic BM-
MSCs at TO, WK1 basal and Wk2 osteogenic cultures. Interestingly, although
none were statistically significant, these trends were detectable in 3 different
culture conditions: untreated, basal and osteogenic (Figure 6-5). This agrees with
the work of Yan et al. (549), where IGFBP-1 was downregulated in DPSCs
cultured under basal and osteogenic media supplied with HG. Nevertheless,
IGFBP-1 serum levels were higher in patients with T2DM compared to controls
and displayed negative correlation with IGF-1 levels in both diabetics and
controls, indicating IGFBP-1 potential inhibitory effects on IGF-1 activity (576).
On the other hand, IGFBP-1 serum levels were lower in patients with impaired
glucose tolerance and correlated positively with insulin sensitivity (342).
Rajpathak et al. (577) proposed that insulin could induce IGFBP-1
downregulation to allow for higher levels of free IGF-1 as a compensatory
mechanism for the insulin resistance. To conclude, further studies could be
needed to elucidate the relationship between IGFBP-1 and different stages of

insulin resistance and T2DM.
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The presented data indicate IGFBP-1 had a trend of lower expression in Wk1
osteogenic versus basal cultures of diabetic cells. Since IGFBP-1 stimulated
osteoclasts differentiation and ensuing bone resorption (578), this could mean
BM-MSCs or differentiating osteoblasts in their normal niche would produce lower
levels of IGFBP-1 to limit osteoclastogenesis during phases of active bone
deposition. This is also consistent with studies showing higher serum levels of
IGFBP-1 associated with lower BMD in adult males (579) and higher fracture risk
in elderly females (580). Furthermore, osteoprogenitor-containing bone cell
populations isolated from female rats also showed lower expression levels of
IGFBP-1 in dexamethasone cultures at day 14 and 20 (476).

IGFBP-2 expression levels were significantly lower in Wk1 basal cultures of
diabetic versus non-diabetic BM-MSCs (p <0.05) (Figure 6-6). Given the fact that
IGFBP-2 was repeatedly shown to have pro-angiogenic roles (581,582), such
lowered levels of expression in diabetic cells could reflect the well documented
poor angiogenic capacities of different tissues in diabetics (583), which is behind
a number of diabetic complications such as poor wound healing. Indeed,
angiogenic potential of AT-MSCs from patients with T2DM and CVD (584) or
even T2DM alone (448) were reduced, and the same was observed when BM-
MSCs were cultured with serum of T2DM patients (277,585) or HG (586).

Interestingly, BM-MSCs from diabetic rats showed poor angiogenic potentials in
in vivo models compared to non-diabetic cells despite the fact that diabetic cells
cultured in vitro expressed higher levels of angiogenic and lower levels of anti-
angiogenic markers genes (253). This discrepancy highlights the possibility of
different characters of MSCs in in vitro culture settings, compared to their natural
niches or upon transplantation where vasculature, immunity and generally the

microenvironment could influence MSCs behaviour.

Here in the present study, data showed a trend of IGFBP-2 upregulation in
osteogenic cultures compared to basal ones in both diabetic (Wk1 and Wk3) and
non-diabetic (Wk2 and Wk3) cells, possibly because IGFBP-2 could stimulate
osteogenesis as shown earlier, where IGFBP-2 induced osteoblastic
differentiation of murine MCZ3T3 cells independently of IGF-1 through binding to
receptor tyr osi (»8). Thd mwesqntechdata areealsd® supported
by the work of Cheng et al. (588), where IGFBP-2 was upregulated in

dexamethasone treated human BM-MSCs at days 5 and 7; and the work of Jia
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et al. (476), where IGFBP-2 was upregulated in dexamethasone treated murine
osteoprogenitor-containing bone cell populations at days 8, 14 and 20 (roughly

parallel to the time-points used in this thesis).

The above findings are also consistent with other studies reporting IGFBP-2
upregulation in osteogenic cultures of MSCs. For instance, BM-MSCs cultured
under exposure to 10”7 M (100 nM) dexamethasone showed upregulation of both
IGF-2 and IGFBP-2 compared to basal cultures (589). Despite Hamidouche et al.
(589) using different osteogenic supplements (dexamethasone versus a
combination of ascorbic acid, glycerophosphate and dexamethasone in the
present study) at different concentrations (100 nM dexamethasone versus 10 nM
here in this study) and different time-points (3, 7, and 14 days versus 1, 2 and 3
weeks) to this thesis, both studies observed upregulation of IGFBP-2 in
osteogenic cultures. The presented results here also agree with those of
Alkharobi et al. (350), where IGF axis was investigated in DPSCs from healthy
and carious teeth and IGFBP-2 was upregulated in osteogenic cultures of both
cell populations. Moreover, this upregulation was coupled with IGFBP-3
downregulation and both phenomena enhanced IGF-1 pro-osteogenic effect
when added to DPSCs cultures (350).

Experimental manipulation of IGFBP-2 in animal models has shown controversial
results. IGFBP-2 overexpression leads to shortening of wing long bones in chick
embryos through inhibition of chondrocytes proliferation in early phases of long
bones development. Moreover, IGFBP-2 overexpression blocked IGF-1 and -2
mediated stimulation of chondrocytes proliferation and matrix synthesis (590). In
contrast, preosteoblasts isolated from IGFBP-2 null mice showed weaker
expression of OCN compared to cells from controls and their osteogenic
potentials were improved by adding exogenous IGFBP-2 to the culture media
(587). Notwithstanding, IGFBP-2 was shown to be essential for differentiation of
mature and functioning osteoclasts (591). Taken altogether, this suggests a
complex role of IGFBP-2 fine tuning bone turnover rather than a simple one way

pro-osteogenic impact.

IGFBP-3 showed significantly lower expression levels in diabetic versus non-
diabetic cells at Wk3B cultures (p <0.05) (Figure 6-7). This could be explained by
the hyperinsulinemia usually associated with T2DM compensating for the insulin

resistance (592), as IGFBP-3 was shown to be suppressed by insulin (593).
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These findings are consistent with earlier reports of reduced IGFBP-3 expression
in subcutaneous adipose tissue of diabetics, which may reflect impaired
differentiation capacities of adipose cells favouring more fat accumulation in non
adipose tissues and the ensuing insulin resistance (594). Indeed, IGFBP-3 could
regulate adipocytes differentiation upon binding to PAPP through TGF-b p a't
(595).

IGFBP-3 was significantly downregulated in osteogenic versus basal cultures of
non-diabetic BM-MSCs at Wk3 (p <0.05) with a trend of downregulation at Wk1
and Wk2 time-points. One possible explanation is that, similar to IGF-1,
dexamethasone could be behind this observation, as it was reported earlier to
reduce IGFBP-3 expression in human BM-MSCs (588) and rats hepatocytes
(596). A second plausible theory is related to IGFBP-3 overexpression having
anti-proliferative effect on mouse fibroblasts that was independent of IGF-1/IGF1-
R pathway (597). As shown in chapter 5 of this thesis and reported earlier (598),
BM-MSCs cultured under osteogenic media were generally more confluent
compared to basal media controls and this, at least in part, could be attributed to
IGFBP-3 downregulation. Thirdly, since IGFBP-3 is the major IGFBP in serum
binding around 90% of IGFs and decreasing their availability to bind IGF-Rs
(327), IGFBP-3 downregulation in osteogenic media could allow for higher levels
of free IGFs to bind their receptors and exert their pro-proliferation and pro-
osteogenic effects. As mentioned earlier, Alkharobi et al. (350) reported not just
IGFBP-3 being downregulated in osteogenic cultures of DPSCs, but also that co-
administration of IGFBP-3 and IGF-1 inhibited IGF-1 pro-osteogenic effects,
which is supported by earlier reports (599).

IGFBP-3 was also downregulated in day 20 cultures of rat bone cells
supplemented with dexamethasone, despite initial upregulation at days 8 and 14
(476), which agrees in part with the findings of the current study. The difference
in IGFBP-3 expression profile at the earlier time-points could be due the
difference in cells source (human in this thesis versus rats), cell population (BM-
MSCs versus osteoprogenitor-containing bone cells) and the culture conditions
(3 osteogenic supplements including dexamethasone versus dexamethasone
only). While inhibitory effects of IGFBP-3 are well documented, IGFBP-3 could
potentiate IGF-1 signalling by binding to IGFBP-3 putative transmembrane
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receptors and subsequent production of sphingosine-1-phosphate (S1P) and
increased IGF1-R tyrosine phosphorylation (600).

IGFBP-4 showed significantly lower expression levels by diabetic versus non-
diabetic BM-MSCs at Wk1B cultures (p <0.05) (Figure 6-8). To the best of my
knowledge, there are as yet no other reports of IGFBP-4 expression by BM-MSCs
isolated from T2DM patients. However, porcine vascular smooth muscles cells
cultured under HG conditions showed similar gene expression levels of IGFBP-
4, but lower protein levels compared to controls. This coincided with increased
IGFBP-4 proteolysis and IGF-1 levels in HG cultures, which could mediate
endothelial proliferation and contribute to CVD in diabetics (601). The presented
results also agree with the work of Hjortebjerg et al. (316), where diabetic patients
had lower serum levels of IGFBP-4, and the IGFBP-4 fragments resulting from
its proteolysis in serum could serve as a marker of CVD risk in diabetics (316).

Conversely, serum levels of IGFBP-4 in diabetic patients were reported to be
similar (576), as well as lower (316), compared to controls and diabetic animal
models showed higher serum levels of IGFBP-4 (602). Such contrasting findings
should be considered given the fact that liver is the main source of serum IGFBPs
with endocrine effects while almost every other tissue produces IGFBPs, albeit
at variable levels, acting in autocrine/paracrine fashion (603). Therefore, serum
levels of IGFBPs may not necessarily indicate or correlate with expression levels

in other tissues/cells including BM-MSCs.

IGFBP-4 showed a trend of downregulation in osteogenic versus basal cultures
of non-diabetic BM-MSCs at Wk2. Since osteogenic cultures in this study were
typically more confluent than their basal counterparts, such downregulation is
possibly consistent with earlier reports of general anti-proliferative and anti-
osteogenic effects of IGFBP-4. For instance, IGFBP-4 treated cultures of rats BM-
MSCs showed lower proliferation rates, while its immunodepletion had the
reverse effect (604). Transgenic mice overexpressing IGFBP-4 had lower bone
volume and diminished postnatal bone growth (605). However, other studies
reported pro-osteogenic effects of IGFBP-4, where its systemic administration
amplified serum levels of OCN, ALP and free IGF-1 in mice combined with higher
bone formation rates. The authors suggested IGFBP-4 proteolysis and
subsequent enhanced bioavailability of free IGF-1 contributed to these changes
(606).
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Furthermore, one study reported no significant change of IGFBP-4 expression in
dexamethasone treated cultures of rat osteoblasts at day 8, but this was followed
by downregulation at day 14 and then upregulation at day 20. Such changes were
possibly related to the different phases of osteogenic differentiation: early
proliferation (where IGFBP-4 downregulation could prevent its inhibitory effects
on IGF-1) followed by active differentiation (IGFBP-4 upregulation possibly
suppresses proliferative effects of IGF-1) (476). Another interesting report
concluded that IGFBP-4 exhibited both negative and positive control of IGF-2
mediated growth and that IGFBP-4 expression was essential for optimal IGF-2
activity (607). Such complex and sometimes contradictory data on IGFBP-4 role

in osteogenesis indicates it might be worth of further investigation.

Diabetic and non-diabetic BM-MSCs expressed IGFBP-5 at similar levels, without
statistically significant differences or trends of differences (Figure 6-9). Again to
the best of my knowledge, expression of IGFBP-5 in diabetic BM-MSCs is yet to
be fully investigated. However, serum levels of IGFBP-5 were lower in T2DM
patients compared to controls (576), but higher in female adolescents with TLDM
(608). As mentioned earlier, such findings should be carefully interpreted
because liver is the main source of circulating IGFBPs and therefore serum levels

may not reflect IGFBPs expression patterns in individual tissues/organs (603).

IGFBP-5 showed a trend of downregulation in osteogenic cultures versus basal
cultures of both diabetic and non-diabetic cells at Wk1, 2 and 3 cultures. This is
in contrast to previous reports of IGFBP-5 upregulation in osteogenic cultures of
BM-MSCs, PDLSCs, AT-MSCs and Whart on §89) usied &
commercial osteogenic differentiation kit, which may not contain the same
osteogenic supplements used in the current study. It is possible that, similar to
other IGF axis genes, this downregulation of IGFBP-5 in osteogenic media
observed in the current study is possibly attributed to the use of dexamethasone.
Indeed, IGFBP-5 was downregulated in dexamethasone treated cultures of
human BM pre-osteoblastic cells contributing to increased levels of IGF-2 and
both changes supported the overall pro-osteogenic effect of dexamethasone in
theses cultures (588). In contrast, IGFBP-5 was downregulated during
osteogenic differentiation of the murine NIH3T3 fibroblast cell line using
dexamethasone alone or a combination of dexamethasone and vitamin D, but not

vitamin D alone (610). Although IGFBP-5 expression did not change during
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osteogenic differentiation of DPSCs using dexamethasone and ascorbic acid,
exogenous IGFBP-5 inhibited the pro-osteogenic effects of IGF-1 in these cells
(325). Nevertheless, IGFBP-5 expression levels showed no change in response
to dexamethasone in rat osteoprogenitor-containing bone cell populations (476).
This supports the notion of the intricate regulation of IGFBP-5 expression by
dexamethasone. Moreover, these opposing effects of dexamethasone on IGFBP-
5 expression could be attributed to the different cells used in the above mentioned
studies (325,476,610) compared to this thesis.

In contrast, exogenous IGFBP-5 has been shown to enhance osteogenic and
odontogenic potentials of different types of MSCs, including BM-MSCs and
PDLSCs (374), aswellas DPSCs (611). IGFBP-5 t r ansf ecti on
MSCs also enhanced their osteogenic potentials in monolayer cultures and upon
transplantation into in vivo periodontal defects (609). These paradoxical effects
of IGFBP-5 have been described earlier, where exogenous IGFBP-5 is more
likely to bind IGF-1 and regulate IGF-1/IGF1-R axis, while endogenous IGFBP-5
could bind to potential nuclear receptors (612). Indeed, IGFBP-5 could bind to
nuclear vitamin D receptor in human osteosarcoma cells lines (613). On the other
hand, IGFBP-5 overexpression decreased expression of osteogenic markers in
MC3T3 cells (614) and both exogenous addition and adenoviral transfection of
IGFBP-5 inhibited BMP-2 induced osteogenic differentiation of murine MSCs
(615).

IGFBP-6 showed a trend of downregulation in Wk3 osteogenic versus basal
cultures of non-diabetic cells only (Figure 6-10). Distinct from other IGFBPs,
IGFBP-6 has higher affinity to bind IGF-2 compared to IGF-1. Thus, IGFBP-6
inhibits IGF-2 effects by limiting its binding to IGF-1R (616). As a result, IGFBP-
6 downregulation in osteogenic media could contribute to higher availability of
IGF-2 under these conditions. Moreover, IGFBP-6 has been shown to promote
apoptosis and inhibits the anti-apoptotic effects of IGFs in some cancer types
(617), thus its downregulation in osteogenic media could have contributed to the
increased cell density observed in these cultures. IGFBP-6 exerts these pro-
apoptotic effects independently of IGFs as well through translocation to the
nucleus and modulating DNA repair process (618). Likewise, IGF-2 weak

immunoreactivity combined with IGFBP-6 positive immunostaining in human
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epithelial cells of Malassez could explain the physiologic non-proliferative status
of these cells (619).

Comprehensive analysis of IGF axis genes expression has been evaluated in
different types of cancers, including osteosarcoma (620), prostate cancer (621)
and ovarian cancer (622). However only a few studies explored IGF axis in stem
cells, and the work of Al-Khafaji et al. (325) on DPSCs is a notable example.
Looking at the overall expression patterns of different IGF axis genes at TO, the
presented data shows that the differences between diabetic and non-diabetic
BM-MSCs are not very dramatic (Figure 6-11). Both cell population showed
relatively low expression levels of IGF-1 and IGF-2, which is in part consistent
with the work of Al-Khafaji et al. (325), as they detected IGF-2, but not IGF-1, in
DPSCs cultures. The presented data show that these relatively low levels of
expression of IGF-1 and IGF-2 are coupled with relatively higher expression of
their receptors in both diabetic and non-diabetic BM-MSCs. Al-Khafaji et al. (325)
suggested IGFs could be sourced out from the rich vasculature of dental pulp or
produced by neighbouring cells and bind to DPSCs in a paracrine manner. Such
scenarios could be valid for BM-MSCs as well. It is possible that the OA status of
BM-MSCs wused in the current study or the

these low expression levels of both IGFs.

IGFBP-1 was the least expressed IGFBP in BM-MSCs cultures and this agrees
with the findings of Al-Khafaji et al. (325). This was also the case with BM-MSCs
isolated from rats vertebrae and femurs (623). Following IGFBP-1, the presented
data shows the order of expression levels was IGFBP-2 < IGFBP-5 and -6 <
IGFBP-3 and 4, meaning that IGFBP-3 and 4 were the most abundant IGFBPs in
BM-MSCs conditioned media. This is slightly different from the findings of Al-
Khafaji et al. (325), where IGFBP-1 was followed by IGFBP-3, -6, -2 and then
IGFBP-5 and -4, which had the highest expression levels in DPSCs cultures. On
the other hand, BM-MSCs of rats vertebrae expressed IGFBP-2 to -6, with
IGFBP-2, -4 and -6 showing the highest expression levels and BM-MSCs of rats
femurs expressing only IGFBP-4 and -6 (623).

6.3.2 Protein levels of IGFBPs in conditioned media of diabetic and
non -diabetic BM -MSCs

Although IGFBP-2, -3 and -4 showed statistically significant lower expression on

gene level in diabetic versus non-diabetic BM-MSCs at certain time-points, the
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protein levels of these IGFBPs in conditioned media showed no statistically
significant differences in diabetic versus non-diabetic cultures at any time-point
or culture condition. This means that lower mRNA levels did not eventually
caused similar alteration of released protein levels and diabetic BM-MSCs would
still have comparable levels of these proteins compared to their non-diabetic
counterparts. Although mRNA abundances were thought to be the key
determining factor of protein levels, this notion seemed to be too simplistic (624).
Protein levels in fact are the result of complex interplay of post-transcriptional,
translational and protein degradation processes (625), and such discrepancy
between mRNA and protein levels have been described in large scale

transcriptomic and proteomic analyses (626).

Some of the factors regulating the rate of mMRNA translation into protein include
MRNA secondary structure, regulatory small RNA (sRNA) that influence mRNA
stability and its binding rate to ribosomes, ribosomal occupancy, mRNA
sequestration and subsequent lack of translation (627). Following translation,
protein levels are affected by post translational modification, including protein
folding, interactions with other proteins, as well as degradation through the

ubiquitini proteasome system and autophagy (628).

Because IGFBPs can bind IGFs, as well as cell receptors and ECM proteins to
exert their IGFs independent functions (629), it is possible some of the IGFBPs
were bound to their receptors on cell membranes and consequently were not
included in the ELISA assay, as it used cell culture supernatant as a substrate.
Furthermore, the assays could have measured free rather than total IGFBPs, thus

excluding IGFBPs molecules bound to IGFs.

These results are in agreement with those of Cassidy et al. (248), where levels
of IGFBP-2 and -3 were similar in conditioned media of diabetic and non-diabetic
BM-MSCs. Similarly, serum levels of IGFBP-2 and -3 were similar in obese
diabetic females compared to controls (594). On the other hand, serum levels of
IGFBP-2 were higher and IGFBP-3 were lower in obese diabetic patients versus
controls (630). However, because IGFBPs are mainly synthesized in the liver
(631), serum concentrations of IGFBPs are more likely to indicate their hepatic

production rather than their secretion by other tissues.

Consistent with qPCR results, IGFBP-2 concentrations were higher in osteogenic

versus basal conditioned media of both diabetic and non-diabetic BM-MSCs
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(Figure 6-12). Nonetheless, ELISA results have revealed an interesting finding
different to qPCR, which is a trend of time dependant increase of IGFBP-2
concentrations in osteogenic cultures of both non-diabetic and diabetic BM-
MSCs. Because media was fully changed weekly for Wk2 and Wk3 cultures, this
rise of concentrations is not cumulative, but expressive of weekly release. One
possible explanation is the higher cell confluence or numbers as the culture
duration increased. Another conceivable scenario is lower rates of IGFBP-2
degradation by proteolytic enzymes, such as pregnancy associated plasma
protein A (PAPP-A), which was detected in cultures of DPSCs (325). Although
PAPP-A has been described as the main proteinase of IGFBP-4, IGFBP-2 was
reported as a potential substrate as well (356,632). This pattern of IGFBP-2
upregulation and subsequent higher protein levels in osteogenic cultures is
consistent with the work of Alkharobi et al. (350) on DPSCs; and suggests the
possibility of similar expression profile of IGFBP-2 across different types of stem

cells under osteogenic conditions.

Concentrations of IGFBP-3 also showed a trend of time dependant increase in
basal cultures of both diabetic and non-diabetic cells, reaching statistical
significance at Wk3 versus Wk2 and Wk3 versus Wkl basal cultures of non-
diabetic cells (Figure 6-13). This is different to qPCR results where IGFBP-3
expression levels remained relatively unchanged. Free IGFBP-3 has a half-life of
around 30-90 mins (633), which means it could be degraded within a few hours

and the observed higher concentrations in Wk2 and Wk3 basal cultures are more

l i kely reflecting O6freshd r adMBGsrThigasa n

indicates that the actual levels of produced IGFBP-3 could be higher than those

measured using the ELISA assay.

Additionally, while osteogenic cultures showed IGFBP-3 downregulation
compared to basal cultures, this was not the case for protein levels that showed
on differences between both culture conditions. In both cases it could be inhibition
of IGFBP-3 proteinases, such as PAPP-A2 (634), that lead to these relatively
higher concentrations. Similar to PAPP-A, PAPP-A2 is a metalloproteinase
specific for cleavage of IGFBP-3 and -5, which are the main IGFBPs binding to
IGFs in the circulation and thus, PAPP-A2 can play a significant role in controlling
serum levels of the IGFs (634).
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The same can be true for IGFBP-4 concentrations, which showed a trend of time
dependant increases in basal and osteogenic cultures of diabetic and non-
diabetic cells, with statistically significant differences at Wk2 versus Wk1 in basal
cultures of non-diabetic cells, and Wk3 versus Wk2 and Wk3 versus Wk1
osteogenic cultures of non-diabetic cells (p <0.05) (Figure 6-14). IGFBP-4 levels
were also higher in osteogenic versus basal cultures of diabetic cells at Wkl and
non-diabetic cells at Wk3. In both cases, such changes could be attributed to
inhibition of IGFBP-4 proteinases, most notably PAPP-A, either in long term
cultures or under osteogenic conditions. Nonetheless, Al-Khafaji et al. (325)
reported the opposite, with PAPP-A upregulated and stanniocalcin-2 (STC-2, an
inhibitor of PAPP-A) downregulated in osteogenic cultures of DPSCs. This could
be attributed to the different cell origin or culture duration as DPSCs were cultured
for 1 week and ELISA data showed minimal changes at Wk1 time-point in the
present thesis. Measuring gene expression and protein concentrations of PAPP-
A, -A2, and STC-2 in future experiments would give more details about the
regulation of IGFBPs protein levels in BM-MSCs cultures.

Other IGFBPs proteinases include MMPs, which were shown to degrade IGFBP-
3 and -5, cathepsins, which could degrade IGFBPs in both intracellular and
extracellular contexts, and complement protein 1s (635). While these proteinases
could cleave different IGFBPs, cleavage of IGFBP-4 could be restricted to PAPP-
A, a process which is stringently dependent upon IGFBP-4 binding to IGF-1 or -
2 (636). Moreover, a number of inflammatory cytokines, suchasIL-1 b an d
U, I nPAARPeAeexpression, with its upregulation observed in a number of

tissue injury models (636).

The time dependant rises in levels of IGFBP-2 and -4 (and to a lesser extent in
IGFBP-3), could be attributed to higher cell numbers as culture duration extends,
specially that gene expression levels of the 3 IGFBPs remained almost steady in
basal cultures. Higher rates of cell proliferation could also explain the higher
IGFBP-4 concentrations in osteogenic versus basal cultures, where gPCR data
showed no evidence of IGFBP-4 upregulation. Additionally, these higher
concentrations could be due to release of stored IGFBPs, rather than active de
novo synthesis by BM-MSCs, but such distinction can be made by adding protein
synthesis inhibitors, such as cycloheximide, to the cultures as previously reported

(105). For instance, higher IGFBP-3 levels in media of culture human fibroblasts
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was attributed to 2 different sources: IGF-1 releasing IGFBP-3 bound to cell
surface receptors and ECM, and TGF-b s t i mdelnavb IGRBP-3 synthesis
(106).

In conclusion, although IGFBP-2, -3 and -4 showed statistically significant lower
gene expression levels in cultures of diabetic versus non-diabetic BM-MSCs,
these differences were not detected on the protein level. On the other hand,
IGFBP-2 showed higher expression levels in osteogenic versus basal cultures of
both diabetic and non-diabetic BM-MSCs on both gene and protein levels, while
IGFBP-3 showed lower expression levels in osteogenic versus basal cultures of
diabetic and non-diabetic cells only on gene levels. Moreover, IGF-1 was
significantly downregulated in osteogenic versus basal cultures of non-diabetic
cells at Wk2, while IGFBP-5 showed a trend of downregulation in osteogenic
versus basal cultures of both diabetic and non-diabetic BM-MSCs across Wk1,
Wk2 and Wk3 time-points. Thus, these IGF axis molecules could be used to
coordinate osteogenic potentials of BM-MSCs as discussed in the General

Discussion chapter of this thesis.
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Chapter 7 General discussion

7.1 Discussion

T2DM has been shown to influence multiple health conditions, with the
bidirectional relationship with periodontitis attracting a relatively larger scientific
interest. Stem cell based periodontal regeneration could be a promising
therapeutic approach in patients with periodontitis, including diabetics. BM-MSCs
are multilineage stem cells offering a number of advantages, including pro-
angiogenic and immunomodulatory potentials (637), and could be associated
with lower risk of postoperative complications, both at donor and recipient sites
compared to iliac crest autogenous bone graft (638). Another advantage of BM-
MSC:s is their relative abundance (639) and thus, their expansion for carrying out
research or for therapeutic applications may not be critical, unlike dental stem
cells which are harvested in limited number and would almost definitely need
some form of expansion. Nonetheless, osteogenic and periodontal differentiation
potentials, as well as expression of IGF axis in BM-MSCs isolated from diabetic

patients, have not been fully investigated.

BM-MSCs from hip joints (247,248) and alveolar bone (252,450) of T2DM
patients have been previously investigated. However, to the best of my
knowledge, this thesis represents a first attempt to characterize BM-MSCs
isolated from knee joints of T2DM patients. This included assessing their
clonogenic, proliferative and osteogenic differentiation potentials compared to
non-diabetic controls. Moreover, this study would also be the first to examine
expression of periodontal markers genes, POSTN and CEMP-1, in diabetic BM-
MSCs, as well as identification of possible changes in the expression of IGF axis
genes. This would contribute to fully understanding how T2DM could influence
BM-MSCs and whether they could be used for autologous stem cells based

periodontal regeneration in diabetic patients (248).

In this thesis, BM-MSCs were first isolated from osteoarthritic knee joints of T2DM
and non-diabetic patients undergoing knee replacement surgery. Both cell
populations were initially characterized using CFU-Fs assay, PDT assay and flow
cytometric analysis of stem cells surface markers. For these investigations, both

cell populations were cultured and expanded using the same media (complete
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basal media). Using 2 different media (for instance HG cultures for diabetic cells
and normal glucose media for non-diabetic cells) could have made undermined
the consistency and comparability of the results. HG or AGEs media are unlikely
to fully replicate the complicated diabetic microenvironment as mentioned earlier
in this thesis (253). Moreover, BM-MSCs isolated from animal models with short
term exposure to diabetic microenvironment still exhibited altered osteogenic
differentiation when cultured under normal conditions (253), and diabetes could
induce a number of persistent epigenetic changes that remained after cell culture
under normal glucose (640). Thi s phenomena i s d
memor yo, and coul dleforaiabetit complicationsrsees ip weh
controlled diabetic patients, because of earlier exposure to high glucose prior to
diagnosis and treatment (640). Nevertheless, the impact of different culture
systems on expanded diabetic BM-MSCs relative to uncultured cells remains to
be ascertained.

Both diabetic and non-diabetic BM-MSCs showed colony forming abilities, slower
proliferation rates in later passages and fitted the phenotypic pattern of MSCs as
identified by ISCT, but without significant differences between both cell types.
This in general is consistent with earlier investigations (246,247), as detailed in
chapter 4 of this thesis. Moreover, the osteogenic differentiation assay has shown
that both cell types have similar osteogenic potentials as evident by quantification

of their mineralisation and expression of different osteogenic markers.

Nevertheless, statistically significant reduced expression of key periodontal
markers, POSTN and CEMP-1, was detected in diabetic BM-MSCs at Wk1 basal
and Wk3 osteogenic cultures respectively. While extensive studies investigated
osteogenic differentiation and bone regeneration potentials of different types of
stem cells resulting in well-established protocols and markers, induction of in vitro
cementogenic differentiation of stem cells and achieving cementum regeneration
in periodontal defects clinically, a key event for periodontal wound healing, are
not fully established yet (641). CEMP-1 was reported to stimulate proliferation,
migration and multilineage differentiation of PDLSCs (642), and more recently
was found to induce complete regeneration of PDL tissues in a rat model (643).
Accordingly, it seems CEMP-1 functions extend beyond being a marker of
cementoblastic differentiation and could be a key molecule for inducing

periodontal regeneration, both in health and under diabetic conditions. Indeed,
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CEMP-1 (or its derived peptides) induced osteogenic differentiation of gingival
fibroblasts (644), oral mucosal stem cells (645) and PDL cells (475), though its

pro-osteogenic effects on BM-MSCs are not fully established.

The same can be true for POSTN, which has pro-osteogenic potentials (646,647),
induces PDL cells migration and proliferation even under inflammatory conditions
or bacterial LPS (648); and also can reverse the negative impact of HG (292) and
AGEs (515) on osteogenic potentials of PDLSCs. Hence it could be an ideal
candidate to be used in local drug delivery systems in periodontal lesions in
patients with T2DM where it could promote periodontal regeneration through
stimulation of native endogenous stem cells within these defects while protecting
against different pathological elements of diabetic microenvironment. Equally,
POSTN can be used to enhance regenerative potentials of stem cells
transplanted into periodontal defects in diabetic patients. POSTN incorporated
into collagen scaffolds enhanced proliferation, adhesion and ALP activity in the
osteoblasts seeded onto those scaffolds (647). This ultimate clinical translation
would go first through different phases o

Wor k6 section.

Both diabetic and non-diabetic BM-MSCs in this thesis showed an OPG/RANKL
ratio above 1, indicating their relative preference for bone deposition over bone
resorption. Both cell populations also formed calcium deposits, the ultimate
product of osteogenic differentiation, at comparable levels. Thus the lower
expression levels of CEMP-1 and POSTN may not hugely influence the overall
mineralization capacities of diabetic BM-MSCs, but possibly their potentials to
regenerate PDL tissues and cementum when transplanted to periodontal defects.

Testing this hypothesis i s detail ed in the upcoming 6

While different GFs have been used clinically in orthopaedics and periodontology,
they do have their own limitations. For instance, while recombinant BMP-2 has
been used on a relatively large scale in orthopaedics and to a lesser degree in
dentistry, it was linked with postoperative complications, such as ectopic bone
formation and possibly higher cancer risk (649). It is thus prudent to investigate
other signalling cues for bone and periodontal regeneration. Because the IGF
axis plays an important role in stem cell biology and bone regeneration, IGF axis
genes would represent ideal candidates for this purpose. The data presented in

this thesis showed that IGFBP-2, -3 and -4 showed statistically significant lower
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expression levels in diabetic versus non-diabetic BM-MSCs at Wk1, Wk3 and
WKk1 basal cultures. IGFBP-1 also showed a trend of lower expression in diabetic

versus non-diabetic BM-MSCs at TO, Wk1 basal and Wk2 osteogenic cultures.

Additionally, this thesis demonstrated that IGF-1 was significantly downregulated
in Wk2 osteogenic cultures of non-diabetic cells (with all other time-points of
diabetic and non-diabetic BM-MSCs showing a similar trend), IGFBP-3 was
significantly downregulated in Wk3 osteogenic cultures of non-diabetic cells and
Wk1 and Wk2 osteogenic cultures showing a similar trend (diabetic BM-MSCs
failed to show any of these patterns); and that IGFBP-2 showed a trend of
upregulation during osteogenic differentiation of diabetic and non-diabetic BM-
MSCs. These changes in IGFBP-2 and -3 expression are supported by similar
previously published data reported using DPSCs (350) and IGFBP-2 was also
upregulated during osteogenic differentiation of AT-MSCs (650). Moreover, the
data in this thesis showed IGFBP-5 had a trend of downregulation in osteogenic
cultures of both diabetic and non-diabetic BM-MSCs across all time-points.
Therefore, there is a potential to use these molecules to boost and coordinate the
osteogenic differentiation of MSCs in situations where they can be compromised,
such as when isolated from donors of old age or with medical comorbidities.
Recent reports suggest that members of the IGF axis can improve insulin
resistance and glycaemic control or protect against obesity and diabetes
including, IGFBP-1 (320), IGFBP-2 (651) and a combination of IGF-1 and IGFBP-
3 (652). Thus further research is needed to confirm if the IGFs and their binding
proteins could help achieve both goals, bone regeneration and metabolic

homeostasis, simultaneously in diabetics.

Furthermore, the statistically significant lower gene expression levels of IGFBPs
in diabetic versus non-diabetic BM-MSCs reported in this thesis were observed
under basal cultures only, possibly

media. Additionally, non-diabetic BM-MSCs showed a higher number of
differentially expressed genes under osteogenic versus basal conditions
(Appendix B), potentially representing in general a weaker response of diabetic

BM-MSCs to osteogenic supplements.

Interestingly, IGFBP-2, -3 and -4 differential gene expression in diabetic and non-
diabetic cells was not reflected on the protein levels, which could be explained by

variation in mRNA stability levels or translation rates as well as post-translational
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stability of these proteins. Consequently, further research into factors that might
alter the concentration of these IGFBPs, including IGFBPs proteases (in
particular PAPP-A and -A2), as well as their inhibitors (most notably STC-2), is
needed. PAPP-A is a secreted enzyme potentially controlled by a number of
cytokines, including IL-1 b-4 and -6 as well as TGF-b a n d -2 BoBBY; and its
transcription and protein levels can be assessed using qPCR and ELISA
respectively. STC-2 is also a secreted protein with putative receptors that is
potentially involved in calcium regulation, angiogenesis, glucose homeostasis, in
addition to its more established role in regulating PAPP-A and IGFBP-4 activity
(654). With more research suggesting a central role of IGF axis in development
and regeneration of oral and dental tissues (655), it is prudent to investigate the
expression of PAPP-A, -A2 and STC-2, as they would ultimately affect any IGF
axis related therapeutics.

The release of IGFBP-2 and -4 was notably increased in osteogenic conditions
compared to basal. For IGFBP-2, this was reflecting the changes seen on mRNA
levels and confirms its pro-osteogenic effect (392,587). For IGFBP-4, the higher
concentrations detected in osteogenic versus basal conditioned media were not
related to the gene expression levels. IGFBP-4 role in osteogenesis has been
considerably contentious, with local injections inducing and systemic
administration inhibiting ALP activity (656). While IGFBP-3 was downregulated in
osteogenic cultures of non-diabetic cells, this was not the case for protein
concentrations, and the discrepancies could indicate a possible role of IGFBPs

proteases and their inhibitors as outlined above.

Most of the literature on diabetic BM-MSCs, as well as a number of the results
reported in this thesis, show no dramatic differences in diabetic cells compared
to non-diabetic controls. Thus it could be the BM-MSCs niche rather than the cells
per se that contributes to the different complications and pathologies attributed to
diabetes. This includes but is not limited to angiogenic, endothelial and immune
cells residing within the BM-MSCs niche. Indeed, BM adipocytes from diabetic
donors favoured adipogenic over osteogenic differentiation of BM-MSCs through
paracrine secretion of monocyte chemoattractant protein-1, a chemokine actively
involved in adipose tissue inflammation in T2DM (250). Moreover,

hyperglycaemia and obesity could induce inflammatory memory in hematopoietic
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cells within the BM, which substantially contributes to development of diabetes
and CVD (657).

In their review on microenvironmental modulation of stem cells, Zheng et al. (514)
propose that stem cells based therapy could face double impairment: one
resulting from the donords systemidc
lower levels of sex hormones in postmenopausal women, glucocorticoid therapy
and diabetes) and another from the pathological inflammatory niche at the
recipient sites (periodontitis for example). Interestingly, native stem cells within
the periodontal defects (PDLSCs) would also be affected by both impairments.
As aresults, for both treatment strategies of periodontitis in diabetics (cytotherapy
or tissue engineering using transplanted BM-MSCs and activation of endogenous
PDLSCs), pharmacological intervention to rescue stem cells and restore their
regenerative capacities seems almost inevitable. These include antioxidants,

epigenetic regulation or targeting signalling pathways involved in tissue

regeneration (514). The notion of oOperfectdé MSCs i

almost always be a compounding factor influencing MSCs therapeutic potentials,
not only underlying local or systemic medical conditions but also aging, obesity,

smoking, unhealthy diet or other life style related factors.

7.2 Future work

The set of experiments presented in this thesis was conducted on BM-MSCs from
diabetic patients, with the ultimate goal of their use in autologous stem cell based
periodontal tissue engineering, and have demonstrated lower expression of
POSTN, CEMP-1 and 3 IGFBPs on the gene level in diabetic compared to non-
diabetic BM-MSCs. The first implication of these findings is to test whether these
changes would be mirrored in diabetic PDLSCs. This will improve our
understanding of the underlying molecular mechanisms of the association
between diabetes and periodontal disease and address these possible
deficiencies in diabetic PDLSCs to enhance in situ periodontal regeneration,
depending on native resident stem cells rather than stem cell transplantation.
Moreover, larger samples in these future studies could also allow for stratifying
the diabetic donors into subgroups based on additional factors such as their
glycaemic control, BMI, duration and medication of diabetes and association of
diabetic complications such as CVD. This would help build a better understanding
of how T2DM could impact BM-MSCs and PDLSCs.
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IGF-1, -2 and all IGFBPs were detectable in ECM of PDL, and IGF1-R was
expressed by PDL fibroblasts, suggesting that these stores of IGFs within ECM
could exert a paracrine effect on PDL cells (364). Therefore, different members
of the IGF axis could potentially be applied locally to improve periodontal
regeneration in T2DM patients with periodontitis. Indeed, as mentioned earlier,
IGFBP-5 has shown promising results in animal models of periodontitis (609),
and IGF-1 has already been used clinically in non-diabetic patients with
periodontal defects in combination with other GFs (375,376).

The multiple genes that showed differential expression in diabetic versus non-
diabetic BM-MSCs or in osteogenic versus basal cultures in this thesis could be
used to modulate differentiation of diabetic BM-MSCs into mineralising
phenotype by adding recombinant human proteins of these molecules to cultures
of diabetic cells. An experimental design comparing basal and osteogenic
cultures with and without the molecule under investigation would allow for
detection of any synergistic effects. While bone regeneration using gene therapy
has been tested in limited clinical trials (658), using this approach to correct

deficiencies of diabetic BM-MSCs could prove useful.

Though this thesis has shown lower gene expression levels of POSTN and
CEMP-1 in diabetic BM-MSCs, these findings need to be verified on the protein
level. The results of IGFBPs expression discussed in chapter 6 of this thesis has
clearly shown that mRNA and protein levels do not necessarily match. These
lower expression levels of POSTN and CEMP-1 in diabetic BM-MSCs may not
hugely influence their osteogenic potentials (both diabetic and non-diabetic BM-
MSCs expressed osteogenic markers and eventually formed mineralised
deposits comparably in this thesis as well as in previous investigations
(247,248)). However, these markers are more likely to influence differentiation of
diabetic BM-MSCs into PDL fibroblasts and cementoblasts and subsequent

formation of PDL tissue and cementum.

This hypothesis cannot be tested in monolayer cultures but in animal models
where diabetic BM-MSCs could be transplanted into experimental periodontal
defects and formation of new cementum and alveolar bone with well aligned PDL
fibres in-between can be verified. These animal models include surgically created
periodontal defects (659), ligature induced periodontal defects (660), or

heterotopic defects where bovine bone and human dentine matrix were implanted
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into mice to simulate periodontal defects (240). A number of T2DM animal models
could be used for this purpose, including high fat feeding rats and ZDF rats (661).
Alternatively, 3D models of periodontal tissues are under development for use in
periodontal regeneration research (284). Moreover, BM-MSCs can be
transplanted into these models as cell sheets, which have the extra advantage of
ECM proteins serving both as a scaffold and as signalling molecules, superior

handling characteristics and minimal manipulation (240).

Moreover, assessing osteogenic potentials and IGF axis expression in freshly
isolated BM-MSCs from diabetic donors would reveal if uncultured cells mirror
the changes observed in cultured BM-MSCs in this study. Alteration of crucial
pathways in bone regeneration, senescence and phenotypic changes have been
reported in culture expanded BM-MSCs compared to native cells (662).
Furthermore, in vitro aging of BM-MSCs during their culture and expansion can
be more detrimental on their multilineage differentiation and therapeutic

potentials than donor aging or systemic morbidities, including diabetes (247).

This could be taken even further by using fluorescence based sorting of
uncultured diabetic BM-MSC to enrich CD271* CD45 MSCs population, as the
CD271* population was shown to contain BM-MSCs with higher proliferative and
differentiating potentials (663). Furthermore, co-culturing BM-MSCs with other
cells types normally present in BM such as adipocytes, which play a crucial role
in tuning insulin resistance, under hyperglycaemic conditions has been tested
earlier (664). It would be interesting to retest such models, but using BM-MSCs

and adipocytes isolated from diabetics rather than HG simulatory cultures.

Next generation sequencing could also be used to explore genes differentially
expressed in diabetic BM-MSCs. Most recently, RNA sequencing has shown that
IGF-1, as well as RUNX2, BMP-2, -4 and -6, were downregulated in alveolar bone
BM-MSCs isolated from diabetic patients (665). As outlined in chapter 5 of this
thesis, alveolar BM-MSCs from diabetic patients did show lower expression levels
of key osteogenic markers (251), which is different from the data on knee joint
BM-MSCs presented in this thesis. Thus, using one BM-MSCs population from
diabetics for drawing generalised conclusions may not be ideal and therapeutic
potentials of diabetic BM-MSCs from different tissues should be assessed

individually.
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Another path worth exploring would be culturing diabetic BM-MSCs on scaffolds
for bone and periodontal tissue engineering. Considering the complexity of
periodontal tissues, the rather limited size of periodontal defects (150), higher risk
of postsurgical complications, such as flap dehiscence, delayed wound healing,
postoperative swelling and bleeding in diabetics (131), injectable hydrogels in
particular present attractive candidates for this purpose. Apart from their ease of
preparation and low cost, they can be readily injected into periodontal defects on
their own or loaded with drugs to function as local drugs delivery system (666).

While this thesis has focused on the osteogenic differentiation of diabetic BM-
MSCs and the expression of periodontal markers and IGF axis genes,
investigating other aspects of diabetic BM-MSCs behaviour that might influence
their periodontal regenerative potentials is worth considering. For example,
exploring whether the diabetic microenvironment alters the immunomodulatory
characteristics of diabetic BM-MSCs. Moreover, as discussed earlier in this
thesis, the periodontal defects where diabetic BM-MSCs would be transplanted
represent an even more challenging microenvironment, given the bacterial origin
of periodontitis and the host inflammatory response mediating a considerable part
of periodontal tissues damage (667), as well as the heavy microbial load in the
non-sterile oral cavity (284) (For instance, oral plaque from T2DM patients
reduced clonogenicity but not expression of osteogenic marker in DPSCs (668)).
While a number of studies explored the immunomodulatory characteristics of BM-
MSCs isolated from T1DM patients (7), and AT-MSCs derived from T2DM
patients showed lower expression levels of anti-inflammatory cytokines and
weaker suppression of PBMCs proliferation (669), in addition to weaker
suppression of lymphocytes proliferation and activation of M2 macrophages
(670), this remains to be explored for BM-MSCs isolated from T2DM patients.

The ultimate goal of this research would be the clinical translation of both
approaches: using POSTN, CEMP-1 and members of the IGF axis for in situ
stimulation of niche PDLSCs or transplanted autogenous diabetic BM-MSCs into
periodontal defects. Thus the above-mentioned experimental testing should, in
due course, be followed by well-designed and carefully implemented randomised
controlled trials to confirm if diabetic BM-MSCs are good candidates for

periodontal regeneration in diabetic patients.
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7.3 Limitations

BM-MSCs investigated in this study were isolated from osteoarthritic knee joints
of patients undergoing knee replacement surgery. A major advantage of this
method would be making use of cells and tissues that otherwise would go to
medi cal waste. The approach of usin
documented, with multiple papers investigating therapeutic potentials of MSCs
derived from amputated limbs with CLI (246,671), pulp of carious teeth (459,672),
PDL tissues of teeth with periodontitis (673) and even burn tissue (674,675).

In fact, BM-MSCs from osteoarthritic hip joints could differentiate into
chondrocytes upon proper stimulation and have been used to construct 3D
hyaline cartilage (676). Although these chondrocytes had higher levels of COL X
expression and subsequently formed hypertrophic rather than hyaline cartilage,
this hypertrophy was inhibited by treating cultured cells with parathyroid
hormonei related protein, which supports the concept of microenvironmental
modification of MSCs discussed earlier. Furthermore, almost all fast growing
clones established from BM-MSCs of femoral canal of patients with osteoarthritic
knees displayed multilineage differentiation and expressed MSCs positive
markers (677). Alternatively, BM-MSCs could have been isolated from non
osteoatrthritic joints of diabetic and non-diabetic patients undergoing surgeries for
fracture fixation or other traumatic incidents, yet the availability of such samples

is quite challenging and unpredictable.

This thesis did not include sample size calculation, which allows for calculating
the required sample size from a statistical point of view. As discussed in the
previous section, expression of osteogenic and periodontal markers in cultures
of diabetic and non-diabetic BM-MSCs was not assessed on the protein level;
and animal models of periodontal defects where the impact of diabetic BM-MSCs
transplantation on periodontal regeneration can be verified through histologic
examination, quantitative assessment of newly formed tissues and
immunohistochemistry of different periodontal markers, were not included.
Nonetheless, this was beyond the scope of this PhD project due to time

limitations.

As outlined in chapter 1 of this thesis, craniofacial bones, including alveolar bone,
are derived from the ectomesenchyme under influence of NCCs, while the long

bones are mesodermal in origin (678). While the influence of embryonic origin on
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MSCs osteogenic differentiation potentials is not fully clear (678), using BM-
MSCs isolated from craniofacial, rather than long bones, could be more suited for

periodontal regeneration.

Another limitation due to time constraints of this PhD project is the relatively small
sample size (n=3 for each group) and the lack of technical replicates, which was
not ideal for the robustness and reproducibility of the data and conclusions
presented from a statistical standpoint. For instance, the interesting trends
observed in gene expression of BM-MSCs in this thesis could have possibly
reached statistical significance with a larger sample size. Thus, the findings of
this thesis should be considered as exploratory and valuable preliminary clues
for more comprehensive and larger studies in the future. Nonetheless, similar
sample size was reported in multiple publications investigating MSCs therapeutic
potentials (245,505,679).

Both non-diabetic and diabetic BM-MSCs donors included in this study were
relatively old (Table 3-9), and therefore the presented results may not be fully
generalizable to BM-MSCs isolated from younger donors; and this should be
addressed in future studies as well. Furthermore, this thesis did not include
information on a number of potential confounders, such as duration of diabetes
and BMI in the diabetic donors. However, it should be noted that diabetic MSCs
therapeutic potentials could be impacted by other confounders as well, such as
CVD, kidney disease and lifestyle related factors including diet, alcohol intake,

smoking and physical exercise.

As detailed in chapter 6 of this thesis, a considerable part of changes in the
expression of IGF axis genes observed in this study could be attributed to the use
of dexamethasone as an osteogenic supplement. Despite the fact that the
combination of dexamethasone, glycerophosphate and ascorbic acid has been
used extensively with different MSCs, including BM-MSCs, other osteogenic
supplements, including FGF, vitamin D3, BMP-2 (464), TGF-b , 1,&/EGF,
hepatocyte growth factor (680), ECM proteins such as COL1, vitronectin, laminin
and fibronectin (681) have also been used with BM-MSCs. Probing IGF axis
expression in diabetic BM-MSCs cultured in media supplemented with one or
more of these reagents, in comparison to the data presented herein, would help

optimise osteogenic culture systems in future investigations.
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Finally, there is some evidence that in vitro cell culture could cause epigenetic
changes of BM-MSCs (682), as well as altered phenotype and accumulation of
senescent cells (662). Using freshly isolated uncultured BM-MSCs could be a
more robust alternative to culture expanded BM-MSCs to avoid these possible

alterations induced by culture expansion.

7.4 Conclusions

The findings of this thesis have shown that BM-MSCs isolated from T2DM
patients could be suitable for autologous transplantation for periodontal and bone
regeneration. However, with the limitations of this in vitro study, this should
warrant further research on uncultured BM-MSCs and additional in vivo
investigations. Secondly, diabetic BM-MSCs have shown lower expression levels
of POSTN and CEMP-1, and these molecules could be targeted to boost the
regenerative potentials of these cells. Diabetic BM-MSCs also showed lower
expression levels of IGFBP-2, -3 and -4 at gene but not at protein levels,
suggesting further research into IGFBPs proteinases and their inhibitors in this
cell population is needed. Finally, IGF-1, IGFBP-2, and -5 could prove useful to
fine tune the osteogenic differentiation of BM-MSCs in general. These molecules
(POSTN, CEMP-1 and the IGF axis genes) could be the next generation of
signalling cues used in periodontal regeneration and bone tissue engineering in

general.
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Appendix

Appendix A: Ethical approval of samples collection

The Leeds Teaching Hospitals m

MHS Trust
Fat Mgy Dichinson
17072014 * .
Leeds Teaching Hospitals NHS Trust
14 Hyde Terraue
" Professor Dennis McGonagle : i
Rheumatalogy Department
Chapel Allerton Hospital Tel: 0113 392 2878
Chapellown Road Fax: 0113 392 6397
g rRd@ eedsth.nhi.uk
LS7 45A wwews leedsth.nihs. uk
L 1
Dear Professor Dennis McGonagle

Re: NHS Permission at LTHT for: Collection of joint Mesenchymal Stem Colls by
aspiration, biopsy, Joint retrieval at arthroplasty or by synovium agitation
during arthroscopy
LTHT R&D Mumber: RR14/M1102 (10007 TAWY)

REC: 14/YH/008T

| confirm that NHS Permission for research has been granted for this project at The
Leeds Teaching Hospitals NHS Trust (LTHT). NHS Permission is granted based on
mmwnmummwm.mmﬁmmm
Mngutomummmhm}nmmsmmmdhmmmwihgummh
m.mmmmmmummmmmmmmn
Department.

anhﬂunhmnudmlhuundumﬂlgmvnmﬂrisoﬂndududh
mﬂmmmnmmemmmﬁmmmrmmsmm.
ICH GCP (if applicable) and NHS Trust policies and procedures available at

Thamhwmmmmmmmmmmmm
mmudmmk.:mhmmmoatmm;m
Approval.

|rmmawqmmmwmlmmmmmamwmm
R&D Department on telephone 0113 392 2878,

Indemnity Arrangements 28

TMLHMTB&MWHHHSTMPImmMHHSMMM
mmwmnﬂsmm*wwm
for NHS Trusts’ for: (i) medical professional and/or medical malpractice liability, and
(i) general lability. NHS Indmﬂ?riurmﬁenthﬂmlse:hndudlumuﬂd‘lm
with an employment contract (substantive or honorary) wilh the Trust. The Trust

Chairman Mike Collier (1 Chisl Exetutive Maggie Boyle LT e
Thie Leeds Teathing Hoipilals incorporating: /! 1 wamt -.1'
Chapel Allerion Hosgital  Leeds Dental iniitute  Seacrolt Hospital (C s Vo2
52 lames’s University Hospital | The Genenal infmary ot Leeds  Wharfedale Hospital S s
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Appendix B : Summary of gPCR results

Table A: Statistically significant differences of gene expression in non -
diabetic and diabetic BM -MSCs

Gene TO B O
POSTN - - ZD, Wk3 (p=0.02)
CEMP-1 - ZD, WK1 (p=0.04) .
IGFBP-2 - ZD, WK1 (p=0.02) .
IGFBP-3 - ZD, WkK3 (p=0.04) -

7D, Wk1
IGFBP-4 - ~
(p=0.049)

B: Basal, D: Diabetic, ND: Non-diabetic, O: Osteogenic, --: Nochange, ¥ : upregul a
Z: downregul ation

Table B: Trends of differences in gene expression in non -diabetic and
diabetic BM -MSCs

Gene TO B @)

ALPL - ZD, Wk3 -
RUNX2 - ZD, Wk3 -
POSTN 7D ZD, WK3 -
CEMP-1 - - ZD, Wk1
IGFBP-1 7D ZD, Wk1 ZD, Wk2
IGFBP-3 - ZD, Wk2 -

B: Basal, D: Diabetic, ND: Non-diabetic, O: Osteogenic, --: No change, g upregul a
Z: downregul ati on
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Table C: Statistically significant differences in basal versus osteogenic

cultures of non

-diabetic and diabetic BM -MSCs

Gene ND D
IGF-1 70, Wk2 (p=0.01) _
IGFBP-3 70, Wk3 (p=0.045) -

B: Basal, D: Diabetic, ND: Non-diabetic, O: Osteogenic, --: No change, ¥ :
Z: downregul ation

Table D: Trends of differences in basal versus osteogenic cultures of non
diabetic and diabetic BM -MSCs

upregul a

Gene ND D

ALPL yO, Wkl yO, Wk1 and Wk3
RUNX2 yO, Wkl yO, Wk3

CoL1 70, Wk3 Z0, Wk3
POSTN Z0, Wk 2 -
CEMP-1 - JO, Wk 3

IGF-1 Z0O, Wkl and 3 Z0, WK1, 2 and 3

IGF-2 J0O, Wk1 -
IGFBP-1 Z0, Wk1 -
IGFBP-2 §0, Wk2 and Wk3 §0, Wk1 and Wk3
IGFBP-3 Z0, WK1, Wk2 ~
IGFBP-4 Z0, Wk2 -
IGFBP-5 Z0, WK1, 2 and 3 Z0, WK1, 2 and 3
IGFBP-6 Z0,Wk3 -

B: Basal, D: Diabetic, ND: Non-diabetic, O: Osteogenic, --: No change, g
Z: downregul ati on
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Appendix C : List of presentations

1. Nancy Hussein, Josie Meade, Hemant Pandit, Elena Jones and Reem El-

Gendy- Stem cells based periodontal regeneration in diabetics: challenges and
potentials. Leeds Brasilia symposium (online), 12 May 2021 (Oral presentation).

2. Nancy Hussein, Josie Meade, Hemant Pandit, Elena Jones and Reem El-

Gendy. Dental Tissue Engineering Using Diabetic Bone Marrow Mesenchymal
Stromal Cells. Tissue and Cell Engineering Society (TCES) virtual conference,
University of Edinburgh, 6-7 July 2021 (Poster presentation).

3. Nancy Hussein, Josie Meade, Hemant Pandit, Elena Jones and Reem El-

Gendy. The Effect of Diabetes on Osteogenic Differentiation of Mesenchymal
Stromal Cells (MSCs). British Society for Oral and Dental Research (BSODR)
Annual Meeting, University of Birmingham, 1-3 September 2021 (Oral
presentation).

4. Nancy Hussein, Josie Meade, Hemant Pandit, Elena Jones and Reem El-

Gendy. Investigating the Role of Insulin-like Growth Factor Axis in Osteogenic
Differentiation of Diabetic BM-MSCs. Joint Tissue and Cell Engineering Society
(TCES) and Centre for doctoral training (CDT) conference, University of

Birmingham, 13-15 June 2022 (Poster presentation).

5. Nancy Hussein, Josie Meade, Hemant Pandit, Elena Jones and Reem El-

Gendy. Expression of Periodontal Markers in diabetic BM-MSCs. White Rose
Biomaterials and Tissue Engineering Group Annual Meeting, University of York,

19 December 2022 (Oral presentation).

6. Nancy Hussein, Josie Meade, Hemant Pandit, Elena Jones and Reem El-

Gendy. Role of IGF axis in Bone Tissue Engineering using Diabetic BM-MSCs.
Tissue Engineering and Regenerative Medicine International Society (TERMIS)
European Chapter Meeting 2023, Manchester, 28-31 March 2023 (Poster

presentation).
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