Ja,

ResearchOnline@JCU =~ JAMES COOK

~~ UNIVERSITY

AUSTRALIA

This file is part of the following work:

Pal, Shripad Nagesh (2009) Role of osteo-progenitors in the pathogenesis of

vascular calcification. PhD Thesis, James Cook University.

Access to this file is available from:

https://doi.org/10.25903/3j2w%2D0c81

Copyright © 2009 Shripad Nagesh Pal

The author has certified to JCU that they have made a reasonable effort to gain
permission and acknowledge the owners of any third party copyright material

included in this document. If you believe that this is not the case, please email

researchonline@jcu.edu.au


mailto:researchonline@jcu.edu.au?subject=ResearchOnline%20Thesis%20Incident%20

ROLE OF OSTEO-PROGENITORS IN THE PATHOGENESIS OF

VASCULAR CALCIFICATION

Thesis submitted by
SHRIPAD NAGESH PAL

MSc. (INDIA)

AUGUST 2009

for the degree of Doctor of Philosophy (Vascular Biology)
in the School of Medicine and Dentistry
James Cook University, QLD
AUSTRALIA



Table of contents

STATEMENT OF ACCESS 10
DECLARATION ON ETHICS 11
ACKNOWLEDGEMENTS 12
LIST OF ABBREVIATIONS 14
ABSTRACT 17
LIST OF TABLES 20
LIST OF FIGURES 22
CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 1
INTRODUCTION 1
1. Atherosclerosis and vascular calcification 4
1.1. Clinical Background 5
1.1.1 Prevalence 5
1.1.2 Risk factors 6
1.1.2.1. Smoking 7
1.1.2.2. Diabetes Mellitus 7
1.1.2.3. Obesity 8
1.1.2.4. Physical inactivity 8
1.1.2.5. Alcohol 8
1.1.2.6. Hyperhomocysteinemia 8
1.2. Vascular calcification 8
1.2.1. Association with atherosclerosis 8
1.2.2. Pathogenesis 9
1.2.3 Molecular determinants 12
1.2.3.1. Matrix Gla Protein 13
1.2.3.2. Osteoprotegerin 14
1.2.3.3 .Osteopontin 15
1.2.3.4. Alkaline Phosphatase 15
1.2.4 Clinical factors 15
1.2.4.1. Osteoporosis 16

1.2.4.2. Diabetes



1.3. Mouse models of vascular calcification

17

1.3.1. Matrix GLA protein knockout model 17
1.3.2. Osteoprotegerin knockout model- old model 18
1.3.3. Limitations of the current mouse models 19
1.3.4. Modified calcitriol induced osteoprotegerin knockout model 20
1.3.4.1. Need for a modified model system 20
1.3.4.2. Calcitriol induced calcification and mode of action 20
1.4. Human investigation for vascular calcification 22
1.4.1. Serum osteoprotegerin association with calcification 22
1.4.2. In vitro calcification studies of human vascular cells 23
1.5. Mechanism of vascular calcification: existing concept 24
1.5.1. Existing concepts 24
1.5.1.1. Loss of Inhibition 25
1.5.1.2. Induction of bone formation 26
1.5.1.3. Circulating nucleational complexes 27
1.5.1.4. Apoptosis 27
1.5.2. Circulating cells and calcification: A novel concept 28
1.5.2.1. Background theory 29
1.5.2.2. Association with vascular diseases 29
1.5.2.3. Evidence supporting circulating theory 30
1.5.2.3. a. Bone marrow transplant studies 30

1.5.2.3. b. Histological studies 31

1.5.3. Sources of circulating cells 32
1.5.3.1. Bone marrow 32
1.5.3.2. Spleen 33
1.6. Bone marrow and calcification: A cellular approach 34
1.6.1. Bone marrow 34
1.6.1.1. Stem cells and progenitors 34
1.6.1.2. Progenitor stem cells: classification and types 36
1.6.1.2. a. Mesenchymal Stem Cells 36

1.6.1.2. b. Hematopoietic stem cells 37
1.6.1.2. c. Endothelial Stem cells 37

1.6.2. Mesenchymal cells and osteoblastic lineage 37
1.6.3. Osteoblastic progenitor population: contribution towards calcification 39
1.6.3.1. Immature progenitors: from bone marrow to blood circulation 39
1.6.3.2. Homing and proliferation 40
1.6.3.3. Impact and behaviour in a diseased artery 41



CHAPTER 2. GENERAL MATERIALS AND METHODS 42
2.1. Animal model study of aortic calcification 42
2.1.1. Experimental OPG”" mice 42
2.1.2. Control OPG** mice 42
2.1.3. Calcitriol induced OPG” mice 42
2.1.4. Ethics approval, animal house facility and breeding 43
2.2. Aortic calcification assessment within the mouse model 43
2.2.1 Alizarin-red staining 43
2.2.1.1. Protocol 43
2.2.1.2. Standardisation of the protocol 44
2.2.1.3. Assessing alizarin-red staining 44
2.3. Extraction of aortic calcium 44
2.4. Quantification of aortic calcium 45
2.5. Protein cytokine studies using ELISA in mouse model studies 46
2.5.1. Sample collection, preparation and storage 46
2.5.2. ELISA protocol 46
2.5.3. Calculation of standards and estimation of cytokines 47
2.6. Flow cytometry analysis 47
2.6.1. Collection of tail bleeds 47
2.6.2. RBC cell lysis 48
2.6.3. FcR blocking 48
2.6.4. Primary antibody labelling 48
2.6.5. Secondary antibody labelling 48
2.6.6. Flow cytometry analysis 49
2.7. Quantification of extractable aortic OCN" population 49
2.7.1. Extraction of aortic immune cells by enzymatic digestion 49
2.7.2. FcR blocking 50
2.7.3. Primary antibody labelling 50
2.7.4. Secondary antibody labelling 50
2.7.5. Flow cytometry analysis 51
2.8. Human patient cohort calcification studies 51
2.8.1. Selection criteria for the patient study 51
2.8.2. Ethics approval and access to the patient details 51
2.9. Aortic calcium measurements on patients using CT imaging 52
2.10. Quantification of OCN* population using flow cytometry analysis 52
2.10.1. Collection of patient blood samples 52
2.10.2. Ficoll histopaque technique 52
2.10.3. Buffer solutions 53



2.10.4. Centrifugation and cell washing 53
2.10.5. Trypan blue cell dye exclusion test for cell viability 53
2.10.6. Human FcR blocking 53
2.10.7. Primary OCN antibody labelling 54
2.10.8. Secondary PE fluorescent antibody labelling 54
2.10.9. Anti-PE magnetic beads 54
2.10.10. Magnetic column separation set up 55
2.10.11. Flow cytometry analysis of murine and human cells 56
2.10.12. Flow cytometry analysis 59
2.11. Protein cytokine studies using ELISA for patient sample investigation 59
2.11.1. Sample collection, preparation and storage 59
2.12. Statistical analysis 60
CHAPTER 3. FEASIBILITY STUDIES AND PROTOCOL OPTIMISATION 61
3.1. Calcium quantification 61
3.1.1. Aortic calcium staining 61
3.1.1.1. Aim 61
3.1.1.2. Alizarin-red concentration 61
3.1.1.3. Incubation condition 62
3.1.2 Scion software measurements 62
3.1.2.1. Intra assay reproducibility 63
3.2. Assay of extractable aortic calcium 63
3.2.1. Aim 64
3.2.2. Protocol 64
3.2.3. Results and conclusion 64
3.2.3.1. Intra assay reproducibility 64
3.2.3.2. Inter assay reproducibility 68
3.3. Serum SDF-10 measurements in mouse models 69
3.3.1. Aim 69
3.3.2. Protocol 69
3.3.3. Results and conclusion 70
3.3.3.1. Intra assay reproducibility 70
3.3.3.2. Inter assay reproducibility 71
3.4. Serum G-CSF measurements in mouse models 72
3.4.1. Aim 72
3.4.2. Protocol 72
3.4.3. Results and conclusion 73
3.4.3.1. Intra assay reproducibility 73
3.4.3.2. Inter assay reproducibility 74



3.5. Flow cytometry standardisation for mouse model experiments

75

3.5.1. Tail bleeds time points 76
3.5.2. Lysis buffer 76
3.5.3. FcR blocking 78
3.5.4. Primary OCN antibody labelling 79
3.5.5. Secondary Phycoerythrin antibody labelling 81
3.6. Flow cytometry instrumental and data interpretation of mice OCN expression 82
3.6.1. Forward scatter (FSC) vs. Side scatter (SSC) settings 82
3.6.2. Unstained population 84
3.6.3. Establishing appropriate gates for positive staining 84
3.6.4. Positive population gating 86
3.6.5. Calculation of positive population cell percentage 87
3.7. Flow cytometry standardisation for human experiments 87
3.7.1. Ficoll histopaque technique for mononuclear separation 88
3.7.2. Human FcR blocking 88
3.7.3 Primary OCN antibody labelling 89
3.7.4. Secondary Phycoerythrin antibody labelling 90
3.7.5. Anti-PE magnetic beads 91
3.7.6. Magnetic separation columns 91
3.8. Flow cytometry instrumental settings and data interpretation for human samples 91
3.8.1. Forward scatter and Side scatter settings and unstained population 91
3.8.2. Negatively labelled fraction 92
3.8.3. Positively labelled fraction 94
3.8.4. Calculation of OCN" MNC 95
3.9. Plasma SDF-1a measurements in human patient cohort 96
3.9.1. Aim 96
3.9.2. Protocol 96
3.9.3. Results and conclusion 97
3.9.3.1. Intra assay reproducibility 97
3.9.3.2. Inter assay reproducibility 98
3.10. Plasma G-CSF measurements in human patient cohort 99
3.10.1. Aim 99
3.10.2. Protocol 99
3.10.3. Results and conclusion 99
3.10.3.1. Intra assay reproducibility 99
3.10.3.2. Inter assay reproducibility 100
3.11. Plasma SCF measurements in human patient cohort 102
3.11.1. Aim 102
3.11.2. Protocol 102
3.11.3. Results and conclusion 102
3.11.3.1. Intra assay reproducibility 102
3.11.3.2. Inter assay reproducibility 104



CHAPTER 4. AORTIC CALCIFICATION IN 12 MONTH OLD OPG” MOUSE
MODEL AND ITS ASSOCIATION WITH STEM CELL MOBILISING CYTOKINES

4.1. Introduction 105
4.2. OPG” as an experimental mouse model 105
4.3. Aortic calcium staining 106
4.3.1. Protocol 107
4.3.2. Results 107
4.4. Total extractable aortic calcium gquantification 109
4.4.1. Protocol 110
4.4.2. Results 110
4.5. SDF-1a and aortic calcium 111
4.5.1. Protocol 111
4.5.2. Results 112
4.6. G-CSF and aortic calcium 112
4.6.1. Protocol 112
4.6.2. Results 113
4.7. Correlation with extractable aortic calcium 114
4.8. Discussion 115

CHAPTER 5. ASSESSMENT OF ASSOCIATION BETWEEN CIRCULATING
OCN* MNC, AORTIC CALCIUM & AORTIC OCN POSITIVE POPULATION

IN OPG”- MOUSE MODEL 117
5.1. Introduction 117
5.2. Osteo-progenitors in bone marrow 117
5.3. OCN* MNC in 12 month old OPG” male and female mouse oroups 117

5.3.1. Protocol 118
5.3.2. Analysis 118
5.4. Results for male mouse group 119
5.5 Results for female mouse group 120
5.6. Aortic calcium quantification in male and female OPG™ and OPG** groups 122

5.6.1. Protocol 122

5.6.2. Analysis 123

5.6.3. Results for male and female mouse groups 123



5.7. Aortic OCN™ population in 12 month old OPG”" male mouse group 125

5.7.1. Protocol 125
5.7.2. Results 126
5.8. Association between circulating OCN* MNC, aortic calcification and 127

extractable aortic OCN* population

5.9. Discussion 128

CHAPTER 6. INVESTIGATION OF OCN* MNC AND AORTIC CALCIFICATION

IN A CALCITRIOL TREATED OPG” MOUSE MODEL 131
6.1. Introduction 131
6.2. The mode of action of calcitriol 131
6.3. Experimental design 131
6.4. OCN " MNC estimation 132
6.4.1. Protocol 132
6.4.2. Results 133
6.5. Aortic calcium quantification 135
6.5.1. Protocol 135
6.5.2. Results 136
6.6. Correlative association for OCN and total calcium in calcitriol model 136
6.7. OPG” mouse model: with calcitriol vs. without calcitriol 137
6.8. Discussion 138

CHAPTER 7. ASSOCIATION BETWEEN CIRCULATING OCN* MNC
POPULATION, STEM CELL MOBILISING CYTOKINES AND CALCIFICATION

VOLUMES IN A PATIENT COHORT 141
7.1. Introduction 141
7.2. Measurement of aortic calcification volumes in patients 141
7.2.1. Ethics approval and patient selection criteria 141
7.2.2. CTA analysis 142



7.3. Patient recruitment and blood sample collection

142

7.4. Experimental Protocol 142
7.4.1. OCN* MNC analysis 142
7.4.2. SDF-10, G-CSF AND SCF ELISA 142
7.5. Results 143
7.5.1. Association of patient age, gender and calcification volumes 143
7.5.2. Circulating OCN™ MNC population 145
7.5.3. Plasma SDF-1a, G-CSF and SCF concentrations 147
7.6. Correlation studies 150

7.6.1. OCN" MNC population, calcification volumes and patient age 150
7.6.2. Calcification volumes with SDF-1a, G-CSF and SCF concentrations 152
7.6.3. Circulating OCN"™ MNC with SDF-1a, G-CSF and SCF concentrations 154

7.7. Discussion 157
CHAPTER 8. GENERAL DISCUSSION AND FUTURE DIRECTIONS 160
8.1. Discussion 160
8.2. Limitations 164
8.3. Conclusion 165
8.4. Future directions 165
BIBLIOGRAPHY 166
APPENDIX 1. ETHICS APPROVAL FOR MOUSE MODEL STUDIES 187
APPENDIX 2. AMENDMENT FOR MOUSE MODEL STUDIES 188
APPENDIX 3. ETHICS APPROVAL FOR HUMAN INVESTIGATION 189
APPENDIX 4. REAGENTS AND SOLUTIONS 190
APPENDIX 5. COMMUNICATIONS ARISING FROM THIS WORK 193

1. Conferences 193
2. Papers 193
3. Awards 194



DECLARATION

I, the undersigned declare that this research investigation is carried out on my own and it has not
been previously submitted anywhere for another degree or diploma at any university or institution
of tertiary education in or out of Australia. Information derived from the published or unpublished

works of others has been acknowledged in the text and a list of references is given.

Shripad Nagesh PAL,

August 2009

STATEMENT OF ACCESS TO THESIS

I, the undersigned, author of this thesis, understand that James Cook University will make this
work available for use within the university library and, by microfilm or other photographic means,
allow access to users in other approved libraries. All users consulting this thesis will have to sign

the following statement.

'In consulting this thesis, I agree not to copy or paraphrase it completely in whole or in part without
written consent of the author, and to make proper written acknowledgement for any assistance

which I have obtained from it.'

Apart from this, I do not wish to place any restriction on access to this research thesis.

Shripad Nagesh PAL,

August 2009

10



DECLARATION ON ETHICS

The research presented and reported in this thesis was conducted within the guidelines for
research ethics outlined in the National Statement on Ethics Conduct in Research Involving
Human (1999), the joint NHMRC/AVCC Statement and Guidelines on Research Practice
(1997), the James Cook University Policy on Experimental Ethics. Standard Practices and
Guidelines (2001), and the James Cook University Statement and Guidelines on Research
Practice (2001). The proposed research methodology received clearance from the James

Cook University Experimental Ethics Review Committee (approval number H-2196)

Shripad N. Pal August 2009

11



ACKNOWLEDGEMENTS

The completion of this research thesis would have remained an unfulfilled dream without the
untiring and selfless support from a number of people throughout my research student tenure.
It is to all of them that I wish to extend my heartfelt gratitude without which this task would

not have been possible.

First and foremost, 1 thank the Almighty Lord for providing me the opportunity,
determination and perseverance which I could invest bit by bit, day by day to reach this stage.
Secondly, I owe a lot to my parents (Nagesh K Pal and Mangala N Pal), my younger brother
Pratik, my dearest wife Rucha and her family who loved, cared, supported, and believed in
me in the toughest of times. This journey would not have been possible without their love,

prayers and blessings.

In Australia, I am sincerely thankful to my supervisor Professor Jonathan Golledge, co-
supervisors Dr Lynn Woodward and Dr Mirko Karan. I am grateful for their able supervision,
professional guidance, and many words of thought during my research. I really appreciate
them for their continuing belief in me which kept on reigniting the lamp of hope throughout
the PhD candidature, especially during the darkest of research moments. Professor Golledge
also provided me with all the necessary financial support required for my research

candidature and survival in Townsville for which I am deeply indebted.

Sincere thanks and thoughts go towards Dr Catherine Rush and Dr Ann Van Campenhout for
their willingness to pass on their research experience. It’s their patience and selfless guidance
that helped me to efficiently focus on the candidature. I extend my appreciation to Dr Monsur
Kazi, Dr Paula Clancy, Mrs Frances Wood and Ms. Simone Mangan for their friendship,
words of support, guidance and technical assistance throughout my tenure. The time and
efforts of Dr Bradford Cullen and Dr Julie Mudd in their work with the mouse model which

provided me with tissue samples is gratefully acknowledged.

A warm and a heartfelt thanks goes towards my fellow PhD colleague, office buddy and
partner in crime, Venkat Vangaveti, for his company, tolerance, and support. Very special
thanks go to Dr. Adam Parr, Ms Barbara Bradshaw from the Townsville General Hospital
and Sullivan and Nicolaides Pathology, Townsville for assisting me in arranging the patient

samples without which the research investigation would not have been complete. I also

12



extend my gratitude towards the Biomedical and Tropical veterinary sciences faculty for

providing all the required facility for undertaking mouse work.

I am also obliged to thank my faculty, The School of Medicine and Dentistry and Graduate
research school, James Cook University for all financial and administrative support that

assisted me in completing my research candidature.

Last but not the least; I would convey a heartfelt thankyou to all the friends in Townsville,
both compatriots and local fellows who supported me socially throughout my candidature.
Without their first-hand social and emotional support it would have been tough to survive and

thrive in Townsville.

13



LIST OF ABBREVIATIONS

ug/kg: Microgram/ kilogram

ul: Microliter

A.A: Aortic arch

AAA: Abdominal aortic aneurysm

ACI: Aortic calcification index

ACK: Ammonium chloride and potassium chloride
ALP: Alkaline phosphatase

ApoE: Apolipoprotein E

BL/6: Black 6

BM: Bone marrow

BMP-2: Bone matrix protein-2

BMT: Bone marrow transplantation

COV: Coefficient of variation

CT: Computed tomography

CTA: Computed tomography angiogram
CVC: Calcifying vascular cells

D/W: Distilled water

DAPI: 4', 6-diamidino-2-phenylindole

dL: Deciliter

EDTA: Ethylene diamine tetra-acetic acid
ELISA: Enzyme linked Immunosorbent assay
EPC: Endothelial progenitor cells

ESRD: End stage renal disease

FC: Flow cytometry

FCS: Fetal calf serum

FSC: Forward scatter

G-CSF: Granulocyte colony-stimulating factor
GFP: Green fluorescent protein

GM-CSF: Granulocyte-macrophage colony-stimulating factor
HDL: High density lipoprotein

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

hMSC: Human mesenchymal stem cells

14



HSC: Hematopoietic stem cells

hVSMC: Human vascular smooth muscle cells
. R: Infra renal

[-CAM-1: Intercellular adhesion molecule-1
IL- 6: Interleukin 6

IL-1B: Interleukin 1- beta

IL-8: Interleukin 8

IQR: Inter quartile range

LDLR: Low-density lipoprotein receptor
MACS: Magnetic assorting cell separator
mg: Milligrams

MGP: Matrix gamma-carboxyglutamic acid protein
Min: Minutes

ml: Mililiter

mM- Milimolar

mm?: Cubic milimeter

Mmol/L: Milimolar/liter

MNC: Mononuclear cells

MS: Magnetic separation

MSC: Mesenchymal stem cells

ng/ml: Nanogram/milliliter

nm: Nanometer

0O.D: Optical density

°C: Degrees centigrade

OCN': Osteocalcin positive

OPG™: Osteoprotegerin deficient
OPG™"*: Osteoprotegerin present

OPN: Osteopontin

PBS: Phosphate buffered saline

PDGEF: Platelet derived growth factor
PE: Phycoerythrin

pg/ml: picogram/milliliter

PPi: Pyrophosphate

R.T: Room temperature

15



RANK: Receptor activator of nuclear kappa
RANK-L: Receptor activator of nuclear kappa ligand
RBC: Red blood cells

rpm: Revolutions per minute

S.D: Standard deviation

S.R: Supra renal

SCF: Stem cell factor

SDF-1a: Stromal cell derived factor 1 alpha
SMC: Smooth muscle cells

SNP: Sullivan Nicolaides pathology

SSC: Side scatter

T.A: Thoracic arch

TGF-B: Tumor growth factor-beta

TNF o: Tumor necrosis factor- alpha
V-CAM-1: Vascular cell adhesion molecule-1
VEGEF: Vascular endothelial growth factor

VSMC: Vascular smooth muscle cells

16



ABSTRACT

Vascular calcification, until recently, was considered to be a passive process which occurred
as a nonspecific response to tissue injury or necrosis. Since the severity of vascular
calcification has been correlated with that of atherosclerosis and its risk factors, it was
postulated that the process is linked to these events. However recent findings from a number
of mouse model studies suggest that the mechanisms involved in vascular calcification may

be distinct from those underlying atherosclerosis.

Current theories regarding the pathogenesis of vascular calcification suggest a number of
possible mechanisms. These include passive models in which vascular calcification is
observed as a result of loss of molecular inhibitors and those where active cell mediated
process is involved. Calcification has also been reported as result of apoptosis or death of
vascular smooth muscle cells (VSMC). Current evidence favours a cell mediated mechanism

of vascular calcification.

The origin of the cells responsible for vascular calcification is not clearly defined. One novel
source of cells controlling vascular calcification is from the bone marrow (BM). A circulating
immature BM-derived population has been identified. A small subset of this BM population
has been reported to possess bone forming properties invitro and hence called osteo-
progenitors. In the present investigation, it was hypothesized that these circulating osteo-
progenitors contribute to vascular calcification. It was postulated that the osteo-progenitors
are recruited from the BM environment under the influence of stem cell mobilising cytokines
such as stromal cell derived factor-1 a (SDF-1a), granulocyte-colony stimulating factor (G-
CSF) and stem cell factor (SCF). Further, it was suggested that these stem cell mobilising
cytokines facilitate the homing of immature circulating osteo-progenitors to vascular lesions

and contribute to calcification.

These hypotheses were tested in two mouse models and one human patient cohort. The aims

of the investigation included:

a) To establish a suitable mouse model for vascular calcification studies.

b) To assess the association of the circulating osteo-progenitor population with the
severity of aortic calcification in mouse models.

¢) To identify if the osteo-progenitor population was deposited within the vasculature at

sites of vascular calcification.
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d) To assess the relationship between the circulating osteo-progenitor population and
aortic calcification in a human patient group suffering from peripheral artery disease.
e) To assess the relationship between the stem cell mobilising cytokines and the severity

of vascular calcification in a mouse model and a human patient cohort.

The findings of this work suggest, for the first time, an association between circulating
osteocalcin positive mononuclear cells (OCN™ MNC) and aortic calcification in two mouse
models and a human patient cohort diagnosed with peripheral artery disease. It was found
that the severity of vascular calcification was increased in 52 week old osteoprotegerin
knockout (OPG'/') mice and even more elevated in younger (14 week old) OPG™ mice
receiving controlled doses of calcitriol. It was further observed that in both mouse models the
percentage of circulating OCN* MNC was correlated to the aortic calcium content. These
results suggest a possible role for BM-derived osteo-progenitors in vascular calcification. It
was also observed that OCN™ population deposited within the vasculature was directly
associated with the severity of extractable aortic calcium in the OPG™ mouse model. These
results suggest a three-way association between osteo-progenitor population in circulation, its

cellular deposition within vasculature and the severity of aortic calcification.

The investigation undertaken in the human patient cohort also supported the initial hypothesis
and confirmed the research findings obtained from the two mouse models. In the patient
study the percentage of circulating OCN"™ MNC was observed to be associated with the

severity of infra-renal aortic calcification.

The present study also supported the hypothesis that the stem cell mobilizing cytokines could
be involved with the release of osteo-progenitors and may facilitate their homing to the
vasculature. The concentrations of SDF-1a, G-CSF and SCF were associated with the
percentage of circulating OCN" MNC and the severity of aortic calcification in the mouse
models and patient cohort investigated. These results suggest that the BM- derived osteo-
progenitors are mobilised into the peripheral circulation from the marrow environment under
the influence of these cytokines. Further, the circulating osteo-progenitors may home to
vascular lesions and differentiate into bone-forming cells. This process may contribute to the

pathogenesis of vascular calcification.
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Further work, however, is necessary to confirm the role of these BM-derived immature cells
in vascular calcification as there are a number of limitations of the present investigation.
Firstly, both mouse models employed were based on OPG deficiency. Thus it is possible that
the increased OCN™ MNC was related to this rather than the aortic calcification in these
animals. Secondly, the role of OPG within the vasculature is also not entirely clear. While
depletion of OPG in mouse models is reported to induce vascular calcification, in patients
serum OPG levels are positively associated with peripheral artery disease. This difference in
results between mouse models and human patient illustrates the current uncertainty regarding
the role of OPG in cardiovascular disease. The patient group investigated in this study was
small. A larger group would be ideal to confirm the association between circulating osteo-
progenitors and aortic calcification. The absence of a healthy control group is a further

limitation of the human investigation.

Overall, the current research suggests an important new mechanism underlying vascular
calcification with implications for treatment. Results obtained from this study may also be
useful in the investigation of other pathology types, and may assist in establishing
collaboration with external groups. Since vascular calcification is also linked to other clinical
conditions such as atherosclerosis, diabetes, obesity and bone related disorders, this
investigation can build on those areas within research groups with broader clinical

perspectives.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW
INTRODUCTION

Vascular calcification, or hardening of the arteries, has long been considered a complication
of ageing and hence little significance has been given to its clinical consequences'.
However, in the past two decades vascular calcification has been shown to be a age
progressive complication of patients which significantly contributes to high cardiovascular
mortality® resulting in greater research focus on its aetiology, mechanisms and
consequences' . Vascular calcification affects a significant proportion of elderly people®.
Recent studies revealed that in the western world it is evident in 55 percent of men and
women under 40 years, and a considerable extent of calcification was present in all men by
age 50 and by the age of 60 in all women>*. In Australia, despite increased research in areas
such as atherosclerosis and calcification, cardiovascular diseases remain one of the biggest
causes of death and continues to generate a considerable burden on the population in terms
of illness and disability’. Despite extensive laboratory and clinical research the precise

mechanisms leading to the process of calcification remains unclear.

Literature suggests that one of the known key hallmarks of vascular calcification is the
deposition of calcium phosphate in the form of bioapatite*®. This can occur in blood
vessels, myocardium and cardiac valves®. In blood vessels, calcified deposits are found in
distinct layers of the blood vessels and are related to underlying pathology’. Intimal
calcification is observed in atherosclerotic lesions whereas medial calcification is found to
be associated with vascular stiffening and arteriosclerosis observed with age, diabetes and
end stage renal disease (ESRD)**'°. The introduction of new techniques to measure
vascular calcification noninvasively, such as electron beam computed tomography, has
changed the current perspective about the risks of vascular ailment' 13 Calcification is now
positively correlated with atherosclerotic plaque burden, increased risk of myocardial
infarction and plaque instability'>"”. Although some of these findings may relate to the
correlation of calcification with the extent of underlying atherosclerotic disease'?, it is also
been thought that vascular calcification itself can contribute to initiation of cardiovascular
disease™'®!". Vascular calcification has been reported to be prevalent in the medial layers of
the larger arteries such as the aorta which leads to increased stiffening and therefore

18-20

decreased elasticity of the arteries =~ . The consequent loss of the important cushioning

function of these arteries is associated with increased arterial pulse wave velocity and pulse



pressure”’ leading to impaired arterial flexibility?, ventricular hypertrophy'” and
compromised coronary perfusion®.

Previously, vascular calcification was considered to be a passive process in which elevated
calcium and phosphorous levels promoted apatite nucleation and crystal growth23 2,
However, scientific evidence over the past two decades suggests that calcification could be
an actively regulated process that may arise via several different mechanisms"'"'®. Human
and mouse findings have determined that blood vessels normally express certain inhibitors
of mineralization and a lack of these molecules leads to spontaneous vascular
calcification™®. The presence of bone proteins such as osteopontin (OPN)*"%°, OCN®,

6,31,32

bone matrix protein-2(BMP-2) , and matrix vesicles, in calcified vascular lesions has

suggested that osteogenic mechanisms may also play a role in vascular calcification®*”.
Release of circulating nucleation complexes, due to bone turnover, has also been reported
to link vascular calcification and osteoporosis®**>. Similarly cell apoptosis has also been

reported to provide phospholipid-rich membranous debris and apoptotic bodies that may

36,37 14,38

serve to nucleate apatite™ ', particularly in diseases such as atherosclerosis
More recently, a new mechanism of vascular calcification has been postulated. Ongoing
studies suggest an active role for circulating cells stemming from sources such as BM and
spleen. These cells are thought to contribute to the process of calcification in vasculature®””
41

The focus of this current research is to investigate the role of such circulating cells
originating from the BM and their contribution to disease formation. Two hypotheses are

proposed:

The immature progenitor cells released from the BM environment home in on

diseased arteries and develop into an osteogenic lineage

This osteogenic cell population in circulatory blood is directly associated with the

severity of vascular calcification.
Specifically, the aims of the study are to:

i) Assess the extent of calcification formation in vasculature using an osteoprotegerin
knock out animal model
i1) Study the role of circulating BM- derived osteo-progenitor cells and their

association with severity of aortic calcification.



iii) Study a human patient cohort to determine the association between the circulating
BM- derived osteo-progenitor cells and the severity of vascular calcification

iv) Investigate protein expression studies relating to the association of BM mobilising
cytokines with severity of aortic calcification using animal and human patient

system.

The circulating cell theory and its contribution towards vascular diseases is novel. Bone
marrow derived progenitor cells have been reported to contribute towards atherosclerosis in
mouse models such as MGP” ', ApoE'/ ~and OCN™". However the results obtained from these
studies remain controversial. Our studies would be based in an OPG” mouse model which
is reported to undergo vessel wall calcification devoid of atherosclerosis. Choosing this
mouse model would enable us to highlight the role of bone marrow progenitors specific to
vascular calcification. Also, the assessment of circulating progenitors with respect to the
severity of calcification has not been previously reported in an OPG” mouse model. We
also used calcitriol to accelerate vascular calcification. To further support our animal
findings, a human patient cohort diagnosed with peripheral artery diseases was also

assessed.

Overall, these investigations have enabled a better understanding of the disease mechanism

and may have significant therapeutic application.



LITERATURE REVIEW
1. Atherosclerosis and vascular calcification

Atherosclerosis is a major cause of cardiovascular morbidity globally***. The disease is
characterized by inflammatory lesions of the vasculature resulting in the narrowing of
vessel walls®’. It involves a defective lipid metabolism which leads to the formation of a

fatty streak lesion characterised by the presence of macrophages in the endothelium

followed by accumulation of lipids, fibrosis and finally thrombosis***.

There is considerable scientific evidence suggesting that these atherosclerotic lesions

11,14
d"

frequently become calcifie . This calcification process can begin early and can

. . . . . . 17,38
accelerate as the disease progresses which results in complicated lesion progresssion "".

Since calcification is a surrogate measure of coronary atherosclerosis, clinical interest has
now focused on the usefulness of non-invasive detection of calcium as a measure of

coronary risk®>* with reports of high histological correlation between total atherosclerotic

plaque burden and the extent of coronary calcium deposition®*°.

38,46

Atherosclerotic calcification has been suggested to be an active process™ . To date, several

groups have isolated subpopulations of VSMC that undergo osteoblastic differentiation in

47-51

vitro'~". Calcification is also thought to be the result of accumulation of necrotic foam

29,52-54

cells which could serve as a source for vessel mineralization . The necrotic cells

release high concentrations of mitochondrial phosphate and display crystal-nucleating

54,55

molecules thus, creating a perfect microenvironment within an atherosclerotic lesion for

calcification to take place'*'>!”.

In spite of vascular calcification being positively associated with atherosclerosis it has been

1,3,56

reported that the two diseases could be studied separately ~°". Mouse genomic studies have

suggested that atherosclerosis and vascular calcification are separate genetic entities™’~*.
Firstly, the analysis of a genetic cross between several inbred and genetically engineered
mouse strains showed that there is no co-segregation of aortic calcification and
atherosclerotic lesion development57'59. Secondly, in mouse models of atherosclerosis, mice
lacking apolipoprotein E (ApoE) or low-density lipoprotein receptor (LDLR), calcification
of atherosclerotic lesions is a rare and secondary event’ . Finally, engineered mouse
strains such as OPG” mice’ and matrix gla protein (MGP”)” have been reported to

61,62

develop vascular calcification in the absence of atherosclerosis® *°. This evidence supports

an independent study of vascular calcification and the various mechanisms involved.



1.1. Clinical Background
1.1.1 Prevalence

Cardiovascular diseases contribute to a major morbidity and mortality rate in the world®. In
2004-05, the prevalence of cardiovascular disease was reported highest in North-West
Europe (29%) followed by the United Kingdom and Southern Eastern Europe (both at
28%), North Africa and the Middle East (19%), Australia (17%) and South East Asia
(15%)%. In Australia also, the incidences of these conditions are increasing at alarming
rates’. Despite steady improvement in medical research over the last three decades,
cardiovascular disease remains one of the biggest causes of death in Australia’. In 2004-05,
18% (approximately 3.5 million) of Australians reported having a long-term cardiovascular
condition out of which a significant proportion was diagnosed for atherosclerosis and
vascular calcification. Out of all the patients who report vascular conditions, 28% of them
suffer from angina, 27 % are reported with artery diseases and 20% for other ischaemic

. 5
heart disease”.

The prevalence of cardiovascular disease increases with age*®***. In 2003-04, of those aged
35 to 44 years, 13% reported a long term cardiovascular condition®. This increased to 23%
for those aged 45 to 54 years and 63% for 75 years and over’. The proportion of males

reporting cardiovascular disease was higher than for females in all age group (Figure
1.1),56466
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Figure 1.1. Prevalence of vascular calcification in males and females with age progression.

(Figure adapted from Cannata et al, 2006)

The reports suggested that males were more susceptible than females to ischaemic heart
diseases (30% compared to 18%) and diseases of the arteries, arterioles and capillaries
(17% compared to 10% respectively)’. 65% of the males who were aged 75 and above were

reported to develop vascular calcification compared with 50 % women™%%%%7,

1.1.2. Risk factors

Some of the major risk factors which contribute towards vascular calcification are smoking,
hypertension, high blood cholesterol, inadequate physical activity, overweight and obesity,

poor nutrition and diabetes®**®® (Table 1.1).



Tablel.1. Risk factors for vascular calcification

Non modifiable risk factors

Older age, male gender, race, diabetes

Modified risk factors

Hypertension, smoking, high LDL cholesterol, low HDL cholesterol,
serum phosphorous and serum calcium, calcium-phosphorous product, high dosage

vitamin D metabolites

1.1.2.1. Smoking

Tobacco smoking increases the risk of coronary heart disease and peripheral artery
disease® "2, Cigarette smoking leads to a reported seven-fold increase in the risk of

peripheral artery disease’>”*”. Dyslipidemia is another important risk factor for peripheral

artery disease’>°.

1.1.2.2. Diabetes Mellitus

People suffering from type I diabetes are prone to develop disease that affects small arteries

whereas those with type II diabetes are prone to atherosclerosis in larger arteries such as the

64,65

aorta’ . The affected people also tend to develop atherosclerosis at an earlier age than do

6577 The risk of developing atherosclerosis is reported to

65,78

people who do not have diabetes

be 2 to 6 times higher for people with diabetes



1.1.2.3. Obesity

Obesity levels also increases the risk of coronary artery disease including
atherosclerosis’*"”. It also multiplies the onset of other risk factors for atherosclerosis such

as high blood pressure, type II diabetes, and high cholesterol levels™".

1.1.2.4. Physical inactivity

Physical dormancy over a longer span of time contributes passively to increase the risk of
developing coronary artery disease. Reports suggest that regular exercise even to a

moderate degree reduces this risk and decreases mortallity66’73 .

1.1.2.5. Alcohol

66,67,80

Excessive consumption is a major risk factor and if coupled with smoking, poor diet

and physical inactivity it can lead to cardiovascular complications™.
1.1.2.6. Hyperhomocysteinemia

People having very high blood levels of homocysteine, an amino acid, usually because of a
hereditary disorder, have an increased risk of coronary artery disease, which may occur at a
young age63’81. High levels of homocysteine may directly injure the lining of arteries,

instigating the formation of calcified plaques'’.

1.2. Vascular calcification

1.2.1. Association with atherosclerosis

There is considerable scientific evidence suggesting that atherosclerotic lesions frequently

become calcified'"'*. The calcification process can begin early and can accelerate as the

disease progresses resulting in complicated lesion progresssion' .



1.2.2. Pathogenesis

The pathogenesis of vascular calcification is similar to that of atherosclerosis in many
ways." . As most of the calcified areas are found around the plaque regions it is considered

3,17,38,82

that the onset of both diseases is similar . As reported with atherosclerosis,

endothelial cells and VSMC have been reported to contribute towards calcification'*"”.

Under the influence of the major risk factors, lesion formation occurs under an intact but
dysfunctional endothelium®. Consequently the endothelial cells reduce in numbers and de-

T . 4283
endothelialized areas appear over advanced lesions ™

. Depending on the size and area of
the lesions, plasma molecules and lipoprotein particles pass through this dysfunctional
endothelium into the sub endothelial space, where atherogenic lipoproteins are retained and
later become cytotoxic and proatherogenic***’. The dysfunctional endothelium is activated
by proinflammatory stimuli, and the expression of adhesion molecules, such as vascular
cell adhesion molecule-1 (VCAM-1) are elevated resulting in monocyte and T cell
recruitment>**. In addition to VCAM-1, other adhesion molecules such as intercellular
adhesion molecule-1 (ICAM-1), E selectin, and P selectin, may contribute to the

recruitment of blood-borne cells to the atherosclerotic lesion® .

Circulating monocytes, lymphocytes and activated mast cells contribute to the formation of
calcified plaques'>***’. However, the mere adhesion of these blood cells to the endothelium
is not enough for lesion formation®®. An endothelial migration is required to initiate the
process and for this migration to happen, one or more chemokines are necessarygg’gg. In
calcified plaques, chemokines, also termed chemo attractants are found to facilitate this
migration’™”'. The levels of these chemokines are found to be elevated in and around the

calcified lesions suggesting a possible role for them in atherosclerosis and calcification®”.

Apart from the endothelial cells and leukocytes, VSMC also contribute to the calcified

lesions within the vasculature*?. These VSMC are the principal connective tissue producing

45,92

cell in the normal and diseased atherosclerotic intima (Figure 1.2)™"°. The impaired

functions of these cells may result in plaque rupture*>®.
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Figure 1.2. Risk factors leading to the disease progression. (Figure adapted from Jono et al,
2006)

Calcification in the vessel wall reportedly occurs in two sites; the intima and the media’.
Medial calcification is a result of the inflammation of the atherosclerotic plaque and its
presence is associated with atherosclerotic burden'®*”**. It is localized in two functionally
major arteries, such as the aorta and the coronaries . Medial calcification occurs in the
elastic lamina of large and medium size arteries'®'”. The complications of intimal and

1,38

medial vascular calcifications are different ™ (Table 1.2). Intimal calcification is mainly

associated with occlusion of the vessels, while the latter is associated with vascular

stiffness”™>.

10



Table 1.2. Characteristics of intimal vs. medial calcification

Intimal calcification Medial calcification
Morphology Patchy scattered deposits Continuous linear deposits
Histological Inflammatory cells lipids Vascular smooth muscle cells
association Vascular smooth muscle cells Elastin
Disease Diabetes
association Atherosclerosis Chronic renal failure
Monckeberg’s sclerosis

The mechanism of vascular calcification is complex'”. It does not consist of a simple
precipitation of calcium and phosphate as earlier thoughtsz. It is instead an active and
modifiable process involving VSMC apoptosis and vesicle formation. These apoptotic
changes of VSMC leads to osteoblast-like cells within the vessel wall thus, inducing matrix

formation and attraction of local factors involved in the mineralization process'~>">"".

Vascular calcification consists primarily of noncrystalline calcium phosphate and apatite,
with apatite being the predominant crystalline form in vessels’. Although commonly
referred to as hydroxyapatite, the apatite is actually an carbonate apatite, (Cajo
(PO4)s(OH),>*®. This apatite forms a good indicator for understanding the process of
calcification’®. Calcium hypophosphate (CaHPO,-2H,0) is formed in a reversible reaction
with a solubility product above the product of free Ca, and H,PO; as illustrated in Figure
1.3%%%%_ The CaHPO,-2H,0 gradually transforms into apatite, which is insoluble under
physiologic conditions (Figure 1.4)*. In vivo, this latter reaction is prevented by two

reported inhibitors of calcification, pyrophosphate (PPi) and MGP'**'!,

11



Ca?* + HPO >

CaHPO, . 2H,0

Ca,, (PO,)s (OH),

Figure 1.3. Formation of apatite in vasculature: A two-step process beginning with
formation of amorphous calcium phosphate followed by spontaneous conversion to apatite.

(Figure adapted from O’Neil et al, 2007)

1.2.3. Molecular determinants

There are several molecules which have been associated with the process of vascular
calcification, many of which have been extensively investigated in animal and patients
studies'™'"?. Table 1.3 below describes a list of molecular proteins that may play a role in

determining vascular calcification.

12



Table 1.3. Molecular determinants for vascular calcification and modes of action

Protein Function
Collagen type I May act as nucleator
Elastin May act as nucleator
Bone sialoprotein May act as nucleator
Osteopontin Adhesion molecules binding cells to apatite and inhibiting

crystal growth by binding to crystal surfaces

Osteoclastogenesis inhibitory factor

Osteoprotegerin Inhibitor of vascular calcification, knock out mouse has
medial calcification

Found in association with areas of calcification

Matrix Gla protein Gla residues inhibitor of vascular calcification, knock out
mouse has medial calcification capable of binding to apatite

Osteonectin High affinity for apatite and collagen
Osteocalcin Gla residues capable of binding the hydroxyapatite
Klotho Inhibitor of vascular calcification, knock out mouse has

medial calcification

1.2.3.1. Matrix Gla Protein

MGP was originally isolated from bones but has since been reported to be expressed in
several tissues including kidney, lung, heart, cartilage and VSMC from the vessel

walls'®!'™. The only reported function of Gla residues is to bind calcium ions or calcium

105,106,107

crystals . MGP protects against calcification by complexing of calcium within

tissues to inhibitors of calcification such as MGP>%1?7.

The function of MGP as an inhibitor of calcification was demonstrated in a MGP knockout
rats'®. These rats were normal at birth but developed calcification of elastic arteries, which

108

ruptured causing premature death within a few weeks . It was reported that the

calcification of arteries resulted from the replacement of the medial VSMC by chondrocyte-

13



like cells which was accompanied by deposition of a calcified matrix”™'%®. More recently, it
was also demonstrated that restoration of MGP expression in MGP null mice, specifically

. . .. . 61
in the vasculature, prevented arterial calcification™ .

Studies in MGP null mice demonstrated that the production of MGP, specifically induced
in VSMC, is essential in preventing vascular calcification™. Expression of MGP in the liver
of these mice and its subsequent release into the circulation failed to have effects on
rescuing the vascular calcification phenotype”. These observations demonstrate that either
circulating MGP was not taken up by artery wall cells or that the process of MGP entering
through the circulation makes the protein inactive, possibly via binding other serum
components”'%1%  Alternatively, MGP activity may possibly depend on the interaction
with a matrix component upon release from VSMC'®. Further MGP has been detected
intracellularly in chondrocytes in vivo and also in VSMC induced to over express MGP in

human VSMC!%31%

1.2.3.2. Osteoprotegerin

The recent discovery of OPG, a member of the tumor necrosis factor (TNF) receptor super
family, introduced a new link between bone and vascular metabolism''*'!'!. OPG is an

111,112

indirect inhibitor of osteoclastogenesis . It functions as a soluble decoy receptor which

binds and inhibits receptor activator of nuclear kappa ligand (RANKL). The activation of

its receptor, RANK by RANKL is essential for maturation of osteoclast precursors' '*''*.

Recently, evidences have demonstrated a positive correlation between endogenous serum
OPG levels and the severity of coronary artery disease, stroke and the progression of

. 110,114-117
atherosclerosis

. Reports also suggest that circulating OPG levels are associated
with the extent of vascular calcification”'"®. Since OPG is a known inhibitor of bone
resorption, it is possible that altered mineral metabolism can result in reducing the extent of
atherosclerotic calcification’”"'2. An increase in the circulating calcium-phosphate product
has been associated with ectopic mineralization and OPG treatment has been shown to
block this process''*!'®. An OPG” mouse model have also been demonstrated to develop
vascular calcification®. These will be discussed in greater detail later in this Chapter

(section 1.3.2).

14



1.2.3.3. Osteopontin

OPN is an phosphorylated glycoprotein which was first reported in bone and is thought to
be involved in the regulation of biomineralization by promoting osteoclast

. 119,100,120
function!!-100:120

Although OPN is not found in most normal soft tissues, it is reported to be abundant at sites
of ectopic calcification in human atherosclerotic lesions'?'. In calcified arteries OPN is
highly localized to the surfaces of calcified deposits****’. Along with histological studies,
it has also been reported that OPN inhibits calcium deposition in calcifying VSMC in vitro

which suggests a regulatory role for OPN in vascular calcification®®*’.

1.2.3.4. Alkaline phosphatase

ALP is an essential component of matrix vesicles where it increases the phosphates levels
resulting in the growth of hydroxyapatite crystal'®'*2. The essential role of ALP in bone
formation is demonstrated by the disease hypophosphatasia, characterized by lack of
functional ALP and defective bone mineralization’>*. ALP is also reported to be present in
systemic arteries, arterioles, and some capillaries and is considered to play a role in arterial

calcification by the same mechanism as reported in bone™**'%.

1.2.4. Clinical factors

Many clinical factors influence vessel mineralization''?. Since vascular calcification can
include osteogenesis, effects on bone and vessel mineralization has to be taken into account

while considering treatment that affects mineralization'~,

1.2.4.1. Osteoporosis

Osteoporosis is a condition involving excessive demineralization of bone, which begins
after a certain age113 1241255 Causes of osteoporosis include a decrease in osteoblast function,
a change in parathyroid activity as a compensatory factor for decreased calcium absorption,
decreased ability to synthesize vitamin D, or insufficient dietary intake of vitamin

D''*126127 patients with osteoporosis have been observed to frequently display vascular
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diseases including atherosclerosis and calcification®*'%, Osteoporosis, like atherosclerosis,
is positively associated with aging, diabetes, smoking, inactivity, and elevated cholesterol
levels'>'%. Osteoporosis and atherosclerosis tend to occur in the same patients and

. . 12
correlate in severity'®.

Vascular calcification also has been reported to co-exist with bone loss in numerous
epidemiological studies, suggesting a relationship with osteoporosis®**"'?*. A transfer in
bone growth, from the skeleton to the vasculature has been proposed to explain the
association of bone loss and vascular calcification’”*’. There have been previous studies in
which OPG” mouse groups have been shown to develop severe osteoporosis and medial
vascular calcification suggesting a clinical link between bone modelling and

. e . 8.61
calcification>®®'.

Recently, sophisticated imaging techniques that combine non-invasive evaluation with high
resolution electron-beam computed tomography, multi-detector computed tomography

(CT) and ultrafast spiral CT have been developed which allows detailed assessment of

coronary artery disease and arterial calcification in vivo®H1# 1

1.2.4.2 Diabetes

Diabetes mellitus is reported to be one of the more common diseases in the world, found in
as many as 6.2% of the population of the world”’. Its prevalence is on the rise owing to an
increasingly obese and aging population’’. Interestingly, 80 % of patients with diabetes

mellitus are reported to die from complications related to coronary and peripheral artery

64,77,78

diseases . Diabetes mellitus also has been positively correlated with renal disease, and

is the leading cause of disease ESRD*'#.

Diabetes is also clinically associated with vascular calcification'®®. The presence of

detectable arterial calcification is a strong marker of future cardiovascular events in diabetic

65,117

patients . At the cellular level, advanced glycation end products associated with

diabetes are known to promote mineralization in cultures of micro vascular pericytes78’13 2
Previous studies have demonstrated that in genetically modified mice, inducing type II
diabetes activates expression of developmental osteogenic transcription factors and proteins

. 67,117
within vasculature’” .
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1.3. Mouse models of aortic calcification

Mouse knockout models have demonstrated roles for number of proteins in regulating

vascular calcification®”’

. Studies have focused attention on proteins involved in the
regulation of both calcification and bone mineralization suggesting that the process of
calcification and bone mineralisation may, in some way, be pathologically linked' 7124,
These genetic approaches were applied in distinct combinations in order to explore the
hierarchy of factors such as calcium, phosphate and calcification inhibitors in their
involvement in the regulation of the disease™°. There are several such models which have
been investigated in the past including MGP” mice, OPG”, OPN”, Ldr”" and ApoE'/'
models®'. Out of these models, MGP™" and OPG™ were widely studied for investigating the

mechanism involved in the pathogenesis of the calcification®®".

1.3.1. Matrix Gla protein knockout model

MGP is found in the matrix of cartilage as well as VSMC of the artery wall®'. It is a key
physiological inhibitor of soft-tissue calcification that acts as a direct inhibitor of calcium

. 103,133
crystal formation”'%*1%,

This mouse model suggests that MGP has an important role in preventing vascular
calcification. Since MGP has Gla residues, it has been thought that MGP binds to

hydroxyapatite, producing a protein layer that inhibits mineralization'®*'**

. Mice lacking
matrix Gla protein have extensive calcification of the aorta, its branches, and all elastic and
muscular arteries including the coronary arteries’". These mice die at about 2 months
from rupture of a brittle and calcified aorta®. Histological examination of these calcified
aorta demonstrated that calcification occurred exclusively in the media and therefore it
shares similarities with Monckeberg’s sclerosis, suggesting an evident role of MGP in
medial calcification®'®%. Since these knockout mice do not develop atherosclerosis, it is not
known if the absence of MGP will affect atherosclerotic intimal calcification™. However, it
is been thought that MGP acts to liberated calcium from the vessel wall and that the high
levels of MGP demonstrated in human atherosclerotic lesions are due to MGP binding to

calcified within the lesion”>!9*134,
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1.3.2. Osteoprotegerin knockout model- old model

It has been demonstrated that OPG is a physiological regulator of normal bone mass and its
targeted deletion in mice results in severe, early-onset osteoporosis''>'*'*. Depletion of
OPG also results in calcification of the aorta and renal arteries which are sites of

56,112

endogenous OPG expression in normal animals . These findings suggest that OPG does

play an important role in regulating physiological bone formation in the postnatal mice and

suggest an additional role for OPG in regulating pathological calcification of arteries®''>.

OPG is a molecule secreted from osteoblasts which functions as a decoy receptor for
RANK-L'?*!¥7  As discussed in section 1.2.3.2, the RANK-L/RANK/OPG system is
critically involved in the regulation of bone metabolism and structure®’. OPG” mice
display medial calcification of their large arteries and are reported to die prematurely’®'".
The decrease in OPG™~ mouse movement is positively associated with an increase in the
incidence of vertebral bone fractures’®°'. A decrease in bone mineral density was evident
by radiography at one month of age in OPG™~ mice”®. Changes in the mineral density were

. . 1
more pronounced by four months of age as it becomes more severe with age'”®.

Histological analysis reported that calcification occurred primarily in the aorta and renal
arteries®!. Like MGP™ mice, dystrophic calcification was not observed in smaller arteries,
capillaries or veins, suggesting that these vessels express additional unknown inhibitors of
calcification®®”. The calcified arteries, determined by histology, in OPG™ vasculature are
also sites of endogenous OPG expression, thus suggesting a specific role for OPG in
protecting these arteries from calcification’'"®. Calcification is mainly evident in the media
and is associated with mild to moderate intimal and medial proliferation in 3 to 6 month-old
OPG™™ mice’®. Endogenous OPG expression is localized within the medial smooth muscle
layer of the aortic and renal arteries, suggesting a role for OPG in maintaining normal

structure in vasculature’®'?’.
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1.3.3. Limitations of the current mouse models

Although MGP™”, OPG”, OPN™", ApoE” and LDLR™ models have been extensively
investigated to understand vascular calcification in vivo, there remains a few limitations in

1,61 . . . . . . . .
", The distribution of calcification in vasculature varies considerably

these existing models
in all the models'~®. The extent of vascular calcification is also observed to be from mild to
moderate degrees in all the reported knockout models”™*'®*. Calcification in the OPG”
knockout mouse is more limited and is extremely localized®"'*®. The MGP” model has
reported calcification of smaller coronary arteries, while the remaining models involve
primarily the aorta®™'®®. Along with this, in ApoE” and LDLR” models dyslipidemia is an
integral feature making it difficult to separate effects due to calcification and those due to

abnormalities of circulation lipoproteins.

Also, in vasculature, the function of OPG is unknown because it is unclear whether
vascular calcification takes place in OPG” mice or not'**. Mouse groups in this model
system along with MGP™" mice have a life span of 8-12 months which makes the vascular
calcification study too longsg. Hence a suitable and feasible method had to be designed to
quickly induce calcification in the vasculature to understand the process and mechanisms

better and quicker'®.
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1.3.4. Modified calcitriol induced osteoprotegerin knockout model
1.3.4.1. Need for a modified model system

As the limitations of the existing mouse models became more evident, the development of
suitable modifications was required138. Also, the extent of calcification had to be more
consistently distributed throughout the vasculature unlike the previous models where
calcification was localised®'. The degree of calcification also needed to be considered while
designing and adopting any modified model as the previous murine models demonstrated

L3S " A severe degree of calcification within

only low to moderate degrees of calcification
the vasculature was essential in understanding the mechanism convincingly'*®. The
modified mouse model eliminates some, if not all, of the limitations which were evident in

previous models **!%,

1.3.4.2 Calcitriol induced calcification & mode of action

Calcitriol or 1-, 25-dihydroxyvitamin D3 was recently introduced into the study of vascular
calcification. Also referred to as bioactive Vitamin D, calcitriol is a steroid hormone known
for its important role in regulating body levels of calcium and phosphorus, and in

mineralization of bone>*'¥.

Calcitriol is reported to generate in animal skin when light energy is absorbed by a
precursor molecule 7-dehydrocholesterol'*®. Vitamin D is metabolized within the body to
the hormonally-active form known as 1, 25-dihydroxycholecalciferol**'*’. This is known
to occur in two ways: in the liver where cholecalciferol is hydroxylated to 25-

139141 and within the kidneys where

hydroxycholecalciferol by the enzyme 25-hydroxylase
25-hydroxycholecalciferol serves as a substrate for 1-alpha-hydroxylase, yielding 1, 25-
dihydroxycholecalciferol®*'*°. The active form of calcitriol bind to intracellular receptors
which functions as transcription factors to modulate gene expression™. In most cases
studied, the effect is to activate transcription, but situations are also known in which

.. .. 142
calcitriol suppresses transcription .

Calcitriol is known to be involved in mineral metabolism and bone growth'*®. It facilitates
intestinal absorption of calcium and also stimulates the expression of a number of proteins
involved in transporting calcium from the lumen of the intestine into blood™'*!. In other

words, calcitriol is designed to increase the amount of circulating calcium in the
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bloodstream. Also, as a transcriptional regulator of bone matrix proteins, it induces the
expression of OCN and suppresses synthesis of type I collagen.’”'**. More recently, a
modified mouse model receiving doses of calcitriol was also designed to address the

shortcomings of the existing knock out models of vascular calcification' .

A sub-cutaneous injection of calcitriol at a controlled dosage induced rapid calcification in
vasculature of OPG” mice. The administration of calcitriol (5 pg/kg for 3 days) also
resulted in significant calcification in the arterial wall of OPG”"*®, The bone morphology in
these OPG”™ mice showed an osteoporotic phenotype including increased porous area and
decreased bone volume'*®. Histological examinations confirmed that in OPG” mice
receiving calcitriol, calcification was detected at a considerably high level *®. In addition,
the serum ALP and serum calcium levels were significantly elevated in OPG™ injected with

calcitriol when compared to those without calcitriol *®.

Increased calcium deposition was reported in the medial aortic layer in OPG™ mice
receiving calcitriol treatment. However the calcified area was confined to the media of
arterial wall. Electron microscopic analysis also suggested a needle-like calcium matrix in
the cytoplasm of VSMC and calcium deposits around VSMC was seen in OPG” mice

given a high phosphate diet and calcitriol treatment'®.
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1.4. Human investigation for vascular calcification

Human research investigations have also been undertaken to understand vascular
calcification mechanism'?. Research studies have demonstrated the role of various proteins
and cytokines which are involved in the pathogenesis of the disease*™'*. Cellular
approaches in human studies have also been implemented to determine the role of various
cell types associated with disease'*>. One of the most robust and reproducible ways of
studying calcifying vasculature is protein expression research analysis, performed at serum

99,107,146,147

and plasma levels in patients diagnosed with peripheral artery diseases . In vitro

studies have also been undertaken to monitor the effect of various cytokines and

inflammatory factors in differentiation of vascular cells into osteogenic lineage™>>'*%,

Serum expression studies involving OPG, OPN, ALP bone markers and other inflammatory

makers have been widely investigated in humans® ' **'*,

1.4.1. Serum osteoprotegerin association with calcification

Vascular calcification is reported to be influenced by several inhibitory molecular proteins.
Among these, OPG is considered to be a primary inhibitor directly associated with the

116,144,149,150

advent of disease OPG inhibits the differentiation of macrophages into

osteoclast and also regulates the resorption of bone in vitro and in vivo as previously

. 33.49,151,152
discussed>*%131:

. Recently OPG has also been shown to be associated in human
atherosclerosis and vascular calcification’"*'°°. A high serum OPG level is reportedly
associated with severe coronary atherosclerosis and overall vascular mortality'™’.
Additionally, increased OPG levels were recently reported to be associated with

cardiovascular mortality in patients suffering from diabetes''*+1>%1>,

Patients diagnosed with chronic kidney diseases were also found to have elevated serum
OPG levels which were statistically significant to the aortic calcification levels'” (Figure

1.4).
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Figure 1.4. Elevated serum OPG levels in cardiovascular patients undergoing

haemodialysis. (ACI: aortic calcification index, Figure adapted from Nishiura et al, 2007)

An inverse correlation was also observed between the serum levels of OPG and OCN,
which is a crucial osteoblastic lineage marker for mineralisation'*. These results suggest
that the OPG may be an independent and important predictor of vascular calcification

which can be robustly studied in human patient cohorts'*.

1.4.2. In vitro calcification studies of human vascular cells

Along with the serum protein studies, in vitro cell culture work with human vascular
smooth muscle cells (WWSMC) have yielded significant results which are equally robust
and reproducible'*®. The in vitro culture work involves studying the contribution of
vascular cells towards the mineralisation process of the vasculature'*®. In vitro culture work
provides a flexible platform to analyse and clarify the effect of different proteins and other
inflammatory cytokines on vascular cells '®*°. Vascular cells derived from other clinical
complications such as diabetes and kidney disease have also been studied in association

with mineralisation in vasculature’®'%,

These hVSMC have been consistently seen to undergo calcification in vitro under the

145,157

action of calcification inducing factors such as [-glycerophosphate and

dexamethasone'**"*. Similar experiments have suggested a role of calcifying vascular cells

23



(CVC) of human origin to undergo in vitro calcification at a quicker rate, suggesting an

osteogenic lineage for smooth muscles cells and CVC in atherosclerotic plaques®"'®.

OPG levels were observed to decrease in cell culture studies of calcifying SMC®. When
calcium levels were raised in the culture medium, there was a significantly decreased level
of secreted OPG, suggesting its association with calcification®'*. Similar experiments
have been performed to analyse any effect of insulin on VSMC®. Along with insulin and B-
glycerophosphate, the roles of inflammatory cytokines such as TNF- a, interleukin (IL)-1f,

11,41,161 .
d 77", Human osteoblastic

and IL-6 in invitro calcification has been widely investigate
cells have been cultured with these cytokines and ALP activity and deposited calcium was
measured in these cells''”!'®?, When tested at different concentrations, these cytokines
resulted in significant decreases in ALP levels while the deposition of calcium within the
cell layer decreased in cells treated with TNF-a and IL—1[341’163 suggesting that these

cytokines are capable of influencing osteoclast activity within vasculature.

1.5. Mechanism of vascular calcification: existing concepts

For the past century, vascular calcification was considered to be a passive process which
leads to uncontrolled precipitation of calcium phosphate associated with tissue necrosis and

metabolic calcium and phosphate imbalance'".

1.5.1. Existing concepts

To understand the mechanism, four different and non-mutually exclusive theories of

1,433
d

vascular calcification had been previously reporte . These theories are illustrated in

Figure 1.5.

a) Loss of inhibition; b) Induction of bone formation; c) Circulation nucleational complex;

d) Cell death
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1. Loss of inhibition 2. Induction of bone formation

-MGP -vascular osteoblast and chondrocyte
-OPN like cells
-Others

Vascular calcification

3. Circulating nucleational 4. Apoptosis
complex -cell death

- Remodelling of bone

Figure 1.5. Schematic illustration summarizing four current theories illustrating molecular

mechanisms of vascular calcification. (Figure adapted from Giachelli et al, 2004)

1.5.1.1. Loss of Inhibition

It is increasingly becoming clear that most body fluids and organs contain inhibitors of
calcium and phosphate deposition. These theories explain why spontaneous mineralization
does not occur even though body fluids contain calcium and phosphate’ 036,100 A growing
number of such molecules have been identified using mouse mutational analyses and are

listed in Table 1.4.
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Table 1.4. Vascular calcification phenotypes in mouse strains

Gene Mouse mutant Phenotype

MGP MGP”" Vascular, valve and cartilage calcification

Enhanced calcification of subcutaneously

implanted valve; increased medial

OPN OPN” /
calcification in MGP™ background.
OPG OPG™ Osteoporosis, vascular calcification
B Glucosidase Kloth™ Vascular calcification, aging

Genes such as MGP, OPG and OPN have been widely studied in mouse models>’%!
(Table 1.4). As mentioned earlier in section 1.2.3, mouse knockout models of these proteins
result in osteoporosis and varied degree of mineralisation at different areas in the
vasculature confirming the inhibitory roles of these genes in calcification®'. It was observed
that MGP was found to inhibit BMP-2 activity which inhibits osteogenic differentiation’'.
Similarly OPN and OPG have also been reported as primary osteogenic inhibitor, the
absence of which leads to osteoporosis and mineralisation of aorta*'°*'?’. These studies
showed that OPN and OPG act as an inducible inhibitor in an adaptive response of vascular

injury by inhibiting crystal growth'*>!%,

1.5.1.2. Induction of bone formation

As mentioned previously, ectopic bone, in addition to matrix mineralization, is often found

) - . 352
in calcified arteries>”’

. This theory suggests that vascular calcification represents a similar
process as bone formation'>""**'**. Literature suggests that CVC has a role in vasculature
and that this subpopulation of vascular medial cells spontaneously formed nodules that
mineralized in vitro™'. In contrast to CVC, heterogeneous uncloned populations of SMC do
not spontaneously mineralize in culture but can be induced to mineralize by elevating

31,98

phosphate levels in the medium’ . Furthermore, elevated phosphate levels induced
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VSMC to undergo a phenotypic transition characterized by loss of VSMC lineage and gain
osteogenic markers such as OPN, ALP and OCN??+26:100

Using an in vivo gene delivery model groups have also provided evidence in support of the
transdifferentiation of VSMC"*'® The existing data support the presence of a pluripotent
population within the artery wall which is capable of osteogenic differentiation that might

be involved in vascular calcification under pathological conditions*'~*'%.

1.5.1.3. Circulating nucleational complexes

A growing number of studies have associated bone remodelling, specifically osteoclastic

. . . . . o . 3.126.136
resorptive activity, with vascular calcification™ =

. These findings suggest that vascular
calcification is linked to osteoclastic resorption' . It is reported that soft tissue calcification
is promoted by crystal nuclei generated at sites of bone resorption that facilitate through
circulating blood and lodge in soft tissue, thereby inducing tissue mineralization''*'?.
These studies have observed that calcium and phosphate mineral complexes are released
from bone which can be detected in blood. The release of these complex can be inhibited

26,98,103

by osteoclastic inhibition . This theory seems logical given the link between

osteoporosis and cardiovascular calcification'’?*!*12,

1.5.1.4. Apoptosis

Apoptosis or programmed cell death has long been regarded as a major mechanism for
vascular calcification, especially in the case of dystrophic calcification as seen in

d**7. Matrix

atherosclerotic lesions where large areas of necrosis are typically observe
vesicles, the known nucleation sites for calcium phosphate crystal formation in cartilage
and bone, were observed in calcifying vascular lesions which were thought to be derived
from dying VSMC®*"'%  Associative in vitro VSMC studies between cell death and
calcification suggest that apoptosis occurs before the onset of calcification of VSMC and
stimulation of apoptosis results in SMC calcification'**'**. Apoptotic bodies derived from
VSMC cultures were also observed to accumulate calcium?*. Similar to matrix vesicles, the
calcium concentrated inside the apoptotic bodies were found to be in a crystallized

38,61,85

state (Figure 1.6). These observations provide evidence that apoptotic bodies derived
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from cultured VSMC can act as initiating and nucleating sites for calcium phosphate

deposition®*.

VEBMCs/ Macrophages )
U ARptoEi > Initiation
Apoptic bodies/ matrix vessels 2
Calcium «— | Lipid
accumulation || ¥~ | Collagen >~ Nucleation
Calcification regulatory :
—— — Crystal formation -
Crystal
growth ‘-~ Proliferation
Tissues calcification _

Figure 1.6. Tissue calcification initiated by apoptosis and cell nucleation complex. (Figure

adapted from Abedin et al, 2004)

1.5.2. Circulating cells and calcification: A novel concept

Amidst the above mentioned theories, stem cell and circulating progenitor biology is
evolving as one of the most promising fields under current investigation, with huge
potential in the field of regeneration medicine'®”'®®. Reports in the past decade have
hypothesised a role for circulating immature cells derived from sources like the BM and the
spleen in the contribution of vascular diseases including atherosclerosis and vascular

e 168171
calcification'¢®'7",
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1.5.2.1. Background theory

According to previous active cell theories, VSMC migrate from the media to the sub
endothelial space, where they proliferate and contribute towards atherogenesis*>'®.
However, there are several observations that challenge this model of VSMC migration from
the media to the intimal lesion'®. Researchers have documented VSMC migration across
the internal elastic lamina from the tunica media into the sub endothelial layer'®”'®®. On the
other hand studies have demonstrated that blood cells attach to the lumina of the injured
artery prior to the development of neointimal hyperplasia'’>. The neointima has been
observed to form rapidly in the absence of medial cells, which can be killed by severe

72173 Neointimal VSMC has also been reported to express a number of

174,175

injury
hematopoietic lineage markers and proinflammatory proteins . Collectively, these
findings suggest that some of the neointimal VSMC, if not all, may be derived from
circulatory blood cells rather than medial cells*'”. These investigations suggested that
there is more to atherosclerosis and vascular calcification disease progression than
migration of VSMC from media to intima**'">""". These findings lead to a new theory in
which immature cells from various sources were thought to be released into the blood

. . . . 40,168,169,177,178
circulation, which then home to the vascular lesions™ " 9177,

. Under ideal proliferation
conditions these cells differentiate into various cell lineages, one of which could potentially

be an osteogenic lineage'”.

1.5.2.2. Association with vascular diseases

Immature progenitors such as endothelial progenitor cells (EPC) are reported to instigate
new vessel formation via angiogenesis and neovascularisation'*”'®!. However these cells
also have the potential to provide ongoing endothelial repair by homing to sites of
endothelial damage'®'. These cells in peripheral circulation may play a crucial contribution

. 0,177
towards vascular diseases’™'”".
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Figure 1.7. Contribution of BM- derived vascular progenitors towards vascular diseases. A)
BM-derived cells detected in atherosclerotic plaques which lead to mineralisation. B)
Contribution of BM cells to lesion formation after mechanical injury. C) BM-derived

neointimal cells in transplant-associated arteriosclerosis. (Figure adapted from Sata et al,

2005)

As illustrated in Figure 1.7, the immature cells are thought to be released from the BM into

39,182,183

the peripheral circulation and home to atherosclerotic plaque region under the

91,184,185

influence of chemo attractants . This is further followed by proliferation and

186-188

differentiation of these cells within vessel walls . Histological examination of aortic

sections in animal studies has confirmed the role of immature progenitors in contributing

167,189

towards complications in vasculature . In vitro studies also complement the animal

studies providing further support for the circulating cell concept™™'®.

1.5.2.3. Evidence supporting circulating theory
1.5.2.3. a. Bone marrow transplant studies

The contribution of BM cells towards vascular lesions was first investigated in graft
vasculopathy, a form of atherosclerosis which progressively develops in transplanted
organs'’""*!. To identify the potential source of recipient cells that contribute to allograft

vasculopathy, BM transplantation (BMT) was performed from LacZ mice to wild-type
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mice (BMT LacZ-wild mice)'”'®*. After eight weeks, wild-type hearts were transplanted
into the BMT LacZ-wild mice. Four weeks after cardiac transplantation, most of the

.o ... 193.194
neointimal cells were LacZ positive 93.19

. Similarly, when wild-type hearts were
transplanted into wild-type mice whose BM had been reconstituted with that of transgenic
mice that express green fluorescent protein (GFP); the GFP-positive cells then accumulated
on the luminal side of the graft coronary arteries'”""'** hence indicating that recipient BM

cells can substantially contribute to neointimal formation in transplanted graftsm.

1.5.2.3. b. Histological studies

Animal studies which involve direct transplantation of unselected marrow cells into the
acutely infarcted myocardium have been reported to cause significant intramyocardial
calcification'®. In this experiment, rats received standard intramyocardial injections of either

Dil-labeled total BM cells or the same number of Dil-labeled, clonally expanded BM-derived

multipotent stem cells'®’. The rats were euthanized for histological examinations after 2
419

weeks. Spotty calcified lesions in these infracted areas were reporte

H&E
e

Figure 1.8. Examination with haematoxylin and eosin (H & E) staining to identify calcified

lesions. (Figure downloaded from Yoon et al, 2004)

Haematoxylin and eosin staining demonstrated deep blue to purple regions of stained area
suggesting the presence of calcium particles spread within regions of fibrosis (Figure 1.8).
Further analysis was performed by von kossa staining by which black metallic deposits of

calcification were noted'**.
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ALP staining also demonstrated strong staining surrounding the calcified area suggesting
the possibility of osteogenic activity. 4', 6-diamidino-2-phenylindole (DAPI) staining on the
frozen sections, which preserved the red fluorescence of the transplanted Dil-labeled BM
cells, revealed that DAPI-negative calcified areas were surrounded by Dil-labeled BM
cells. These observations suggest the involvement of transplanted BM cells in
calcification'. These results demonstrate that transplantation of BM cells into the acutely

. . e e . . . e . 17
infracted myocardium may cause significant intramyocardial calcification'”’.

1.5.3. Sources of circulating cells

The circulating immature cells are known to originate primarily from human BM and hence
they are also termed marrow cells or stromal cells®*. BM is considered to be a huge
reservoir for such immature potential cells®'®*. Apart from the BM pool, the spleen is

thought to be another less significant potential source of these cells '%.

1.5.3.1. Bone marrow: reservoir for immature cells

BM is a special, spongy tissue that acts as a reservoir for immature stem cells, and is
located inside a few large bones (Figure 1.9)'**. In adults, marrow in large bones produces

new blood cells and constitutes to 4% of overall body Weight183 (188189,
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Figure 1.9. Bone marrow cells differentiating into various cell types. (Adapted from Stem

cells and the future of regenerative medicine, 2004)

The BM stroma constitutes of fibroblasts, macrophages, adipocytes, osteoblasts and blood

195,196,197,198
vessels!93196:197:19

. It also contains mesenchymal stem cells (MSC) which are multipotent
cells are able to differentiate into a variety of cell types195. These MSC have been shown to
differentiate into osteoblasts, chondrocytes, myocytes, adipocytes and B-pancreatic islets
cells'?>!%2% They can also trans-differentiate into neuronal cells'”. The blood vessels

199

constitute a barrier, inhibiting immature blood cells from leaving the BM ™. Only mature

blood cells contain the membrane proteins required to attach to and pass the blood vessel

endothelium'®

.These immature cells are released from the BM stroma and enter peripheral
circulation in response to any endothelial damage caused by the various risk factors.
These cells are known to contribute towards the repair process within the vasculature.
However their impact on the contribution towards vascular diseases including calcification

is not specifically known and demands in-depth research'®’.

1.5.3.2. Spleen

Research shows that splenic cells also contribute to the pool of immature cells in a small,
yet significant Wayzol. Recent research on splenic cells suggests that the spleen may be a

potential source of adult stem cells that could contribute to the regeneration of many cell
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types including insulin producing islets of pancreas'®’. The finding supports the existence
of these splenic stem cells and also suggests they may be able to produce an even greater
variety of tissues and contribute towards different types of damage healing in tissues'®’.
Researchers also noted that the spleen develops from embryonic tissue that is known not
only to generate precursors to many types of blood cells, a function shared by the BM, but
potentially to form such diverse organs as the small intestine, uterus, vascular system and

202,203

lung . These cells are also thought to also produce bone cells which can be linked with

T 202
osteoblastic lineage and vasculature™ .

1.6. Bone marrow and calcification: A cellular approach
16.1. Bone marrow

BM is a major resource for immature progenitor cells. These cells are categorized into

different lineages based on the characteristics and the potential of the immature cells®”.
1.6.1.1. Stem cells and progenitors

Stem cells are known to have two important characteristics that separate them from other

90,177,204

types of cells (Table 1.5). Firstly, they are unspecialized cells which renew

themselves for long periods through cell division'”*®. Secondly, under experimental

177,183
%7, To date,

conditions, these cells can be induced to become cells with specific functions
scientists have identified two kinds of stem cells from human and animal origins; adult
stem cells and embryonic stem cells each of which have different functions and

. . 195206
characteristics'®>

. Progenitor cells, like stem cells, have only been researched in the last
decade and understanding of their role is evolving. Progenitor cells have a capacity to
differentiate into a specific type of cell (Figure 1.10)'%". They are far more specific than
stem cells. Most progenitors are reported to be of unipotent or multipotent lineages®”
(Table 1.5). From this point of view, they may be compared to adult stem cells. But
progenitors are said to be in a further stage of cell differentiation. They are in the

intermediate stage between stem cells and fully differentiated cell'™.
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Table 1.5. Characteristics of stem cells and progenitor cells

Stem cell Progenitor cell

Self renewal in vivo Unlimited Limited
Self Renewal in vitro Unlimited Limited

Potentiality Multipotent Unipotent
Maintenance of self Yes No

renewal
Population Reaches maximum amount of | Does not reach maximum
cells before differentiating population
Stem cells

Stem cells € &0

{e.g. haematopoiectic stem cell)

Specialized cells

{e.g. neuron cells)

Progenitor cells u

{e.g. myeloid progenitor cell)

A

Specialized cells
{e.g. neutrophil)

Specialized cells

{e.g. red blood cell)

Figure 1.10. Multiplication characteristics of a stem cell and a progenitor cell

The majority of progenitor cell populations remain dormant and possess little activity in the
tissue in which they reside'®’. They exhibit slow growth and their main role is to replace
damaged and dysfunctional cells
tissue of their target differentiation. When the cytokines, growth factors and other cell
division enhancing stimulators influence the progenitors, a higher rate of cell division is

introduced which leads to the recovery of the damaged tissues

176
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1.6.1.2. Progenitor stem cells: classification and types

On the basis of their renewal capacity and characteristics, these immature cells are broadly
classified into pluripotent, multipotent and unipotent cell types”>*”’. The cells are further
categorized on their differentiating properties into three types namely MSC'*2%,

202,20 . 210
20 and embryonic cells™ .

hematopoietic stem cells (HSC)
1.6.1.2. a. Mesenchymal Stem Cells (MSC)

MSC are multipotent stem cells that can differentiate into a variety of cell types. MSC have
been shown to differentiate into different cell types in vitro or in vivo. These cell types
include osteoblasts, chondrocytes, myocytes, adipocytes, and, as described lately, beta-

pancreatic islets cells'>"**?!! (Figure 1.11)

Dermal tissues Neurons

- - Smooth muscles - Chondrocyte

; muscles and
-~ Cardiac muscles boreend .. Osteocytes
tendons catlage

<=/ Mesenchymal stem celly =—>> - Afpocys

- - Skeletal muscles

- - Tendons -~ Teef

Retinal photoreceptors Cthers

Figure 1.11. Multipotency characteristics of MSC. (Figure adapted from Song et al 2004)

Their ability to differentiate into an osteogenic lineage makes it an interesting area of

research in the field of vascular calcification®®*'?2!4,
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1.6.1.2. b. Hematopoietic stem cells

HSC are stem cells that give rise to all the blood cell types including myeloid (monocytes,
macrophages, neutrophils, basophils, eosinophils, erythrocytes, dendritic cells), and

lymphoid lineages'”*'%%20%,

The hematopoietic tissue contains cells with long-term and short-term regeneration
capacities and committed multipotent, oligopotent, and unipotent progenitors>>~'>. As stem
cells, they are defined by their ability to form multiple cell types and their ability to self-
renew”'®. Morphogically, they are non-adherent, rounded and with a rounded nucleus and

low cytoplasm content >'.

1.6.1.2. c. Endothelial progenitor cells (EPC)

EPC are derived from the BM which circulate in the blood and possess the ability to
differentiate into endothelial cells that make up the lining of blood vessels. EPC found in
adults are thus related to angioblasts, which are the stem cells that form blood vessels

. - 90,177
during embryogenes1s9 L

1.6.2. Mesenchymal cells and osteoblastic lineage

Human mesenchymal stem cells (hMSC) are multipotent, capable of differentiating into at

199200213 (g
igure

least three lineages which are osteogenic, chondrogenic, and adipogenic
1.12). This lineage development occurs by a process called transdifferentiation whereby a
cell type committed to and progressing along a specific developmental lineage switches

into another cell type of a different lineage through genetic reprogramming'**'",
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hMSC

Chondrocyte

Osteoblast »  Adipocyte

Figurel.12. A transdifferentiation model of hMSC demonstrating osteoblasts, adipocytes,

and chondrocytes differentiated from hMSC. (Figure adapted from Song et al, 2004)

Osteogenic differentiation of MSC is characterized by three distinct phases; cell
proliferation, secretion of extracellular matrix and mineralization of extracellular matrix

. . 30,214
resulting in mature osteoblasts™ .

It has been demonstrated that as osteogenic
differentiation progresses the multiple differentiation potentials of mesenchymal cells
become more limited, such that terminally committed osteoblasts are unable to differentiate

200,217

into other cell types . The fully differentiated osteoblasts derived from the BM cells

have been identified by expression of ALP, bone sialoprotein, OCN, and the elaboration of

calcified extracellular matrix?%-2%3212,

In vitro studies have characterized the osteogenic potential of hMSC*®. When cultured in
the presence of osteogenic factors hMSC differentiate into an osteogenic lineage, producing
bone-like nodules with a mineralized extracellular matrix containing hydroxyapatite.

Similar results have also been reported using BM-derived cells'”’.

These findings suggest the importance of cell transdifferentiation in the development and
maintenance of mammalian tissues and regulation of lineage commitment'*>*"’. The in
vitro differentiation system allows an identification of molecular regulators, such as cell
cycle proteins, transcription factors, or other signalling molecules, that control cross-lineage
commitment among different cell type’®. An identification and understanding of the

contribution of these cells towards vasculature is an interesting field of study*'. Considering
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the previous and ongoing vascular biology work it may be worth investigating the role of
these BM-derived MSC with osteogenic lineage, or osteo-progenitors, towards vascular

s 41207
calcification™ ",

1.6.3. Osteoblastic progenitor population: contribution towards calcification

On-going vascular research investigations suggest that the immature progenitor BM cells
may significantly contribute towards vascular diseases including atherosclerosis and

s 30167207214
vascular calcification®'67-207:214,

1.6.3.1. Immature progenitors: from bone marrow to blood circulation

Recruitment of the immature cells to the blood under the influence of cytokines is a process
termed as mobilization'®. This process involves enhancement of the physiological release
of stem cells and progenitors from the BM reservoir in response to stress signals during
injury and inflammation®”. The emerging picture of stem cell mobilization involves an
interaction between MSC and HSC which regulates both bone and BM remodelling

. . . . . . 183,188
processes, which also mediate progenitor cell proliferation and migration ™™ 8

The stem cell mobilization process is initiated by stimulation of marrow cells with
cytokines such as granulocyte colony-stimulating factor (G-CSF), resulting in the release of
membrane-bound SCF, proliferation of progenitor cells, as well as activation or degradation
of adhesion molecules'™'#32!%, Cytokines involved with the increased release of these cells
are G-CSF, granulocyte-macrophage colony-stimulating factor (GM-CSF) and SCE*147:186
Chemokines such as SDF-la and IL-8 are also associated with the mobilisation
proces5219’220. These molecules differ in their mode of administration, the time frame

required to achieve mobilization, the lineage of cells mobilized, and their efficiency*"'®.
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1.6.3.2. Homing and proliferation

Homing is the process in which circulating cells actively cross the BM endothelium barrier
and lodge transiently in the BM compartment by activation of adhesion interactions prior to
their proliferation84. Progenitor cells also home to other organs especially in response to
stress signals, transmitted in response to alarm situations such as total body irradiation and

can migrate to the spleen prior to bone marrow homing'®"'%.

The endothelium is the first anchoring site for homing cells. This endothelium layers are
know to express adhesion molecules and stimulating chemokines®'. Among these

chemokines, SDF-1a signalling has been reported as an important factor involved with

. . e . .. . .. 187,190,221
migration and mobilization of hematopoietic stem cells during vessel wall injury .
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Figure 1.13. Mobilization, homing and recruitment of vascular progenitor cells. (Figure

downloaded from Jevon et al, 2007)

Vascular damage involves an initial endothelial denudation and platelet accumulation.
Platelets, along with neighbouring endothelial and VSMC, secrete growth factors and
cytokines including PDGF, VEGF and SDF-1a'%?*%. Among these, PDGF is important for
VSMC migration and proliferation”” while VEGF and SDF-lo are crucial for the

e . . 16522 1
mobilization of vascular progenitor cells from the BM reservior'®?%. Once mobilized,
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these vascular progenitor cells are believed to migrate to the site of damage where adhesion
chemokines mediate the integration of these cells within vasculature'®?*°. Soon after
contact with these molecules the cells are activated causing adhesion to the endothelium

through interactions with ICAM-1 or VCAM-1%+2*,

As soon as these immature cells integrate into the endothelial layer the process of
proliferation and differentiation commences which contributes to vascular repair and lesion
formation'®*?. As mentioned previously VEGF is considered to be one of the key players
in differentiation of the progenitor cells in the vasculature post homingm. More recently,
factors other than VEGF have been reported to contribute towards the proliferative
processgg’m. G—CSFm, TGF [3223, PDGF** and vascular endothelial cadherin®®’ have also
been reported to influence the immature cell differentiation into matured endothelial and

SMC.

1.6.3.3. Impact and behaviour in a diseased artery

Endothelial cells help to maintain vessel homeostasis and it is believed that EPC have a role

%230 EPC are associated with a reduced risk

in maintaining the integrity of the endothelium
of mortality rate from cardiovascular causes, and it has been suggested that the number of
circulating EPC may be a prognostic tool for determining the risk of cardiovascular
events’>'”’. Vascular diseases including atherosclerosis, myocardial infarction and intimal
hyperplasia have been positively related to the circulating progenitor numbers’>'%"!"".
Under ideal vascular conditions, these cells proliferate into SMC which contribute towards
vascular repair’””"'®. However more recently it was suggested that these cells contribute to
vascular lesions resulting from cardiovascular events'®.

These recent vascular studies link these immature cells to osteo-progenitors, the cell type

28,158 Under the influence of chemo

which is known to differentiate in an osteogenic lineage
attractants, growth factors and previously mentioned cytokines the progenitors slowly start
proliferating towards a SMC and osteoblastic lineage which complicates the disease

. 28,61,214
formation process .

In this investigation, this circulating osteo-progenitors hypothesis will be tested in two
mouse models and a human patient cohort diagnosed with peripheral artery diseases. The

next Chapter discusses the materials and methods involved in experimental investigations.
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CHAPTER 2: GENERAL MATERIALS AND METHODS
2.1. Animal model study of aortic calcification

Vascular calcification was investigated in a mouse model to understand the underlying
mechanism and its association with circulating BM-derived osteo-progenitors. Based on

the previous studies two mouse models were used in these studies.

2.1.1. Experimental OPG”" mice

An OPG™ was considered suitable for the study. The criteria for selecting OPG™ mice as
an experimental model is discussed in Chapter 1 (section 1.3.2). Breeding pairs were
originally obtained from Clea Laboratories, Japan. 12 month old male and female mice
were selected for the studies. This age was chosen based on previous studies demonstrating
vascular calcification is more marked in animals of this age group'. The OPG deficiency

was originally generated on a C57/BL6 background'.

2.1.2. Control OPG™* mice

Male and female OPG** mice were selected as the control for all OPG” mouse model
experiments. The control groups for both male and females were age matched with the
experimental group to allow better comparison and interpretation of results. These mice

were also obtained from Clea laboratories, Japan.

2.1.3. Calcitriol induced OPG™ mice

Age matched 8 weeks old OPG” and OPG"™ mice were selected for the experiments
involving calcitriol administration. Sug/kg body weight calcitriol injections were
administered subcutaneously for 3 consecutive days in both experimental and control mice
at 14 weeks (98 days) of age. Mice were culled and aortas harvested at the end of the
experiments to assess vascular calcification. A detailed experimental design including the
timing of calcitriol administration and tail bleed analysis will be discussed in detail in

Chapter 6 (section 6.3 and 6.4).
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2.1.4. Ethics approval, animal house facility and breeding

Ethics approvals were obtained from James Cook University (JCU) animal ethics
committee prior to commencement of experiments (refer Appendix 1, 2 and 3). During the
course of the study all mice were housed in a purpose-built mouse facility at JCU,

Townsville, Australia. Water and normal laboratory diet were available ad libitum.

2.2. Aortic calcification assessment within the mouse model

2.2.1 Alizarin red-staining

Alizarin red has been demonstrated to identify traces of free calcium in tissue sections™'"
3 1% alizarin red solution was prepared by dissolving alizarin red sulphonate powder
(Tech, QLD, Australia, colour index# 58005) in distilled water (Appendix 4). After mixing
the pH was adjusted to 4.1-4.3 using 0.5% ammonium hydroxide. The solution was made
freshly for each experiment. Standardisation of staining analysis is discussed in Chapter 3

(section 3.1.1).

2.2.1.1 Protocol

Whole harvested aortas were fixed in 10% formalin for 15 min followed by phosphate
buffer saline (PBS) wash for 2 min (Appendix 4). Excess fatty residues were teased off
from the outer regions of the aortas to reduce interference in the staining procedure. The
tissue was split longitudinally and pinned out on cork prior to staining with 1% alizarin red
for 2 hours on a shaker at room temperature (R.T). The tissues were passed through grades
of paraformaldehyde (Australian chemical reagents, QLD, Australia) and glycerol (Ajax
Fine Chem., Australia) (3:1, 1:1 & 1:3 respectively, Appendix 4). Paraformaldehyde
removes excess stain from the tissue, to avoid calcium destaining incubation times did not

exceed 2 min.
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2.2.1.2 Standardisation of protocol

Since alizarin red whole tissue staining has not been previously described, the protocol was
standardised before application in experiments. A detailed discussion of the standardisation

can be found in Chapter 3 (section 3.1.1.2 & 3.1.1.3 respectively).
2.2.1.3 Assessing alizarin red-staining

Tissue calcium staining was observed on a dissecting microscope (Nikon, SMZ 800,
Japan). Images of all the aortic segments (arch, thoracic arch, supra-renal and infra renal)
were digitally photographed (Nikon Cool Pix 4500, Nikon Corporation, Japan) for later
computer aided analysis of calcium staining percentage using scion software (Scion
Corporation, 4.0.3, USA). The demarcations of the aortic segments are illustrated below in
Figure 2.1. The photographic images from each aortic segment in both OPG” and OPG**
mice were analysed. The peripheral area of the aortic segments was outlined using specific
software tools and a total surface area was estimated (mmz). In the next step stained areas
within the tissue were selected and estimated (mm?). The total percentage of calcium

staining was estimated using the following calculation:

Alizarin red staining area (mm?) X 100

Total surface area of the aortic segment (mmz)

The calcium staining percentages were compared between OPG” and OPG™* mice and

graphically represented.

Aortic arch

Thoracic aorta

Supra renal aorta

Infra renal aorta

Figure 2.1. Segments of a murine aorta (Figure downloaded from cleavelandclinic.org)
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2.3. Extraction of aortic calcium

Total extractable aortic calcium was estimated using a bioassay method involving
extraction of calcium from the whole aorta followed by colorimetric estimation of free

. . 234
aortic calcium

. Harvested aortas were weighed, segmented and transferred into a 1.5 ml
eppendorf tube containing 50 pl of IN Hydrochloric acid (HCI). Using a drill and sterile
plastic drill heads the aortic segments were fragmented and homogenised until the tissue
reached near dissolution. An additional 50 ul HCl was mixed to facilitate optimum
digestion. Tubes were cooled on ice during the process. The digested samples were
incubated overnight on a shaker for maximum extraction of calcium. Samples were then

centrifuged at 30,000 x g (18,000 rpm) for 30 min. The supernatant was collected in

separate eppendorf tubes and stored and -20°C. The pellets were discarded.

2.4. Quantification of aortic calcium

A Quantichrom™ bioassay was used to estimate the extractable aortic calcium.

This assay is based on phenolsulphonepthalein dye which reacts with free calcium present
in the tissue forming a stable blue coloured complex. The intensity of the colour is directly

proportional to the calcium concentration and is measured at 595 nm.

A calcium bioassay standard was aliquoted and diluted according to the manufacturer’s

instructions as outlined below.

No STD + substrate Vol (uL) Calcium (mg/dL)

1 100pL + OuL 100 20
2 80uL +20uL 100 16
3 60uL +40uL 100 12
4 40pL + 60uL 100 8
5 30uL + 70uL 100 6
6  20uL + 80uL 100 4
7  10uL +90uL 100 2
8 OuL + 100uL 100 0

The standards were stored at 4°C for later use. Prior to commencing the assay all reagents
and samples were equilibrated to R.T. A working solution consisting of equal parts of
reagent A and reagent B (accompanied with the kit) was prepared. 5 ul of standard and
sample solutions were transferred to a clear 96- well plate. Both the standards and samples

were run in duplicates. Working solution (1000 ul) was added to each of the wells. The
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plate was incubated for 4-5 min at R.T with intermittent mixing. Optical density was
measured at 595 nm using a Tecan Plate reader (Qlab, Brisbane, Australia.). The colour

formed was stable for 60 min.

Optical density (O.D) for the blank was subtracted from the standard O.D values and
plotted against the calcium standard concentrations. The slope was determined using linear
regression fitting. The total aortic calcium was calculated by subtracting the blank O.D
from the sample O.D and then dividing by the slope as shown is equation 2.1 below. The
intra and inter assay reproducibility is discussed in Chapter 3 (section 3.2.3.1 and 3.2.3.2

respectively).

ODsamere = ODeank

Slope (mglL)

Equation 2.1. Calculation for estimating aortic calcium (O.D-optical density; mg:

milligram; dL: decilitre)
2.5. Protein cytokine studies using ELISA for mouse model studies

Protein cytokine studies were performed on serum samples collected from experimental and
control mouse groups. The serum protein levels were statistically correlated to extractable
aortic calcium levels to determine any association. Cytokines of interest, stromal cell
derived factor (SDF-1 o) and granulocyte colony stimulating factor (G-GSF) were
measured by an enzyme linked immunosorbent assay (ELISA). These cytokines were
selected as they have been consistently reported to be associated with the release of
immature cells from bone marrow into the circulation and to facilitate homing of these cells

. 41,174,183,185
to vascular lesions .

2.5.1. Sample collection, preparation and storage

Tail bleeds were collected from mouse groups into lithium heparin tubes (Microvette,
USA). 200 ul of blood was collected per bleed. Bloods were allowed to clot for 2 hours
before centrifuging for 20 min at approximately 2000 x g. Serum samples were separated
after centrifugation and assayed immediately or aliquoted into 1.5 ml eppendorf tubes and

stored at -20°C until required. Repeated thawing and freezing of samples was avoided.
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2.5.2. ELISA protocol

Assays were carried out according to the manufacturer’s instructions (R & D, Quantikine,
USA). Prior to commencing the assay, all reagents and samples were equilibrated to R.T.
Standards and serum samples were assayed in duplicates. 50 ul of assay diluent and 50 ul
of standard, control or samples were added per well and mixed for 1 min. The plate was
incubated for 2 hours at R.T (on a shaker for SDF-1a). Wells were aspirated and washed
with ELISA wash buffer. Washings were repeated 4 times. After the final wash any traces
of buffer were removed by aspirating or decanting. The plate was inverted and blotted
against clean paper towels. 100 pl of conjugate was added to each well and incubated for 2
hours at R.T. Washings were repeated as done in previous step. 200 ul (per well) of
substrate solution was added and incubated for 30 min. Colour development was halted by
the addition of a stop solution (200 pl, accompanied with the kit) and gentle mixing. The
0O.D of each plate was determined immediately (signal stable for 30 min) at 570 nm on

Tecan plate reader (Qlab, Brisbane, Australia.).

2.5.3. Calculation of standards and estimation of cytokines

Calculation for standards and samples were similar for both SDF-1a and G-CSF. The
duplicate readings for standard, samples and control were averaged and subtracted from the
averaged zero standards O.D. A standard curve was constructed by plotting the mean
absorbance for each standard on the y-axis against concentration; a best fit curve through
the points on the graph was drawn. The concentration determined from the standard curve
was multiplied by the dilution factor where sample were dilutioned. The intra and inter-

assay reproducibility is demonstrated in Chapter 3 (section 3.3.3 and 3.4.3 respectively).

2.6. Flow cytometry analysis

Flow cytometry (FC) (BD FACSCalibur, USA) was used to quantify the BM- derived
osteo-progenitors in circulating blood in both mouse groups and patient cohort. Detailed
investigation plan for mouse model and patient experiments will be discussed in

experimental Chapters 4, 5, 6 and 7.
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2.6.1. Collection of tail bleeds

Tail bleeds were collected from both OPG”™ and OPG** mice (lithium heparin, Microvette,
USA). Where multiple bleeds were required, samples were taken at the same time of the
day to minimise variation due to diurnal fluctuations. 150 to 200 ul of blood was collected

per tail from all the experimental and control mice.

2.6.2. RBC cell lysis

Red blood cells (RBC) were lysed using ammonium chloride and potassium (ACK) lysis
buffer (Appendix 4). Samples were incubated with 1 ml of lysis buffer for 15 min at R.T
and centrifuged at 400 x g for 5 min at R.T. The supernatant was discarded and the cell
pellet was washed with PBS containing 2 mM ethylene diamine tetra-acetic acid (EDTA).
The sample was centrifuged and the supernatant was incubated again in lysis buffer for 10
min at R.T. After incubation the cells were washed and centrifuged as performed in the
previous washing step. The supernatant was discarded and the final cell pellet was

reconstituted in FC buffer (Appendix 4).

2.6.3. FcR Blocking

Mouse FcR blocking agent (BD biosciences, USA) was used to eliminate any non specific
antigen- antibody binding. Samples were incubated with 50ul of FcR (1:50 in FC buffer) at
R.T for 15 min. Incubation was followed by centrifugation at 400 x g for 5 min. The
supernatant was discarded and the cell pellet reconstituted in 90 ul of FC buffer and

transferred to ice.

2.6.4. Primary antibody labelling

The cell suspension was equally divided into two tubes. The cells in the one tube were used
for primary OCN antibody labelling and those in the other were for isotype control. 5 ul of
unconjugated goat anti-mouse OCN primary antibody (BT biomedical technologies, USA)
or isotype control (BD biosciences, 1:100 in FC buffer) was added to the appropriate tubes.

Cells were incubated for 30 min at 4°C.
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2.6.5. Secondary antibody labelling

Cells were then washed in PBS buffer and centrifuged at 400 x g for 5 min. The cell pellets
were labelled with a fluorescent anti-goat phycoerythrin (PE) secondary antibody (1:75 in
FC buffer Jackson’s Immunoresearch, USA). 50 ul of the titre antibody was added to both
the OCN and isotype labelled cell pellets. Tubes were incubated for 30 min at 4°C. The
incubation was carried out in dark conditions to avoid degradation of fluorescent intensity

of PE.

2.6.6. Flow cytometry analysis

The cells were washed and centrifuged at 400xg for 5 min. The pellet was reconstituted in
FC buffer containing 3% fetal calf serum (FCS) and 0.05 % sodium azide (Appendix 4).
The cells were immediately analysed on FC (BD FACSCalibur, USA) to quantify the
OCN™ MNC population. A detailed FC protocol and technique optimisation is discussed in
Chapter 3 (section 3.5 & 3.6).

2.7. Quantification of extractable aortic OCN™ population

Immune cells were extracted from aorta of 12 month old male experimental OPG™ and
control OPG** mouse group. OCN* population from these extracted cells were further

quantified using FC analysis.
2.7.1. Extraction of aortic immune cells by enzymatic digestion

The aortas were harvested from the OPG” and OPG** mouse groups for this investigation.
To quantify the desired cell population the immune cells in the aorta were extracted as a
preliminary step. Aortas from mouse were pooled in groups of four to obtain an adequate
number of cells for analysis. The aortas were cut into smaller segments and transferred into
1.5 ml eppendorf tube containing 200 ul of 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Amersco Inc.USA) buffer (Appendix 4). The tissue
was homogenised with a drill and clean plastic pestle until a single cell suspension was
obtained. The homogenised aorta was removed on a nylon mesh in a petri dish and any

remaining lumps of the tissue were homogenised with the end of the syringe. The petri dish
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along with the nylon mesh was washed with 10 mM EDTA to recover as many cells as
possible. The tissue was then subjected to enzyme digestion by incubating it with 3 ml of a
dissociation buffer at 37°C for 1 hour with intermittent mixing. This dissociation buffer
consisted of collagenase type XI (125 U/ml, Sigma, USA), hyaluronidase type I-S (600
U/ml, Sigma, USA), DNase type I (60 U/ml, Roche, USA) and collagenase type I (450
U/ml, Sigma, USA) in 20 ml of HEPES buffer (Appendix 4). Post incubation, the cell
suspension was passed through a 2 mm nylon mesh to eliminate any smaller tissue lumps.
The cell suspension was centrifuged at 450 x g for 30 min. The supernatant was discarded

and the cell pellet was used for further analysis.

2.7.2. FcR blocking

Mouse FcR blocking agent (BD biosciences, USA) was used to eliminate any non specific
antigen- antibody binding. Cell pellet was incubated with 50ul of FcR (1:50) in FC buffer
(Appendix 4) at R.T for 15 min. Incubation was followed by centrifugation at 400 x g for 5
min. The supernatant was discarded and the cell pellet was reconstituted in 90 ul of FC

buffer and transferred to ice.

2.7.3. Primary antibody labelling

As described in section 2.6.4, the cell suspension was equally divided into two tubes for
primary antibody and isotype control respectively. 5 ul of goat anti-mouse unconjugated
OCN primary antibody (BT biomedical technologies, USA) or isotype control (1:100 in FC
buffer) was added to the appropriate tubes. Cells were incubated for 30 min at 4°C.

2.7.4. Secondary antibody labelling

Post primary antibody labelling the cells pellets were washed, as in previous steps, and
labelled with a fluorescent phycoerythrin (PE) secondary antibody (1:75 in FC buffer,
Jackson’s Immunoresearch, USA). 50 ul of the titre antibody was added to both the OCN
labelled and isotype cell pellets. Tubes were incubated for 30 min at 4°C in dark conditions

to avoid degradation of fluorescent intensity of PE.
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2.7.5. Flow cytometry analysis

The FC analysis was carried out as performed in section 2.6.6. The cells were immediately

analysed on FC to measure the OCN™ cell population.

2.8. Human patient cohort calcification studies

A patient cohort, suffering from peripheral artery disease and who previously had computed
tomography (CT) scans, was also studied. Blood was collected and quantified for OCN*
MNC population by FC analysis. The calcification volumes from the CT scans were

correlated with the OCN™ MNC population to assess association.

2.8.1. Selection criteria for the patient study

All the selected patients were diagnosed with abdominal aortic aneurysm (AAA) based on
CTA. AAA was defined by maximum aorta diameter of > 30 mm. Peripheral artery disease
was diagnosed based on appropriate symptoms assessed by a consultant vascular surgeon.
Patients were excluded if they had received open surgical or endovascular treatment on
their infrarenal aorta or if a Computed Tomographic Angiogram (CTA) was felt to be
contra-indicated, as previously described””. Patients with serum creatinine of > 120 uM,

with inability to lie flat or with contrast allergy were also excluded.

2.8.2. Ethics approval and access to the patient details

Ethics approval for the studies was granted by Ethics committee from JCU (Appendix 3).

Written informed consent was obtained from all the recruited patients for the investigation.
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2.9. Aortic calcification measurements in patients using CT imaging

The patients’ calcification volumes were measured as previously described””. Briefly CTA
was performed on 16 -slice multi scanner (MX, Philips). Images of abdominal aorta (supra-
renal aorta to tibial arteries) were obtained in 20 seconds in 1 breath-hold cycle. The images
from the origin of the lowest renal to the bifurcation of the aorta were transferred to a
workstation and transformed into a 3 dimensional composite image®”. Using the volume of
interest tool on a workstation, an encircling line was drawn around the aortic images to
form a region on interest. The image slices were then previewed to ensure that only
calcified aortic section was highlighted and excluded all other vascular structures and
adjacent calcified vertebral body areas”. The readings were repeated after 24 hours to
assess the level of inter and intra observer reproducibility”. The results were statistically
analysed using SPSS program (15.0, SPSS Inc, USA). The calcification volumes were
categorised into high calcified volume and low calcified volume based on the median for

the group.

2.10. Quantification of OCN* MNC population using flow cytometry analysis
2.10.1. Collection of patient blood samples

Blood samples were obtained following an overnight fast. 20 ml of blood was collected into
heparinised tubes (BD vacutainer, Becton Dickinson, USA). The samples were immediately

couriered to the JCU, School of Medicine and Dentistry research laboratory for analysis.

2.10.2. Ficoll histopaque technique

The mononuclear cell layer was separated from other blood constituents using a ficoll
histopaque (Sigma, USA) gradient technique. Blood samples were diluted 1:2 with PBS
and divided into two equal volumes. Each volume of diluted blood sample was carefully
layered onto 15 ml ficoll histopaque. Both tubes were centrifuged at 400 x g for 30 min,
without brakes to avoid mixing. After centrifugation four layers were obtained; an upper
plasma layer, MNC layer followed by a ficoll layer and a final RBC layer at the bottom of
the tube. Using a clean glass pipette the MNC layer was removed to a separate tube. The
plasma layer was collected post-MNC separation and transferred into 15 ml falcon tubes

and stored at -20°C for protein cytokine analysis.
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2.10.3. Buffer solutions

Wash buffer containing 2 mM EDTA with 0.5 % chicken albumin (Sigma, USA) was used
for intermittent cell washings (Appendix 4). Another 2mM EDTA buffer with 0.5 % bovine
serum albumin (BSA) was used as a magnetic separation (MS) buffer (Appendix 4). Cells
were treated with BSA buffer during the magnetic enrichment step. A FC buffer containing

3 % FCS and 0.05 % sodium azide (Appendix 4) was used for antibody dilutions.

2.10.4. Centrifugation and cell washing

All protocol steps were separated by washing using the wash buffer containing 2 mM
EDTA with 0.5 % chicken albumin. Post washing, the cells were centrifuged for 10 min at

400 x g at R.T. A single cell suspension was prepared using 30 micron nylon mesh.
2.10.5. Trypan blue cell dye exclusion test for cell viability

The dye exclusion test determines the number of viable cells present in a cell suspension. It
is based on the principle that live cells possess intact cell membranes that exclude certain
dyes, such as trypan blue, eosin, or propidium, whereas dead cells do not. In this test, a cell
suspension is mixed with the dye and then visually examined to determine whether cells
take up or exclude the dye. The cells in the pellet obtained from the MNC washing step
were counted on a haemocytometer. 20 ul of the cell pellet suspension was aliquoted after
MNC cell separation and washing. The sample was incubated with an equal volume of 0.4
% trypan blue staining for 3 min. The cell-dye mixture was then transferred on to a
haemocytometer slide. The counting procedure and cell calculations are discussed in

Chapter 3 (section 3.7.1).
2.10.6. Human FcR blocking

After the MNC counts were estimated 20 ul of FcR block (Miltenyi biotech, USA) was
added to every 1 x 10’ cells in the suspension. 10% donkey serum was also mixed with the
solution to enhance the quality of blocking. The final cell suspension was incubated at 20
min at R.T before centrifugation at 400 x g for 10 min. The optimisation for FcR blocking

titre is discussed in Chapter 3 (section 3.7.2).
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2.10.7. Primary OCN antibody labelling

The cell pellet was resuspended in 90 ul of FC buffer and transferred to ice to maintain cell
viability. The suspension was mixed thoroughly and divided equally into two tubes. The
cell suspension in one tube was labelled with primary antibody and the other with an
isotype control. Both primary OCN antibody (Santa Cruz, USA) and IgG Isotype (BD
biosciences, USA) was used at 1:100. Cell suspensions in both tubes were incubated for 30
min at 4°C followed by washing in wash buffer and centrifugation at 400 x g for 10 min.

optimisation for primary antibody titre labelling is discussed in Chapter 3 (section 3.7.3).

2.10.8. Secondary PE fluorescent antibody labelling

After cell washing, the primary antibody attached to the cells was tagged with PE
secondary antibody (Jackson’s Immunoresearch, USA) (1:75). The cells were incubated at
4°C for 30 min in the dark. Cells were washed and centrifuged at 400 x g for 10 min. The
cells were maintained in cold conditions throughout to retain cell viability and to prevent
capping of antibodies on the cell surfaces. The optimisation for secondary antibody titre

labelling is discussed in Chapter 3 (section 3.7.4).

2.10.9. Anti-PE magnetic beads

Post washing, the cell pellets were suspended to 80 ul of MS buffer containing 0.5 %
chicken albumin. 20 pl per 10’ cells of anti-PE beads (Miltenyi, USA) were further added
to the suspension. This cell-bead suspension was incubated for 20 min at 4°C in the dark.
Cells were washed with MS buffer and centrifuged at 400 x g for 10 min. The magnetically
labelled cell pellet was resuspended in 500 ul of MS buffer and maintained on ice. The
optimisation for anti-PE bead labelling is discussed in Chapter 3 (section 3.7.5).

2.10.10. Magnetic column separation set up

A mini MACS (magnetic assorting cell separator) and a MS column (Miltenyi Biotech,
USA) were used as the maximum number of labelled cells was less than 107 cells. The MS

column was placed in the magnetic field of the Mini MACS separator. The column was
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prepared by rinsing with 500 ul of MS buffer. Once the buffer was eluted from the column,
the cell suspension was added. A diagrammatic representation of the magnetic separation

protocol is shown below in Figure 2.1.

Anti-PE magnetic micro beads +cell tagged

Magnetic —  »
: lahflling with primary OCN & secondary PE antibody
with MACS
Microbeads l
— - » Cell suspension flows down the MACS
Positive selection
using MACS column l
column

Elution of positively . ) ) .
e lecied calls Positive fraction  Negative fraction

v

(Enriched OCN) (Depleted OCN)

C Positive, magnetic Flow cytometer analysis
1 fraction

Figure 2.2. Schematic diagram illustrating the magnetic enrichment technique for
quantification of OCN™ MNC.

While the MNC flow down through the column reservoir, the OCN™ labelled MNC adhere
to the micro beads in the column and get separated from the MNC which are not bound by
OCN antibody. 500 ul of buffer was twice added after the cell suspension to ensure better
separation. New buffer was added only when the column reservoir was empty and the
column was never allowed to run dry. The eluted fraction, also termed as negative fraction,
was collected separately and stored on ice for later centrifugation. Once all three washes
were completed, the column was detached from the Mini MACS separator and placed on a
collection tube. 500 ul of MS buffer was added in the column reservoir. The buffer was
then immediately flushed out by firmly pushing the plunger (accompanying the column)
thus collecting the magnetically labelled cells. This labelled fraction was termed the
positive fraction. Both positive and negative fractions were centrifuged at 400 x g for 10

min to elute the anti- PE beads from the MNC.
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2.10.11. Flow cytometry analysis of murine and human cells

Although the number of OCN" MNC within the circulation of mouse and human blood
samples was estimated by FC analysis the protocol steps involved for species was different.

A flow chart describing the similarities and differences in the two models is outlined below.

A) For mouse model

Early morning tail bleeds
ACK lysis buffer

l Incubation for 15 min at R.T (twice)

Cell washing with FC buffer and centrifugation at 400x g for 10 min
BD bloclfing agent (1:50)

l Incubation for 15 min at R.T

Cell washing with FC buffer and centrifugation at 400x g for 10 min
Incubation with primary OCN antibody (1:100)

llncubation for 30 min at 4-8°C

Cell washing with FC buffer and centrifugation at 400x g for 10 min
Incubation with fluorescent secondary PE antibody (1:75)
lIncubation for 30 min at 4-8°C in dark
Cell washing with FC buffer and centrifugation at 400x g for 10 min

Resuspend pellet in 300 ul of FC buffer

l FC analysis

Isotype background OCN quantification
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B) For human patient cohort

Patient blood sample arrival at JCU research laboratory

Blood sample diluted 1:2 and overlayed on ficoll histopaque

Separate the middle MNC layer. Store the plasma at -20°C

Count the number of cell on haemocytometer & incubate the pellet with human FcR
blocking agent

Cell washing with FC buffer and centrifugation at 400x g for 10 min
Incubation with primtry OCN antibody (1:100)
l Incubation for 30 min at 4-8°C
Cell washing with FC buffer and centrifugation at 400x g for 10 min
Incubation with fluorescent secondary PE antibody (1:75)
l Incubation for 30 min at 4-8°C in dark
Cell washing with FC buffer aild centrifugation at 400x g for 10 min

Incubation with Anti-PE magnetic micro beads

l Incubation for 20 min at 4-8°C in dark
Cell washing with FC buffer and centrifugation at 400x g for 10 min

Cell suspension transferred on a magnetic separation column for OCN MNC enrichment
l 3 washes with MS buffer

after separation after separation

Positive fraction Negative fraction

| |
| v ' |

OCN enriched tube Isotype OCN depleted tube Isotype tube

Figure 2.3. Flow cytometry protocol for mouse model (A) and human patient cohort (B)
(ACK- ammonium chloride and potassium; FC-flow cytometry; OCN MNC-osteocalcin

mononuclear cells; PE-phycoerythrin)
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Quantification of OCN* MNC in patient blood samples involved an initial separation of
MNC from whole blood by ficoll histopaque. The MNC population was labelled with
primary OCN antibody and further enriched by magnetic column separation. On the other
hand the murine quantification of circulating OCN" MNC involved the lysis of RBC by
ACK lysis buffer. Although the incubation with primary OCN and fluorescent secondary
antibody were similar in both studies, OCN"™ MNC was not enriched in the animal model.

There are a couple of reasons for this.

Firstly, only a limited amount of blood sample could be withdrawn during tail bleeds from
mice. The maximum amount of peripheral blood that could be obtained from was
approximately 200 ul. On the other hand 20 ml of blood was obtained from all the human
patients. Hence the limited amount of blood samples obtained from mice tail bleeds was a

drawback in separating the MNC layer by ficoll histopaque method.

Secondly, the difference between the MNC counts in both animal and human blood
samples is large. MNC obtained from tail bleeds are extremely limited to be set up and
enriched on MS column. Also the amount of circulating OCN* MNC was found out to be in
lower numbers in murine blood samples when compared to patient blood samples. This
difference in the MNC counts could be significant in the enrichment step during which
some OCN" MNC could be lost in the several washing steps prior to magnetic column
enrichment. To avoid any loss of desired cell population ficoll hypaque MNC separation
and magnetic bead enrichment steps were eliminated from the blood sample preparation for

mouse model experiments.
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2.10.12. Flow cytometry analysis

Post centrifugation, the cell pellets were resuspended into FC buffer and immediately
analysed on FC (BD FACSCalibur, USA). The standardisation of the FC analysis for
mouse model and human patient cohort is discussed in Chapter 3 (section 3.7 and section

3.8).

2.11. Protein cytokine studies using ELISA for patient sample investigation

Protein cytokine studies were performed on plasma samples collected from patient blood
samples. These plasma samples were obtained from the ficoll histopaque separation of the
whole blood. Cytokines of interest such as SDF-1 o, G-GSF and SCF were measured by
ELISA technique as performed with mouse serum samples. The plasma cytokine levels
were then statistically correlated to circulating OCN*" MNC and the infra renal aortic
calcification volumes estimated by CTA to determine any possible association. These
cytokines were selected as they have been consistently reported to be associated with the

release of immature cells from BM into the circulation.

2.11.1. Sample collection, preparation and storage

The samples were obtained from the ficoll histopaque separation of the patient blood. The
samples received from SNP was immediately layered on ficoll histopaque solution and
centrifuged at 400 x g for 30 min. The resultant plasma layer was separated in a 15 ml tube
and stored at -20°C for cytokine analysis after obtaining blood samples from the whole
cohort. The cytokine analysis for all the plasma samples was performed at the same time to
minimise errors between samples. Repeated thawing and freezing of samples was avoided.

The ELISA protocol was followed according to section 2.5.2

Calculation for standards and samples was followed according to section 2.5.3. The intra
and inter-assay reproducibility for SDF-1a, G-CSF and SCF is demonstrated in Chapter 3
(section 3.9.3, 3.10.3 and 3.11.3 respectively).
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2.12. Statistical analysis

All the mouse and human patient data was analysed using SPSS statistics software (15.0,
SPSS Inc USA). Data was assessed for normality using Q-Q plots. For all the data which
was not normally distributed statistical non-parametric statistical tests were used to assess
our hypotheses, including Mann-Whitney U test, paired Wilcoxon test and Spearman
correlations. Assay reproducibility was assessed using coefficient of variation. All the data

is represented in medians and inter-quartile ranges (IQR).
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CHAPTER 3. FEASIBILITY STUDIES AND PROTOCOL OPTIMISATION

3.1. Calcium quantification

Standardisation of aortic calcium staining in whole aorta was the preliminary step since this
has not been previously reported”*****. From previous reports, it was evident that alizarin
red is an ideal reagent to detect calcification in Sum sections of tissues including aorta,

232,236,237

spleen and bone sections . Based on these reports, an experimental design was set

up to standardise optimum aortic staining.

3.1.1. Aortic calcium staining

3.1.1.1 Aim

The aim of this study was to establish a reproducible means of staining calcium in mice
aortas. Whole aortas harvested from experimental OPG™ and control OPG™* mice were

used for the studies.

3.1.1.2 Alizarin red concentration

Different alizarin concentration (0.5 %, 1 %, and 2 %) were tested to determine the
optimum staining concentration. It was demonstrated that a 1% solution of alizarin red in
distilled water (D/W) suited best for the experiment as staining area could be measured

without background staining interference (Figure 3.1).

\ 7 Gl
] " 1A ‘;‘ﬂ:’ . T
} /q v
| m— '" ¥ *
i - ) ! V4
0.5% 1% 2 %

Figure 3.1. Pictures of aortas stained with different concentrations of alizarin red.
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3.1.1.3. Incubation condition

Further experiments were carried out to access optimal incubation time and conditions.
Initial incubation periods of 15 min, 30 min, 1 hour and 2 hour on static and shaker
conditions were tested to estimate optimum staining conditions (Figure 3.2). A continuous
2 hour staining period while placed on shaker conditions resulted in optimum staining since

the alizarin red stained the free calcium more prominently in the mouse aorta at 2 hour

shaker conditions than other tested incubation conditions.

15 min static 15 min shaker 30 min static 30 min shaker

1 hour static 1 hour shaker 2 hour static 2 hour shaker

Figure 3.2. Comparison of different staining conditions of mice aortas with alizarin red
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3.1.2 Scion software measurements

As discussed in the Chapter 2, computer aided software (ScionTM, USA) was selected for
the calcium staining percentage quantification. With assistance from the specific region
selecting tool in the software, the total area of the aorta was measured in mm-. The red
areas of calcium staining were then measured in the same manner and reported as
percentage of staining area. The measurements were repeated twice on different occasions
for intra measurement coefficient of variation. The same measurement style was followed

for each aortic section in both OPG” and control OPG™* mice.

3.1.2.1. Intra measurement reproducibility

7 aortas each from OPG” and OPG** were assessed two separate occasions by the same
observer to estimate the intra-observer error. Standard deviations were calculated using
Microsoft Excel 2000 (Microsoft Inc. USA). The coefficient of variation in percentage was
calculated as follows:

Standard deviation (assessment 1 + assessment 2) X 100

Mean assessment value
The median intra-observer coefficient of variation for measurements carried out of different

aortic regions is shown section in Table 3.1.

Table 3.1. Intra-observer coefficient of variation for alizarin staining area measurements in

different aortic regions in experimental OPG”" and control OPG*"* mouse models.

Mouse strain
Aortic regions OPG™” OPG **
(COV in %) (COV in %)
Aortic arch 6.94 9.3
Thoracic arch 7.63 8.89
Supra renal 8.66 9.6
Infra renal 8.49 9.09

(OPG™: osteoprotegerin deficient; OPG""*; osteoprotegerin present, COV: coefficient of

variation)
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3.2. Assay of extractable aortic calcium

As mentioned in the Chapter 2, aortic calcification was also estimated using a

commercially available Quantichrom bioassay. The method was initially standardised.

3.2.1. Aim

To assess the reproducibility of aortic calcium measurement by bioassay.

3.2.2. Protocol

Calcium measurements were performed in duplicates. Each plate comprised of standard
and sample duplicates. The results were used to calculate intra-assay coefficient of
variation.

Calcium amounts (or concentration) were calculated using standard curves as per
manufacture’s instructions (Quantichrom, USA). Details are provided in Chapter 2 (section
2.4). The Mean (M) and Standard Deviation (SD) of duplicate readings were calculated by

following the equation:

(SD1+ ...... +SD7)/7
(M1+...... +M7)/7

X 100

Three separate assessments were carried out using different plates on separate days. The M
and SD were averaged from the three separate assessments to generate an average inter-

assay coefficient of variation:

(SD (Plate 1 M1 + Plate 2 M1) + ...... + SD (Plate 1 M7 + Plate 2 M7))/7
(M (Plate 1 M1 + Plate 2 M1) + ...... + M (Plate 1 M7 + Plate 2 M7))/7

X 100

3.2.3. Results and conclusion

3.2.3.1. Intra assay reproducibility

Reproducibility of aortic calcium assay in 12 month old mouse model (study 1)

Intra-assay coefficient of variation for calcium assay standard measurements in a 12 month

old mouse model is illustrated in Figure 3.3.
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Plate 1 0.D readings (595 nm)

Relationship between 0.D and calcium concentration

Standard Mean Std dev 09 standard in Quantichrom bioassay (Plate 1)
20 0.7670 0.7670 0.7670 0.0000 08/
£
16 0.6560 0.6340 0.6450 0.0156 s 071
&S 06
12 0.5440 0.5220 0.5330 0.0156 =
(=2)
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6 0.2920  0.2820 0.2870  0.0071 o gz 1 R? = 0.995
S 02l
4 0.1910 0.2050 0.1980 0.0099 S o1
2 0.1340 0.1360 0.1350 0.0014 0.0 : : ‘ ‘
0 00500 00520 00510  0.0014 0 5 10 15 20 %
Standard (mg/dl)
Mean 0.3736 0.0079
Intra assay
coeffic.lent of 2.10 %
variation
Plate 2 0O.D readings (595 nm)
Standard Mean Std dev Relationship between 0.D and calcium concentration
standard in Quantichrom bioassay (Plate 2)
20 0.7770 0.7690 0.7730 0.0057 0.9
16 06510 06240 06375 00191 £ 7]
12 0.5240 0.5320 0.5280 0.0057 206 |
8 0.3840 0.3610 0.3725 0.0163 @051
6 02910 02720 02815 00134 =] Y = 00365 + 0.061
' ' ' ' =03+ R? = 0.9957
4 0.1810 0.2160 0.1985 0.0247 02
2 0.1310 01380  0.1345  0.0049 Og; 1
0 0.0430 0.0460 0.0445 0.0021 0 5 10 15 2 %5
Mean 0.3713 0.0115 Standard (mg/m|)
Intra assay
coefficient of 3.09 %

variation
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Plate 3

Standard

20 0.7850  0.7630
16 0.6240  0.6230
12 0.5120  0.5310
8 0.3810  0.3780
6 0.2610  0.2680
4 0.1800  0.1860
2 0.1260  0.1280
0 0.0470  0.0440

Mean

Intra assay
coefficient of
variation

Mean

0.7740
0.6235
0.5215
0.3795
0.2645
0.1830
0.1270
0.0455
0.3648

1.56 %

Std dev
0.0156
0.0007
0.0134
0.0021
0.0049
0.0042
0.0014
0.0021
0.0057

0.9

Relationship between 0.D and calcium concentration
standard in Quantichrom bioassay (Plate 3)

208
=07

503
D

y = 0.0366x + 0.0537
R? = 0.9941

Standard (mg/ml)

Figure 3.3. Intra-assay assessment of reproducibility for calcium standard assays for 12

month old mouse groups (Std dev: standard deviation; O.D: optical density)

Reproducibility of aortic calcium assay in 14 week old mouse model (study 2)

Intra assay coefficient of variation for calcium assay standard measurements in a 14 week

old mouse model is illustrated in Figure 3.4.

Plate 1 0.D readings (595 nm)
Std Mean
20 0.7210 0.7350 0.7280
16 0.6860 0.6240 0.6550
12 0.5400 0.5240 0.5320
8 0.3440 0.3170 0.3305
6 0.2520 0.2320 0.2420
4 0.1810 0.1950 0.1880
2 0.1380 0.1460 0.1420
0 0.0700 0.0620 0.0660
Mean 0.3604

Intra assay
coefficient of
variation

4.14 %

Std dev
0.0099
0.0438
0.0113
0.0191
0.0141
0.0099
0.0057
0.0057
0.0149
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Plate 2

0.D readings (595 nm)

Std

20 0.8130

16 0.7760

12 0.5950
0.3740
0.2510
0.1740
0.1390
0.0500

S N B~ O

0.7950
0.7140
0.5340
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0.2300
0.1750
0.1410
0.0520

Mean

Intra assay
coefficient of

variation

Plate 3
Std
20  0.7130
16  0.6890
12 0.5420
0.3850
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Mean
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0.3270
0.2300
0.1790
0.1410
0.0690

coefficient of

variation

Mean
0.8040
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0.3605
0.2405
0.1745
0.1400
0.0510

0.3850

445 %

Mean
0.7190
0.7015
0.5380
0.3560
0.2405
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0.1400
0.0715
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3.26%

Std dev
0.0127
0.0438
0.0431
0.0191
0.0148
0.0007
0.0014
0.0014
0.0171

Std dev
0.0085
0.0177
0.0057
0.0410
0.0148
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0.0014
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0.0120

0.D readings (595 nm)
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Figure 3.4. Intra-assay assessment of reproducibility for calcium standard assays for

calcitriol mouse group.
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3.2.3.2. Inter-assay reproducibility

Reproducibility of aortic calcium assay in 12 month old mice (study 1)

Table. 3.2. Inter-assay assessment of reproducibility for calcium assay in 12 month old

mouse groups

Mean O.D readings (595 nm)

Std Plate 1 Plate 2 Plate 3 Mean std dev
20 0.7670 0.7730 0.7740 0.7713 0.004
16 0.6450 0.6375 0.6235 0.6353 0.011
12 0.5330 0.5280 0.5215 0.5275 0.006
8 0.3725 0.3725 0.3795 0.3748 0.004
6 0.2870 0.2815 0.2645 0.2777 0.012
4 0.1980 0.1985 0.1830 0.1932 0.009
2 0.1350 0.1345 0.1270 0.1322 0.004
0 0.0510 0.0445 0.0455 0.0470 0.004
Mean 0.3699 0.007

Inter-assay coefficient of

variation 1.79 %

Reproducibility of aortic calcium assay in 14 week old mice (study 2)

Table. 3.3. Inter-assay reproducibility of calcium assay in 12 month old mouse groups

Mean O.D readings (595 nm)

Std Plate 1 Plate 2 Plate 3 Mean std dev
20 0.728 0.8040 0.7190 0.7503 0.0467
16 0.655 0.7450 0.7015 0.7005 0.0450
12 0.532 0.5645 0.5380 0.5448 0.0173
8 0.3305 0.3605 0.3560 0.3490 0.0162
6 0.242 0.2405 0.2405 0.2410 0.0009
4 0.188 0.1745 0.1765 0.1797 0.0073
2 0.142 0.1400 0.1400 0.1407 0.0012
0 0.066 0.0510 0.0715 0.0628 0.0106
Mean 0.3711 0.0181
Inter-assay coefficient of
variation 4.88 %
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The combined results are illustrated in Figure 3.5. Intra-assay and inter-assay coefficient of
variation for the Quantichrom calcium bioassay was between 1 and 5%.

6

(6)]
I

Coefficient of variance (%)
w

Study 1 Study 2

O Inter assay B Intra assay

Figure 3.5. Intra and inter-assay assessment of reproducibility of the Quantichrom calcium

bioassay for study 1 and 2.

3.3. Serum SDF-10 measurments in mouse models

3.3.1. Aim

The aim of this study was to assess the reproducibility of the SDF-1a ELISA kit at both
intra and inter-assay levels. Serum samples obtained from tail bleeds of experimental OPG
" mice (n=11) and control OPG*™* mice (n=11) was analysed. The immunoassay required
preparation of standards, antibodies for target protein capture and detection, and involved a

multiple-step protocol in its execution, all of which may introduce error.

3.3.2. Protocol

Serum SDF-1o measurements were performed in duplicates. The results were used to
calculate intra-assay coefficient of variation.
SDF-1a. amounts (or concentrations) were calculated using standard curves as per

manufacture’s instructions. Details are provided in Chapter 2 (section2.5.3). The mean (M)
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and standard deviation (SD) of duplicate readings were calculated and the intra-assay

coefficient of variation using the equation applied in section 3.2.2.

3.3.3. Results and conclusion

3.3.3.1. Intra-assay reproducibility

Intra-assay reproducibility for SDF-1a standard measurements in a 12 month old mouse

model are illustrated in Figure 3.6.
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0
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Plate 3

Std (ng\ mL)
0
0.156
0.312
0.625
1.25
2.5
5
10

0.D readings (450 nm)

0.0590
0.0680
0.1150
0.1830
0.2390
0.6420
1.1460
1.9810

0.0510
0.0720
0.1190
0.1650
0.2410
0.6690
1.1490
2.1210
Mean

Intra assay
coefficient
of variation

Mean
0.0550
0.0700
0.1170
0.1740
0.2400
0.6555
1.1475
2.0510
0.5638

3.22 %

Std
dev
0.0057
0.0028
0.0028
0.0127
0.0014
0.0191
0.0021
0.0990
0.0182
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Figure 3.6. Intra-assay assessment of reproducibility for SDF-1 a standard measurements

in 12 month old mouse groups.

3.3.3.2. Inter-assay reproducibility

Inter-assay reproducibility was also assessed for SDF-1 o ELISA technique and is

illustrated in Table 3.4.

Table 3.4. Inter-assay assessment of reproducibility for SDF-1a standards in a 12 month

old mouse groups.

Std (ng\ mL)

0
0.156
0.312
0.625

1.25
2.5

10

Plate 1
0.048
0.0695
0.0995
0.1475
0.246
0.6785
1.145
2.0135

Plate 2
0.0455
0.0695
0.1080
0.1435
0.2400
0.6750
1.1445
2.0000
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Plate 3
0.055
0.07
0.117
0.174
0.24
0.6555
1.1475
2.051
Mean

Inter assay
coefficient of
variation

Mean
0.0495
0.0697
0.1082
0.1550
0.2420
0.6697
1.1457
2.0215
0.5576

1.66 %

Std dev
0.005
0.000
0.009
0.017
0.003
0.012
0.002
0.026
0.009



Intra-assay and inter-assay reproducibility for Quantikine SDF-1a ELISA standards was
robust with the coefficient of variation between repeats within the same trial falling

between 1 and 4 %.

Inter and intra assay reproducibility of Quantikine
standard SDF-1 ELISA

1.95
S 1.90 |
5 185 T
8 1801
©
Z 1.751
o
£ 1.70 1 T
(3] |
2 165
] 1.60 1
3
1.55
1.50

Intra assay Inter assay

Figure 3.7. Intra and inter-assay assessment of reproducibility in Quantikine mouse SDF-
la ELISA standards.

3.4. Serum G-CSF measurments in mouse models

3.4.1. Aim

The aim of this study was to assess the reproducibility of G-CSF ELISA kit at both intra
and inter-assay levels. Serum samples obtained from tail bleeds of OPG™ mice and control
OPG™* mice were analysed. The immunoassay required preparation of standards,
antibodies for target protein capture and detection, and involved a multiple-step protocol in

its execution, all of which may introduce error.

3.4.2. Protocol

Serum G-CSF measurements were performed in duplicates. The results were used to
calculate intra-assay coefficient of variation.
G-CSF amounts (or concentrations) were calculated using standard curves as per

manufacture’s instructions. Details are provided in Chapter 2 (section2.5.3). The mean (M)
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and standard deviation (SD) of duplicate readings were calculated and the intra-assay

coefficient of variation using the equation applied in section 3.2.3.

3.4.3. Results and conclusion

3.4.3.1. Intra-assay reproducibility

Intra-assay reproducibility for G-CSF standard measurements in a 12 month old mouse

model is illustrated in Figure 3.8.

Plate 1
Std (pg\ mL)
900
450
225
112.5
56.25
28.125
14.06
0

Plate 2
Std (pg\ mL)
900
450
225
112.5
56.25
28.125
14.06
0

0.D readings (450 nm)
1.7110 1.7100
0.8940 0.9390
0.4630 0.4460
0.3760 0.3880
0.2340 0.2380
0.1100 0.1200
0.0970 0.0920
0.0650 0.0650

Mean

Intra assay
coefficient of
variation

0.D readings (450 nm)

1.7410
0.9130
0.5120
0.3670
0.2240
0.1800
0.1210
0.0950

1.7700
0.9590
0.4960
0.3880
0.2650
0.1950
0.0920
0.0750
Mean

Intra assay
coefficient of
variation

Mean
1.7105
0.9165
0.4545
0.3820
0.2360
0.1150
0.0945
0.0650
0.4968

1.67 %

Mean
1.7555
0.9360
0.5040
0.3775
0.2445
0.1875
0.1065
0.0850
0.5246

3.65 %

Std dev
0.0007
0.0318
0.0120
0.0085
0.0028
0.0071
0.0035
0.0000
0.0083

Std dev
0.0205
0.0325
0.0113
0.0148
0.0290
0.0106
0.0205
0.0141
0.0192
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Plate 3
Std (pg\ mL)

900
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225
112.5
56.25
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0
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Figure 3.8. Intra-assay assessment of reproducibility for G-CSF standard measurements in

12 month old mouse model.

3.4.3.2. Inter-assay reproducibility

The results are presented graphically in Figure 3.9. Intra-assay and inter-assay

reproducibility for Quantikine R&D G-CSF ELISA standards was robust with the

coefficient of variation between repeats within the same trial falling between 2 and 7%.
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Standard (pg\ mL) Plate 1 Plate 2 Plate 3 Mean Std dev

900 1.7105 1.7555 1.7820 1.7493 0.0361
450 0.9165 0.9360 1.0795 0.9773 0.0890
225 0.4545 0.5040 0.5970 0.5185 0.0723
112.5 0.3820 0.3775 0.3525 0.3707 0.0159
56.25 0.2360 0.2445 0.2840 0.2548 0.0256
28.125 0.1150 0.1875 0.1925 0.1650 0.0434
14.06 0.0945 0.1065 0.1015 0.1008 0.0060
0 0.0650 0.0850 0.0820 0.0773 0.0108
Mean 0.5267 0.0374

Inter assay

Inter and intra assay reproducibility for
Quantikine standard G-CSF ELISA
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Figure 3.9. Intra and inter-assay assessment of reproducibility in Quantikine mouse G-CSF

ELISA standards.

3.5. Flow cytometry standardisation for animal experiments

The flow cytometry (FC) protocol for animal experiments is outlined in Chapter 2 (section
2.6). The analysis of surface marker expressed by FC requires a multi-step protocol which

requires optimisation and standardisation. The optimisation of all the stages required for

analysis of mice samples is described below.
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3.5.1. Tail bleeds time points

For the mouse model experiments in Chapter 5 and 6 , tail bleeds were obtained at four (4)
different time points from both male and female (experimental and control groups) to
assess day-to-day fluctuation. Multiple tail bleeds on different occasions were obtained
taken because the circulating population of interest may vary over time. Repeat
assessments also assists in determining inter analysis variability. All bleeds were taken in
the mornings (8.30 am-10 am). An internal comparison between experiments was possible

because of this multiple bleeds repeated at the same time of the day.

3.5.2. Lysis buffer

A lysis buffer consisting of ammonium chloride and potassium chloride (ACK) was used to
achieve the red blood cells (RBC) lysis (Appendix 4). Eliminating the RBC content from
the whole blood is crucial as they interfere in the antigen-antibody interaction. A pilot
study was carried out before determine the incubation time required for RBC lysis. This
step was important in differentiating the dead cells from the viable cell types which was

analysed during FC analysis. The following incubation times were examined:

Incubation for 10 min or 20 min

This step did not provide the optimum level of lysis (Figure 3.10 A) as the incubation
resulted in incompletely lysis of RBC. The partially lysed RBC interfered with the viable
cells which resulted in unclear separation of dead cells from viable cell types. After this,
blood was incubated for 20 min at a stretch to check for ideal lysis. However, this also
resulted in unconvincing lysis of the RBC (Figure 3.10 B). Overall, the incubation steps for
10 min and 20 min did not result in lysis of RBC.

A further lysis technique was therefore developed. The blood samples were incubated with
lysis buffer for an initial phase of 10 min followed by a 5 min washing step and
centrifugation at 400x g. The cell pellet obtained was further incubated with lysis buffer for
5 min. A further washing was performed and the cells were analysed by FC using the same
instrument settings as previous attempts (Figure 3.10 C). The FC plots showed a desirable
level of lysis of RBC evident by a clear separation of lysed RBC from the viable cell types
(Ilymphocytes, monocytes and granulocytes). After repeating the similar lysis protocol for

consistent results the method was adopted for future experiments.
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Figure 3.10. Optimisation of ACK lysis buffer using different incubation time periods and
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(Y axis)

3.5.3. FcR blocking

This step is a pre-requisite for eliminating any non-specific binding of the primary antibody
or isotype to the cell antigen surface thus ensuring optimum antigen-antibody binding.
Various concentrations of the blocking agent were assessed out to determine the optimum
titre of the blocking agent. Dilutions of 1:10 (Figure 3.11 B), 1:50 (Figure 3.11 C), 1:100
(Figure 3.11 A), and 1:500 dilutions were assessed. A titre of 1:50 was found to provide

most sufficient blocking of non specific binding.

OC positive ' ' OCK positive

v

A

OCN PE
(Y axis)

Forward scatter (X axis)

OCN pesitive o . ' o OCN postive

B) FcR blocking titre of 1:10 dilutions C) FcR blocking titre of 1:50 dilutions

Forward scatter (X axis)

Figure 3.11. Optimisation of appropriate FcR blocking concentration using variable titres

78

v



3.5.4. Primary OCN antibody labelling

This step involved the binding of a primary OCN antibody to the cell antigen surface. The
appropriate antibody titre would encourage bindings to all OCN antigen expressing cells
avoiding non specific binding. This binding step needs to be specific as this is followed by
the secondary antibody binding. If the titre of the OCN antibody is less there won’t be
sufficient binding to cover the entire OCN expressing antigen cell population. To optimise
this step different titre of OCN antibody was examined in a pilot study. A series of
dilutions including 1:25 (Figure 3.12 B), 1:100 (Figure 3.12 C), 1:500 (Figure 3.12 A), and
1:1000 were tested. 1:100 was worked out to be the most optimum dilution which
effectively bound to the primary OCN. This titre was considered to the optimum as both
1:100 and 1:25 dilutions stained equal percentage of OCN population in same blood

samples.
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Figure 3.12. Optimisation of appropriate OCN primary antibody dilution using variable

titres
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3.5.5. Secondary Phycoerythrin (PE) antibody labelling

Secondary antibody titres are equally as important as that of primary antibody to enable
assessment sensitivity and specificity.

A PE conjugated secondary antibody was used (Anti-goat, Jacksons Immunoresearch,
USA). 1:25 (Figure 3.13 B), 1:100 (Figure 3.13 C), 1:500 (Figure 3.13 A), 1:1000 dilutions
were used to work out the required dilution. 1:75 was worked out to be the ideal dilution

for effective binding.

OCN positive

Lt A ) 1: 500 PE titre

"OCN positive -

B) 1:25 PE titre C) 1:.75 PE titre

v

Forward scatter (X axis)

Figure 3.13. Optimisation of appropriate PE secondary antibody dilution using variable

titres
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3.6. Flow cytometry instrumental and data interpretation of mice OCN expression

3.6.1. Forward scatter (FSC) vs. Side scatter (SSC) settings

On the forward versus side scatter plot the region comprising of viable cells were
selected for further analysis. Dead cells (extreme left of the dot plot) were excluded
from the gated region (Figure 3.14). Once the first region of interest was selected it
was followed on the next dot plot which comprised of OCN (Y axis) versus FSC (X
axis). A region statistics was calculated to determine the percentage of OCN™ MNC.
A total number of around 50,000 events were acquired. For consistency between
experiments, similar numbers of events were acquired during analysis of all mouse

blood samples.
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Figure 3.14. Schematic diagram of the basic FSC vs. SSC dot plots acquired during the
experiments. A, B, C are examples which represents the first plots from different FC
runs. Dead cells were excluded from the analysis. All other viable cells were selected

for quantifying the positive cell population.
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3.6.2. Unstained population

An unstained sample (without any fluorescent dye) is analysed prior to testing the other
samples (Figure 3.15). These readings are applied for standardising the instrument
settings for the fluorescent PE channel in the experiments. This step ensures optimum
laser power required during the FC analysis for the test samples.

The FSC versus SSC plot used to differentiate and select the viable MNC onto the next
dot plot for OCN vs. FSC. Applying this gate filters down the analysis of viable cells

which enables in choosing the region of interest.

(0K pasitive OCN pesitive ols

v

Forward scatter (X axis)

Figure 3.15. Dot plots for an unstained sample gated on SSC (OCN") vs. FSC plot.

3.6.3. Establishing appropriate gates for positive staining

An isotype control sample was analysed prior to assessing OCN® MNC staining
which determined the gates for the positive population. Figure 3.16 below illustrates
the gates defined based on the isotype control. Any acquired MNC in this selected
region from the subsequent primary antibody stained samples was calculated as OCN"
expressing population. Ideally, the gate statistics for an isotype tube is close to ‘zero’.
However this may not be practically possible at all times as during most of analysis
there is a small percentage of non-specific background which has to be considered

while calculating the final percentage for OCN" MNC population. The readings from
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OCN" staining were subtracted from isotype control reading. Any background

positive percentage was eliminated in this way, making the calculations more

accurate. This was carried out for each sample during the experiments.
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Figure 3.16. Dot plots for isotype controls. A and B represents plots for OPG*™* mice blood

while C and D represents plots for OPG™ mice blood samples.

These plots are illustrated in Figure 3.17 for different blood samples obtained from OPG"*

and OPG” mice samples. The region statistics from the isotype plots were subtracted from

the OCN" staining results to achieve a corrected percentage of OCN" staining MNC.
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3.6.4. Positive population gating

After the isotype stained samples, the OCN™ stained samples were immediately assessed.
For standardisation, in all the experiments the OPG** samples were run followed by OPG™
samples. This pattern ensured minimal intra experimental error if any. Figure 3.17

represents the gated region from positive samples of both OPG™* and OPG” samples.

A

: 0N poiie 0N e

T I

) OCH pasithve . OCH positrve
OCNPE |4 . ..., . . . s 0 0
(Y axis) C D

Forward scatter (X axis)

Figure 3.17. Dot plots analysing OCN" stained samples. The positively labelled samples
were analysed on FC post isotype tubes for each sample. A and B represent plots for OPG™
samples while C and D corresponds to OPG"* sample dot plots for OCN* MNC

population.
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3.6.5. Calculation of positive population cell percentage

Statistical analysis was performed to estimate the percentage of circulating OCN* MNC in
mouse tail bleeds. ‘Cell Quest’ software (BD biosciences, USA) was used for final FC
calculation. Selecting the region statistics option in the Cell Quest FC software displays the
total number of cells selected in a particular region of the gates applied in the experiment.
For all the samples in the present investigation, two statistical readings were displayed. The
first region was the gate which was applied for the basic FSC versus SSC plot. This region
is “region 17 or “R1” and it was defined as “All cells” in the gate. The same terminology
was used in the region statistics performed for all the samples. The second selected region
(gate) was a subset of the first gate. The numbers in this region represent cells potentially
expressing OCN™ MNC. Figure 3.18 below illustrates examples of region statistics for
OPG” and OPG™" tail bleed samples. The statistics window details include the region gate
names, cell numbers and positive cell percentages for each sample. Other specifics such as
sample name, number of events acquired, X-Y parameters and date of the experiment

conducted is also displayed.

Reglon Statistics ~egion Statlztics
Pl ¢47 M2 tect 005 Samole 1D 2437 ma et Fliac 020G ko mA fest 009 Sampls 10 OPG ko mi fest
Acqulstion Dats: 05-Apr-08 Gk 1 Acquichion Dat: 06-Apr-08 Gate. G1
Cated Events: 26775 Total Events: 50250 Gated Everts; 24216 Total Events: H02%0
¥ Parametr: Forward Scafier (Unear) ¥ Parameter: OCN PE ({Log) X Parametar: Forward Scafir (Linear) ¥ Parameter: OCN PE (Log)

Regn  Evenls % Gasd %Toma Reglon  Events % Gated % Tofa

Alcalle 23210 10000 4B
OCNpostve 1500 6186 20

Alcsll: 287 10000 532
OCHpostive 727 272 14

A B

Figure 3.18. Examples of FC readouts for blood samples from OPG™* (A) and OPG™ (B)

mouse blood samples.
3.7. Flow cytometry standardisation for human experiments
Similar to mouse model experiments, optimising FC protocol steps for blood samples

obtained from human patient cohort was also important to obtain consistent and

reproducible results.
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3.7.1. Ficoll histopaque technique for mononuclear separation

A detailed protocol for MNC separation using ficoll hypaque from human blood sample is
provided in Chapter 2. Certain parameters were considered for collecting maximum MNC.
Blood samples were initially diluted 1:2 before ficoll histopaque overlay. The ficoll
hypaque need to be at R.T before use. The ratio between the ficoll histopaque solution and
the blood was at 1:2.5 for every separation to ensure optimal MNC recovery as previously
described™®. After layering the blood samples, the tubes were centrifuged at 400xg for 30
min without brakes to avoid any mixing of separated cell layers'"***. After MNC recovery,
the cells were washed twice with an isotonic buffer consisting of 0.5 % chicken albumin
and 2mM EDTA™. Washing ensures the elimination of any carry over platelets from

blood. Cells were counted on haemocytometer followed by FcR blocking239.

<+— Plasma layer

4“4—— MNC layer

Before centrifugation After centrifugation

Figure 3.19. Mononuclear cell separation by the ficoll histopaque method.
3.7.2. Human FcR blocking

A human FcR block (Miltenyi Biotech, USA) was used. FcR block combined with 10 %
donkey serum was used to block the cells. 20 ul of FcR block solution was used for every
107 cells. The cells were incubated at R.T for 20 min after which they were washed twice

with isotonic buffer for optimal recovery of cells'***’.
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3.7.3. Primary OCN antibody labelling

Once the FcR block was removed by washing the cells with FC buffer, the cell suspension
was split up into two equal parts; one for primary OCN and other for isotype control
labelling. The appropriate OCN antibody titre was determined before analysing any patient
samples. 1:50 (Figure 3.20 B), 1:100 (Figure 3.20 C), 1:500 (Figure 3.20 A) and 1:1000
titres of antibody were assessed by FC analysis. It was noted that an antibody dilution of
1:100 was ideal for optimum antigen-antibody reaction as the percentage of stained OCN™
MNC was found to be similar for 1:50 and 1:100 dilutions for the same blood samples. An
IgG isotype was also used at a similar dilution as the OCN antibody. Using a constant
dilution enabled an appropriate comparison for FC results. The cells were incubated at 4°C

for 30 min for optimum antigen-antibody cell binding.
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Figure 3.20. Optimisation of primary OCN antibody dilution at variable titres.
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3.7.4. Secondary Phycoerythrin (PE) antibody labelling

A PE conjugated secondary antibody (Jacksons Immunoresearch, USA) was used to tag
with the antigen- antibody complex. Similar to the primary antibody, a combination of
dilutions were tested to identify optimal concentration. 1:50 (Figure 3.21.B), 1:100 (Figure
3.21 C), 1:500 (Figure 3.21 A) and 1:1000 were tested to tag with the primary antibody.
1:100 titre was demonstrated to be the optimum secondary binding as similar fluorescence

intensity was also observed for 1:50 dilutions for same blood samples as observed in Figure

3.21 B and C respectively.
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A) 1:500 PE titre (OCN 1:100)
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Figure 3.21. Optimisation of fluorescent secondary PE antibody dilution at variable titres.
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3.7.5. Anti-PE magnetic beads

Anti-PE magnetic micro beads (Miltenyi, USA) were used for magnetic enrichment of
OCN" labelled MNC tagged with fluorescent PE secondary antibody. These beads have
special magnetic properties which are specific to the PE tagged secondary antibody. During
incubation, these beads adhere to the fluorescently labelled PE which is primarily attached
to the OCN antigen. Under the magnetic force of the column, these beads, along with the
antigen-antibody complex, adhere to the column which is collected as the positively
labelled fraction. The eluted fraction is considered negatively labelled. 20 ul of micro beads
were used/10’ cells as per as manufacturers’ instructions. Cells were washed with
appropriate buffer to remove excess beads attached to the cells and incubated at 4°C for 20

min.

3.7.6. Magnetic separation (MS) columns

A MS column was used for separation of the positively labelled OCN* MNC population.
The anti PE beads adhering to the OCN™ MNC population are enriched under magnetic
influence thus pulling out the population of interest. The enrichment step was necessary
because the OCN™ MNC population was limited in circulating blood and analysing blood
samples without enrichment may have resulted in some OCN" MNC escaping the analysis

amidst the large pool of other cellular population.

3.8. FC instrumental settings and data interpretation for human samples

3.8.1. FSC versus SSC settings and unstained population

The FSC and SSC plots were similar to that previously described for mouse model
experiments. Briefly, an unstained sample was initially analysed to determine the FSC and
SSC on a dot plot. The voltage and laser power was standardised for the fluorescent PE
channel. Figure 3.22 represents the dot plots for unstained samples. The primary FSC vs.
SSC gate was applied on the fluorescent gate. A near reading of ‘zero’ in the unstained
region of the OCN-PE gate reflects the appropriate instruments for the actual OCN" and
isotype labelled samples.
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Figure 3.22. Dot plots for unstained samples. A and C represents FSC vs. SSC plots for two
of the patient samples. The selected region is then gated on the fluorescent PE channel to
obtain a positive population number. For an unstained sample this number is near ‘zero’ as

evident in B and D.

3.8.2. Negatively labelled fraction

The negatively labelled fraction (obtained after MS separation) was labelled with isotype or
OCN" MNC makers were analysed by FC as described for mice blood samples. Although
the findings for the negative fraction was independent of the positive fraction, these results
showed if any positively labelled cells escaped the magnetic force of the MS column. This

population was demonstrated to be considerably near zero, illustrating minimal cells loss
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from the magnetic column during separation. Figure 3.23 represents an example of the

plots of negatively labelled samples stained for isotype and OCN* MNC.
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Figure 3.23. Dots plots for negatively labelled sample. A) Samples labelled for isotype B)
Samples labelled for OCN* MNC. The difference in the OCN-PE gate for both the plots is
minimal reflecting the effectiveness of the MS column separation. All the positively

labelled cells were enriched on the MS column without cells into the negative fraction.
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3.8.3. Positively labelled fraction
A cell count was carried out for this positively labelled fraction using a haemocytometer.
After the cell count this fraction was similarly analysed on FC. Examples of these are

illustrated in Figure 3.24.
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Figure 3.24. Dot plots of OCN positively stained population. A) Positively labelled fraction
stained by isotype control antibody B) positively labelled fraction for OCN stained
antibody and C) comparison between isotype and OCN stained plots

3.8.4. Calculation of OCN* MNC

Once all samples were analysed, statistical analysis was performed using the selected gates.
The procedure for setting the gates and selecting the gate statistics were similar to the
mouse model experiments (section 3.6.5). Briefly, the region statistics provided an estimate
of the percentage OCN* MNC. Although the numbers represent the percentage of cells, the
actual population percentage is calculated on the basis of the total MNC counts estimated

before and after the magnetic separation step.

The cell counts were made at the following stages of the experiment
1) An initial MNC count was performed after the cells were separated and washed
from whole blood.
2) A second cell count was performed after the blocking step and before labelling the

cells with OCN primary and isotype antibodies.
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3) A third cell count was performed after the magnetic separation was performed. This
result in the positively gated cells counts identified in FC analysis was used to

estimate the percentage of OCN" MNC.

Cells positive for OCN
X 100 = % OCN" MNC

Total number of MNC in

positively labelled fraction

3.9. Plasma SDF-1a measurments in human patient cohort

3.9.1. Aim

The aim of this study was to assess reproducibility of the human Quantikine SDF-1 «
ELISA kit (R & D, USA) at both intra and inter-assay levels. Plasma obtained from human
patient blood samples was analysed. The immunoassay required preparation of standards,
antibodies for target protein capture and detection, and involved a multiple-step protocol in

its execution, all of which may introduce error.

3.9.2. Protocol

SDF-1a measurements were performed in duplicates. The results were used to calculate
an intra assay coefficient of variation.

SDF-1a. amounts (or concentration) were calculated using standard as per
manufacture’s instructions. Details are provided in Chapter 2 (section 2.11.3). The
mean and standard deviation of duplicate standard curve concentration points were
obtained from colorimetric analysis. These readings were averaged and the intra-assay

coefficient of variation for each plate (expressed as %) was calculated.
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3.9.3. Results and conclusion

3.9.3.1. Intra assay reproducibility

Plate 1

Std (pg\

mL)

10,000
5,000
2500
1250
625
312
156

Plate 2

Std (pg\ mL)

10,000
5,000
2500
1250
625
312
156

is illustrated in Figure 3.25.

0.D readings(492 nm) Mean
0.3770 0.3750 0.3760
0.2460 0.2490 0.2475
0.0990 0.0930 0.0960
0.0480 0.0490 0.0485
0.0220 0.0240 0.0230
0.0140 0.0150 0.0145
0.0160 0.0160 0.0160

Mean 0.1174
Intra assay
coeffic-ielllt 1.29 %
of variation
0.D readings(492 nm) Mean
0.3950 0.4240 0.4095
0.2510 0.2470 0.2490
0.1010 0.1030 0.1020
0.0470 0.0490 0.0480
0.0260 0.0290 0.0275
0.0180 0.0140 0.0160
0.0140 0.0170 0.0155
Mean 0.1239
Intra assay
coefficient of 3.83 %

variation

Std dev.

0.0014
0.0021
0.0042
0.0007
0.0014
0.0007
0.0000
0.0015

Std dev.

0.0205
0.0028
0.0014
0.0014
0.0021
0.0028
0.0021
0.0047

Intra-assay reproducibility for SDF-1a standard measurements for human patient samples

Relationship between O.D and SDF-1 concentration standard
in Quantikine ELISA (plate 1)
0.45

0.40 -
0.35 1
0.30 1
0.25 1
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y =0.00004x + 0.00714
R? = 0.97947
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0.D readings (492 nm)

0.05 1

0.00 ‘ ‘ ‘ ‘
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SDF-1 standard (pg/mL)

Relationship between O.D and SDF-1 concentration standard
in Quantikine ELISA (plate 2)
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Figure 3.25. Intra-assay assessment of reproducibility for Quantikine standard SDF-1a

measurements in human plasma samples.
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3.9.3.2. Inter-assay reproducibility

Inter-assay reproducibility was also assessed for reproducibility of the SDF-1 a ELISA

technique and is illustrated in Table 3.5.

Table 3.5. Inter-assay assessment of reproducibility for SDF-1a standards in a human

patient cohort

Std (pg\ mL) Plate 1 Plate 2 Mean Std dev.
10,000 0.3760 0.4095 0.3928 0.0237
5,000 0.2475 0.2490 0.2483 0.0011
2500 0.0960 0.1020 0.0990 0.0042

1250 0.0485 0.0480 0.0483 0.0004
625 0.0230 0.0275 0.0253 0.0032
312 0.0145 0.0160 0.0153 0.0011
156 0.0160 0.0155 0.0158 0.0004
Mean 0.1206 0.0048

Inter assay

Intra-assay and inter-assay reproducibility for Quantikine SDF-loa ELISA standards was
robust with the coefficient of variation between repeats within the same trial falling

between 3 and 5 %.

Inter and intra assay comparision for
Quantikine SDF-1 ELISA

4.2

4.1

4.0

3.9
3.8
3.7
3.6

Coefficiency of variance (%)

3.5

Intra assay Inter assay

Figure 3.26. Intra and inter- assay assessment of reproducibility for Quantikine SDF-1 a

ELISA standards in human plasma samples.
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3.10. Plasma G-CSF measurments in human patient cohort

3.10.1. Aim

The aim of this study was to assess reproducibility of the human Quantikine G-CSF ELISA
kit (R & D, USA) at both intra and inter-assay levels. Plasma obtained from human patient
blood samples was analysed. The immunoassay required preparation of standards,
antibodies for target protein capture and detection, and involved a multiple-step protocol in

its execution, all of which may introduce error.

3.10.2. Protocol

Plasma G-CSF measurements were performed in duplicates. The results were used to
calculate an intra-assay coefficient of variation.

Plasma G-CSF amounts (or concentration) was calculated using standard curves as per
manufacture’s instructions. Details are provided in Chapter 2 (section 2.11.3). The mean
and standard deviation of standard curve concentration points were obtained from
colorimetric analysis. The mean and standard deviation were averaged and the intra-assay

coefficient of variation for each plate (expressed as %) was calculated.

3.10.3. Results and conclusion

3.10.3.1. Intra-assay reproducibility
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Plate 1

Std(pg/mL) O.D readings(492 nm) Mean Std dev. Relation between O.D and G-CSF concentration
standard in Quantikine ELISA (plate 1)
0.7
2500 0.6010 0.6060 0.6035 0.0035 0
1250 0.3150 0.3180 0.3165 0.0021 = 0'5
(V] 51
625 0.1590 0.1650 0.1620 0.0042 E 04
@ ] y =0.0002x + 0.014
312 0.0820 0.0930 0.0875 0.0078 £ o5l R - 0.9994
158 0.0650 0.0530 0.0590 0.0085 8 02
78 0.0270 0.0280 0.0275 0.0007 8 o1
39 0.0185 0.0185 0.0185 0.0000 0'0
Mean 0.1821 0.0038 0 500 1000 1500 2000 2500 300
G-CSF standard (pg/mL)
Intra assay
coefficllent of 2.10 %
variation
Plate 2 Relation betweenO.D and GCSF concentration standard
inQuantikine ELISA (plate 2)
Std(pg/mL) 0.D readings(492 nm) Mean Std dev. 0.7
= 061
2500 0.6100 0.6060 0.6080 0.0028 & 051
<+
1250 0.3150 0.3210 0.3180 0.0042 — 041 y =0.0002¢4 0.0177
625 0.1690 0.1650 0.1670 0.0028 2 031 R? = 0.9998
312 0.0830 0.0910 0.0870 0.0057 § 02
158 0.0610 0.0570 0.0590 0.0028 g 011
78 0.0320 0.0380 0.0350 0.0042 00
39 0.0290 0.0220 0.0255 0.0049 0 500 1000 1500 2000 2500 30(
Mean 0.1856 0.0039 G-CSF standard (pg/mL)
Intra assay
coefficient of 212 %

variation

Figure 3.27. Intra-assay assessment of reproducibility for Quantikine standard G-CSF

measurements in human plasma samples.

3.10.3.2. Inter-assay reproducibility

Inter-assay reproducibility was also assessed for reproducibility of the G-CSF ELISA

technique and is illustrated in Table 3.6.
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Table 3.6 Inter-assay assessment of reproducibility for G-CSF standards in a human patient

cohort

Std (pg\ mL) Plate 1 Plate 2 Mean Std dev.
2500 0.6035 0.6080 0.6058  0.0032
1250 0.3165 0.3180 0.3173  0.0011
625 0.162 0.1670 0.1645  0.0035
312 0.0875 0.0870 0.0873  0.0004
158 0.059 0.0590 0.0590  0.0000

78 0.0275 0.0350 0.0313  0.0053
39 0.0185 0.0255 0.0220  0.0049

Mean 0.1839  0.0026

Intra assay
coefficient

of variation 1.42 %

Intra-assay and inter-assay reproducibility for Quantikine G-CSF ELISA standards was
robust with the coefficient of variation between repeats within the same trial falling

between 1 and 3 %.

Intra and inter assay comparision of G-CSF
Quantikine ELISA

3.0

25 1 (

2.0 1
1.5 [

1.0

0.5

Coefficiency of variance (%)

0.0

Intra assay Inter assay

Figure 3.28. Intra and inter-assay assessment of reproducibility for Quantikine G-CSF

ELISA standards in human plasma samples.
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3.11. Plasma SCF measurments in human patient cohort

3.11.1. Aim

The aim of this study was to assess reproducibility of the human Quantikine SCF ELISA
kit (R & D, USA) at both intra and inter-assay levels. Plasma obtained from human patient
blood samples was analysed. The immunoassay required preparation of standards,
antibodies for target protein capture and detection, and involved a multiple-step protocol in

its execution, all of which may introduce error.

3.11.2. Protocol

SCF measurements were performed in duplicates. These results were used to calculate the
intra-assay coefficient of variability.

Plasma SCF amounts (or concentrations) were calculated as per manufacture’s instructions.
Details are provided in Chapter 2 (section 2.11.3). The mean and standard deviation of
standard curve concentration points were obtained from colorimetric analysis. The mean
and standard deviation were averaged and the intra-assay coefficient of variation for each

plate (expressed as %) was calculated.

3.11.3. Results and conclusion

3.11.3.1. Intra-assay reproducibility
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Platel

Std
Standard (pg/mL)  O.D readings (592 nm) Mean  dev Relationship between O.D and Quantikne SCF ELISA
06 standard (plate 1)
2000 05120  0.5010 0.5065 0.0078 | .
1000 03230  0.3270 0.3250 0.0028 £ o
500 0.2380 0.2430 0.2405 0.0035 & 0.41
250 0.1490  0.1520 0.1505 0.0021 g 034
125 0.1030  0.1000 0.1015 0.0021 E y=0.0002x+ 0.0793
o 0.2 R"=10.9676
62.5 0.0750  0.0700 0.0725 0.0035 S
31.2 0.0460 0.0570 0.0515 0.0078 01 A
Mean 0.1640 0.0042 0.0 ’ ‘ ‘ ‘ ‘
Intra assay 0 500 1000 1500 2000 2500
ffgf-ggtciioe:t of 2.58 % SCF Quantikne standard (pg/mL)
Plate 2
Standard pg/mL) - O.D readings (592 nm) Mean Std dev Relationship between O.D and Quantkine SCF ELISA
standard (plate 2)
2000 0.5150 0.5100 0.5125 0.0035 06
1000 0.3470 0.3390 0.3430 0.0057 =051 .
500 0.2260 0.2310 0.2285 0.0035 N 04 -
2
250 0.1560 0.1530 0.1545 0.0021 =
125 0.1020 0.1000 0.1010 0.0014 § % y = 0.0002x + 0.0798
62.5 0.0810 0.0780 0.0795 0.0021 g 021 R®=09706
31.2 0.0520 0.0480 0.0500 0.0028 o 01
Mean 0.2099 0.0030 00 ’ | | | |
Intra assay 0 500 1000 1500 2000 2500
coefficient of 1.44 % SCF Quantikne standard (pg/mL)

variation

Figure 3.29. Intra-assay assessment of reproducibility for Quantikine standard SCF

measurements in human plasma samples.
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3.11.3.2. Inter assay reproducibility

Inter-assay coefficient of variation was also assessed for reproducibility of the SCF ELISA

technique and is illustrated in Table 3.7.

Table 3.7. Inter-assay assessment of reproducibility for SCF standards in a human patient

cohort

Std (pg\ mL) Plate 1 Plate 2 Mean Std dev.
2000 0.5065 0.5125 0.5095 0.0042

1000 0.3250 0.3430 0.3340 0.0127

500 0.2405 0.2285 0.2345 0.0085

250 0.1505 0.1545 0.1525 0.0028

125 0.1015 0.1010 0.1013 0.0004

62.5 0.0725 0.0795 0.0760 0.0049

31.2 0.0515 0.0500 0.0508 0.0011
Mean 0.2084 0.0049

Inter assay
coefflc.lent of 2.37 %
variation

Intra-assay and inter-assay reproducibility for Quantikine R&D SCF ELISA standards was
robust with the coefficient of variation between repeats within the same trial falling
between 1 and 3%. The results are presented graphically in Figure 3.30.

Intra and inter assay reproducibility for
Quantikne SCF ELISA
3.5

3.0

. | :

1.5 4

1.0 4

Coefficiency of variance (%)

0.5 -

0.0

Intra assay Inter assay
Figure 3.30. Intra and inter-assay assessment of reproducibility assessment for Quantikine

SCF ELISA standards in human plasma samples.
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CHAPTER 4. AORTIC CALCIFICATION IN 12 MONTH OLD OPG” MOUSE
MODEL AND ITS ASSOCIATION WITH STEM CELL MOBILISING
CYTOKINES

4.1. Introduction

Over the past two decades vascular calcification has been studied in mouse models,

26197 In addition to

emphasizing the role of various proteins that regulate this process
vascular calcification, these models have focused attention on bone mineralization
suggesting that both processes could be mechanically interlinked'?*'*'% A variety of
mouse models have been employed to study the mechanisms underlying vascular
calcification including mouse models deficient in matrix g1a59’61, OPG57’58’62,OPN61 and
ApoE**"70 " A detailed review of some of these mouse models is provided in Chapter 1

(section 1.3)

In this Chapter the severity of aortic calcification was estimated by two methods, namely
aortic calcium staining and total aortic calcium quantification by bioassay method. The
SDF-1a and G-CSF cytokine concentrations were also estimated in order to relate them to

the severity of aortic calcification. These cytokines were investigated as they are reported to

mobilize progenitors from the BM and facilitate their homing to the vasculature'™>!8¢-188-218

4.2. OPG™ as an experimental mouse model

As discussed in Chapter 1, OPG is a recently identified member of the TNF receptor gene

118 112,136

super family °, which inhibits osteoclast development . In this vascular calcification

investigation an OPG™ mouse model system was considered appropriate since targeted

gene deletion of OPG has be reported to increase osteoclast activity with bone loss''*'?®,

hypercalcemia''® and vascular calcification’’*. One of the main rationales for selecting this
particular model was that calcification within the aorta of these mice develops

58,61,62

independently of atherosclerosis or other related vascular diseases . Along with

vascular calcification, the OPG” mice also developed severe osteoporosis resulting in bone

34,12 - - . 118,12 .
12 and decrease in bone mineral density''®'?. Hence, this

10ss34’“2’136, bone fractures
model was deemed suitable to investigate the role of osteoblasts, their possible origin and

role in vascular calcification. Studies also report that the absence of OPG increases the area

105



of calcification in vasculature which resultantly increases the plaque burden by converting

9,13,27,162

SMC to osteogenic lineage Calcified arteries in OPG™ mice have been

demonstrated to express several bone matrix proteins, including collagen type 8122
MGP15’59’108, OCN4’61, osteonectin4’31, and BMP- 2319 indicating a possible role for these
bone related proteins in the pathogenesis of vascular calcification. The sample size used for

both mouse model studies described in this Chapter is tabulated below.

Mice type | and gender
Investigation OPG™ OPG™*
Males Males

Alizarin red calcium

staining 7 7

Total aortic calcium

quantification 11 11
SDF-1a 11 11
G-CSF 11 11

4.3. Aortic calcium staining

Aortic calcium was determined by two techniques as described in Chapter 2. The first was a
visual staining method demonstrating the percentage of calcium staining within the whole
aorta and secondly, a bioassay system which quantified the total amount of extractable
aortic calcium. Use of both methods gave two independent means of assessing vascular

calcification in experimental OPG™ and control OPG™* mice.
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4.3.1. Protocol

In an initial study the percentage of alizarin red-staining in aortas harvested from OPG™
(n=7) and OPG™* (n=7) male mice was assessed. A detailed protocol and method
optimization is discussed in Chapter 2 (section 2.2) and 3 (section 3.1) respectively. The
staining areas were defined in the digital photos of the whole aortas using computer aided
Scion software™. Four aortic regions were examined: aortic arch (A.A), thoracic aorta
(T.A), suprarenal (S.R) and infra renal (I.LR). Whole aortic staining was determined by
averaging the results of all four regions. Results between experimental OPG™ and control

OPG** (wild type) mice were compared.
4.3.2. Results

Alizarin red-staining was greater in the aortas of OPG” mice compared to OPG"* mice
(Figure 4.1). Infrarenal calcium staining was found to be similar in the OPG” and OPG**
mice. Total aortic staining was significantly greater in OPG”" (median 0.92 %, IQR 0.81-
1.0, n=7) when compared to OPG™* (median 0.53 %, IQR 0.47-0.58, p=0.01, n=7).

\,f | \ 1/ | h -

> o " P
OPG™ (10 x) OPG™” (10x) OPG™ (40 x) OPG™ (10 x)
(A) (B) © (D)

Figure 4.1. Examples of aortic arch calcium staining (red areas) in OPG” and OPG**
mouse groups. Red areas of staining were observed in a greater proportion in OPG” than

in OPG** mouse group.
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Figure 4.2. Box plots representing alizarin red-staining percentage in the whole aorta of

o
o
|

OPG” and OPG"* mouse groups. Results are displayed as median and IQR statistical box
plots.

SPSS statistical box plot demonstrated unequal aortic staining distribution in both OPG™ and
OPG** mice (Figure 4.2). Median staining percentages was found out to be greater in OPG™

(0.92 %, 0.81-1.0, n=7) compared to OPG™* percentage (0.53 %, 0.47-0.58, p=0.01, n=7).
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Figure. 4.3. Box plot representing alizarin red-staining percentage in the aortic regions of
OPG™ and OPG™"* mouse groups. Results are displayed as median and IQR statistical box

plots. (A.A: aortic arch; T.A: thoracic arch; S.R: Supra renal; [.LR: infra renal). * denotes

statistical significance.
Alizarin red-staining was significantly greater in A.A, T.A and S.R of OPG” mice
compared to OPG** mice. LR staining was similar in OPG™ as illustrated in Figure 4.3 and

tabulated in Table 4.1. Results were compared using with non-parametric Mann Whitney U

test as the staining percentage results were not normally distributed.

4.4. Total extractable aortic calcium quantification

Extractable aortic calcium was estimated as a second measurement of aortic calcification.
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4.4.1. Protocol

Details of the method are provided in Chapter 2 (section 2.4). Intra and Inter-assay
reproducibility were assessed (Chapter 3, section 3.2.3). Briefly, total calcium was
extracted from harvested aortas of 12 month old OPG” (n=11) and OPG"" male (n=11)
mice by hydrochloric acid (HCl) digestion. The samples were analyzed by colorimetric
estimation of free calcium using a 96-well method. Total aortic calcium was compared in

experimental and control groups.

4.4.2. Results

o

=
=2
|

Total extractable aortic calcium (mg)

0.4+
0.2
p——
0.0
1 1
OPG++ OPG-/-

Strain
Figure 4.4. Box plot representing total extractable aortic calcium in experimental OPG”
and control OPG™"* male mouse group. Results are displayed as median and IQR statistical

box plots. * denotes statistical significance.

Total extractable calcium was demonstrated to be significantly greater in the aortas of OPG
" compared to control mice (Figure 4.4). A summary of our estimation of aortic calcification

in OPG™ and OPG™"* mice aortic sections are given in Table 4.1.
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Table 4.1. Comparison of alizarin red-staining and calcium quantification in OPG” and

OPG** mouse groups.

OPG” OPG™
Assessment Median IQR Median | IQR p value

Alizarin red staining (%)

Whole aorta 0.89 0.81-1.0 0.56 0.47-0.58 | 0.001

Aortic arch 1.40 1.23-1.81 0.80 0.78-0.88 | 0.01

Thoracic 0.88 0.81-0.9 0.50 0.4-0.58 | 0.01

Suprarenal 0.73 0.65-0.8 0.40 0.35-.0.48| 0.01

Infrarenal 0.5 0.34-0.56 0.40 0.23-0.41 | 0.165
Extractable calcium (mg) | 0.49 0.38-0.6 0.18 0.1-0.26 | 0.01

4.5. SDF-1a and aortic calcium

Serum SDF-1a concentration was estimated by a standard quantitative sandwich ELISA
technique. Mouse serum concentration of SDF-10 was determined and compared in OPG”"
(n=11) and experimental OPG™ and OPG** group. Intra and Inter-assay reproducibility
was assessed. Tail bleeds were drawn from the same mouse groups which were used for

studying quantification of total aortic calcium.
4.5.1. Protocol

The protocol for the serum SDF-1a estimation is detailed in Chapter 2 (section 2.5) and
optimization methods are given in Chapter 3 (section 3.3). Briefly, serum samples (10 ul)
collected via tail bleeds from both OPG** (n=11) mice were added to an ELISA plate pre-
coated with monoclonal antibody specific for SDF-1a (R & D Quantikine, USA). After a
series of washings and addition of secondary antibody and other reagents the concentration
of SDF-1a was colorimetrically estimated and compared between experimental and control

mouse groups.
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4.5.2. Results
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Figure 4.5. Box plot representing serum SDF-la concentration comparison between
experimental OPG™ and control OPG** mouse group. Results are displayed as median and

IQR plots. * denotes statistical significance.

Total serum SDF-la concentration was significantly greater in OPG”  compared to
OPG** mice. Results were compared by Mann Whitney U test since data was not
normally distributed. Serum concentration results of SDF-1a are shown below in Table

4.2.

4.6. G-CSF and aortic calcium
4.6.1. Protocol

Serum concentration of G-CSF was estimated by a sandwich ELISA technique (R & D
Quantikine, USA). The protocol for the serum G-CSF estimation is detailed in Chapter 2
(section 2.5) and optimization in Chapter 3 (section 3.4). Serum G-CSF concentration was

determined and compared in experimental OPG” and OPG** mouse groups.
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4.6.2. Results
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Figure 4.6. Box plot representing G-CSF concentration comparison between experimental

OPG™ and control OPG** mouse groups. . Results are displayed as median and IQR plots.

* denotes statistical significance.

Total serum G-CSF concentration was significantly greater in OPG™ compared to control
mice. Results were compared by Mann Whitney U test since data was not normally

distributed. Serum concentration results of G-CSF are shown below in Table 4.2.

Table 4.2. Comparison of SDE-1a and G-CSF serum concentrations in OPG” and OPG"*

mouse groups.

Strain

I
OPG-/-

OPG” OPG™
Assessment Median IQR Median IQR p value
Cytokine of Interest
SDF-1a (ng/mL) 3.26 3.03- 3.59 1.65 1.44-1.72 0.01
G-CSF (pg/mL) 412.7 398.6-430.94 | 236.2 | 228.2-260 0.01

The serum concentrations of the SDF-1 o and G-CSF concentrations were greater in OPG”"

mouse group.
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4.7. Correlation with extractable aortic calcium

The correlation of circulating SDF-1a and G-CSF concentration in mouse serum samples
and total extractable aortic calcium was statistically stronger in experimental OPG™ group

(Figure 4.7).

SDF-1 Vs Aortic calcium in OPG 7 and OPG ** mice

0.5 \ | ‘ |
0 0.2 0.4 0.6 0.8 1

Total extractable calcium (mg)
A

G-CSF Vs Aortic calcium in OPG ™ and OPG ** mice

550
—~ 500 - - .
£ 450 -
& 400 -
350 -
300 - .
250 | %y 440
200 -
150 -
100 ‘ ‘ ‘ ‘

0 0.2 0.4 0.6 0.8 1

Total extractable aortic calcium (mg)

Serum G-CSF
L J

B
Figure 4.7. Scatter plot illustrating the association of serum SDF-1 a (A) and G-CSF (B)
concentration with total extractable aortic calcium in OPG” and OPG** mouse groups. (0-

OPG™, O- OPG™)
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Spearman’s correlation coefficient statistics indicated that the concentration of SDF-1a was
strongly correlated to extractable aortic calcium at 0.683 (n=11, p=0.01) in OPG™ group
(Figure 4.7A) while in OPG** group the correlation was weaker at 0.453 (n=11, p=0.21).

Similarly the G-CSF concentration was also strongly correlated to the extractable aortic
calcium at 0.704 in OPG™ group (Figure 4.7B) while in OPG™* group the correlation was
comparatively weaker at 0.432.

4.8. Discussion
The findings from this investigation support an association between OPG and vascular
calcification as previously reported'**®!*>. Research groups have demonstrated aortic

calcium staining in tissue sections >

, however whole aortic staining has not been
previously reported. This study demonstrates that aortic calcium can be assessed in whole
aorta using calcification estimation by alizarin red-staining and the calcium bioassay
method. Calcium staining percentage was significantly greater in the aortas of 12 month
old male OPG”™ mouse group compared to age matched control OPG** mouse group. The
distribution of calcium staining varied from different aortic regions. Alizarin red-staining
was greatest in the A.A followed by T.A, S.R and LR aortic sections. This variation in
staining pattern could be possible because varied gene expressions within different regions
of the aorta that may determine either a protective role or make the aortic region susceptible
to mineralization. One of the probable reasons for this could be that VSMC contributing to
the different regions of the aorta arise from different embryological sites. These VSMC
arise from various precursor sites which would be expected to have different gene
expression and propensity to be stimulated to carry out calcification in the separate

240

segments of aorta’*’. Overall calcium staining was 2-fold greater in aortas of OPG” mice

compared to OPG** controls (Figure 4.2 and Table 4.1).

In the second part of the study, serum samples were analyzed for the circulating SDF-1 o
and G-CSF cytokine levels. These cytokines promote the release of immature cells from
BM environment into the peripheral circulation*""'®>'*®_ Further, SDF-1 o and G-CSF also
facilitate the recruitment and homing of undifferentiated circulating cells to diseased
arteries”*'®. The current studies demonstrated that the circulating concentration of both of

these cytokines were significantly higher in OPG™ when compared to control OPG** mice
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suggesting that there could be an increased BM cellular release in mice susceptible to

vascular calcification. These findings will be related to the hypotheses later in Chapter 5.

Following serum cytokine studies, total extractable aortic calcium was measured from both
mouse groups. It was observed that the aortic calcium levels were significantly elevated in
experimental OPG”~ group than the control ones. These findings relate to the results from
the first part of the investigation in which calcium staining percentage was found to be
higher in OPG™ group. The circulating cytokine concentrations were also reported to be
significantly associated with the calcium levels indicating that the release of BM cell
population and aortic calcium may be linked. This observation will be further tested with a

circulating cell theory in Chapters 5, 6 and 7.

Overall, the investigation undertaken in this Chapter suggests that vascular calcification
occurs in the aortas of old OPG” mice and that this mouse model can be investigated to
further test the research hypothesis. The role of circulating BM- derived osteo-progenitors
in the pathogenesis of vascular calcification will be discussed in detail in the next Chapter

using these 12 month old OPG” mouse model.
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CHAPTER 5. ASSESSMENT OF ASSOCIATION BETWEEN CIRCULATING
OCN* MNC, AORTIC CALCIUM & AORTIC OCN* POPULATION IN OPG™
MOUSE MODEL

5.1. Introduction

In the previous Chapter aortic calcification was estimated in a 12 month OPG” mouse
model by alizarin red-staining and calcium bioassay. The extent of aortic calcification in
this older OPG™" model was also correlated to the serum levels of SDF-1a and G-CSF.

In this Chapter circulating OCN* MNC in peripheral blood was quantified in a similar 12
month old OPG” mouse groups. Further their association with aortic calcium content and
the extractable aortic OCN* population in OPG” mice was investigated. This study was
undertaken as circulating OCN* cells are believed to be derived from the BM 2*'*2. Due to
their osteogenic potential outside the BM, they are also referred as osteo-

- 33,88,215241
progenitors .

5.2. Osteo-progenitors in bone marrow

The BM is known to be a vast reservoir for immature cells which have the potential to
develop into different lineages after release into the peripheral circulation*'"'®"'"771% These

immature cells are termed as progenitor stem cells. Based on their potential to differentiate

further these cells are broadly classified into mesenchymal®™'*>*!'!| hematopoietic?®*'"-*!?

and endothelial progenitor cells** 77181, Amongst all these cell types, there exists a small

30,33,52,214

pool of cells which have been reported to form an osteogenic lineage . This micro-

population of cells residing in the BM is also known as osteo-progenitors or BM side

2 The term derives from the ability of these cells to develop into an osteogenic,
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population
or bone-like forming cells, lineage °'. The osteo-progenitor population comprises a small
population of the BM (about 1-2 %) and cells of this lineage are specifically known for
their non-adherent nature’'***’. Further information on circulating bone marker positive

cells such as OCN in vasculature is discussed in Chapter 1.

5.3. OCN* MNC in 12 month old OPG " male and female mouse groups

OCN* MNC were quantified in these studies by FC, 12 month old OPG” males and female

mice were selected for the investigation (n=10 from both groups).

117



5.3.1. Protocol

The protocol for the quantification of circulating OCN™ MNC population is detailed in
Chapter 2 (section 2.6). The optimization of the technique is discussed in Chapter 3 (section
3.5 and 3.6). Briefly, ten (10) experimental OPG” and ten age matched control OPG**
males and females were selected for the study. Early morning tail bleed samples were
processed and analyzed for OCN" MNC by FC. At the end of the study, animals were
sacrificed and aortas harvested and stored at -20°C until calcium was extracted and

quantified. The experimental time lines are detailed in Figure 5.1.

5.3.2. Analysis

Circulating OCN* MNC data was not normally distributed. Therefore the data were

compared between OPG” and OPG"* mice using Mann Whitney U test. Data was

presented as statistical box plots.

Age of mice OCN analysis & calcium quantification

(Males and females)
48 weeks--
50 weeks--| +— 1 tail bleed (OCN* MNC quantification)
51 weeks-- | «—— 2" tail bleed (OCN*MNC quantification)
52 weeks-—- | «—— 3™ tail bleed (OCN*MNC quantification)

53 weeks-- | «—— 4" tail bleed (OCN*MNC quantification)

54 weeks--| «—— Cull mice. Harvest aortas

2 Aortic calcium estimation

Comparison of results in OPG™ and OPG** male and female mouse groups

Figure 5.1. Experimental design for quantification of circulating OCN* MNC in OPG™ and

OPG** mouse groups.
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5.4. Results for male mouse group
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Figure 5.2. Box plots representing the circulating OCN® MNC comparison in
experimental OPG™ and control OPG*"* male mouse group (A) and median OCN* MNC

distribution from individual mouse (4 tail bleeds) from both mouse groups (B). * denotes

statistical significance.
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The median percentage of circulating OCN* MNC was significantly greater in male OPG”"
(median 2.23 %, IQR 2.11-2.37, n=10) when compared OPG™* group (median 1.46 %, IQR
1.2-1.51, n=10, p=0.02). The readings were not normally distributed throughout the four
week study period. However the median percentage was higher in OPG™ males during all the

four week of OCN* MNC quantification (Figure 5.2 B).
5.5. Results for female mouse group

Figure 5.3 represents the median and IQR values of circulating OCN™ MNC percentage in

tail bleeds obtained from the female mouse group.
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Figure 5.3. Box plots representing the percentage of circulating OCN" MNC comparison
between experimental OPG™ and control OPG** female mouse group (A) and median

OCN*"MNC distribution from individual mouse (4 tail bleeds) for both groups (B).

The median percentage of circulating OCN" MNC was significantly greater in female OPG’
" (median 2.14 %, IQR 1.35- 2.34, n=10) as compared to OPG *"* (median 0.98, IQR 0.57-
1.23, n=10, p=0.02). The readings were not normally distributed through the period of
study however the median percentage was higher in OPG™ females during all the four week

of OCN" MNC quantification. A summary of the results is tabulated in the Table 5.1.
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Table 5.1. OCN" MNC were estimated by calculating the median results from tail bleeds
analyzed from each group and gender (n=10 each) of mice obtained at 50, 51, 52 and 53

weeks of age.

Mice | Age of mice OPG™” OPG™*
(in weeks) Median IQR Median IQR
Males 50 1.60 1.08-3.62 1.30 0.78-1.97
51 2.15 1.32-2.24 1.13 0.08-1.72
52 1.91 1.35-2.20 1.40 0.85-1.66
53 2.53 1.98-2.79 | 1.61 1.23-2.04
Females 50 1.42 1.06-1.95 0.69 | 0.50-0.83
51 1.34 0.83-1.99 0.47 |0.23-0.67
52 1.95 1.66-2.63 1.27 | 0.87-1.52
53 2.17 1.15-2.96 0.74 | 0.08-1.95

5.6. Aortic calcium quantification in male and female OPG”™ and OPG** mouse groups

At 54 weeks of age the aortas from both male and female mouse groups were harvested.
Total aortic calcium was extracted and quantified using a bioassay as performed in Chapter
4 (section 4.4). Results were compared between the experimental OPG” and control

OPG** groups.
5.6.1. Protocol
Total extractable aortic calcium quantification was performed as described in Chapter 2
(section 2.4). Briefly, aortas were harvested from OPG™ (males and females, n=10) and

OPG*"* control mice (males and females, n=10). Total aortic calcium was extracted and

concentrations were estimated.
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5.6.2. Analysis
Results indicated that calcium concentration was not normally distributed. Therefore they
were compared between OPG” and OPG"* mice using non parametric Mann Whitney U

test. Data was presented as statistical box plots.

5.6.3. Results for male and female mouse groups
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Figure 5.4. Box plot representing the comparison of total extractable aortic calcium in 12
month old male experimental OPG™ and control OPG** mouse groups. The readings were
found not to be normally distributed and hence non-parametric statistical test, Mann

Whitney U statistical significance test was applied. * denotes statistical significance.

The amount of total calcium extracted from the aorta of OPG” mice was significantly

greater than for OPG™"* mice.

Similarly in females, the extractable calcium was demonstrated to be significantly greater
in the aortas of OPG” female mice compared to control mice. A comparison between
OPG”" and OPG""* (males and females) total extractable aortic calcium content is tabulated

below in Table 5.2.
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Figure 5.5. Box plot representing the comparison of total extractable aortic calcium in 12
month old female experimental OPG™ and control OPG** mouse groups. The readings

were found not to be normally distributed and hence non-parametric statistical test, Mann
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Whitney U statistical significance test was applied. * denotes statistical significance.

Table 5.2. Total extractable aortic calcium comparison between OPG™ and OPG™* (males

and females) mouse groups.

OPG™

OPG+/+

Mice Assessment p
Median | IQR Median | IQR value
Males | Extractable calcium | 0.41 0.39-0.51 0.18 0.1-0.28 0.02
(n=10) | (mg)
Females | Extractable calcium | 0.30 0.19-0.4 0.15 0.08-0.23 | 0.02
(n=10) | (mg)
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5.7. Aortic OCN* population in 12 month old OPG” male mouse group

Aortic OCN* population was also assessed in OPG” mouse model. This study was
undertaken to investigate the association between the BM-derived osteo-progenitors
(section 5.3) and the OCN¥ cells deposited in the mouse aorta. The deposited OCN™ cell
population was also compared in a three-way association with the total aortic calcium

content.

5.7.1. Protocol

A detailed protocol is described in Chapter 2 (section 2.7). Briefly, 12 month old male
experimental OPG™ (n=16) and age matched control OPG** (n=16) were selected for the
study. Aortas were harvested and subjected to enzymatic digestion to obtain aortic immune
cells. Aortas from each group were pooled in groups of four (4 batches for both groups) to
obtain sufficient cells for analysis. The mashed aortas were digested in an appropriate
dissociation buffer (Appendix 4). The extracted cells were labeled with primary OCN
antibody followed by fluorescent secondary PE antibody. The cell suspension was analyzed
on FC to determine the aortic OCN™ cell population in the experimental OPG” and control

OPG** mouse group.
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5.7.2. Results

The result for the quantification of aortic OCN" population is illustrated in Figure 5.6

below.
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Figure 5.6. Box plot representing the aortic OCN' population comparison between
experimental OPG” and control OPG"* mouse group. The readings were found not to be
normally distributed and hence non-parametric statistical test, Mann Whitney U statistical

significance test was applied. * denotes statistical significance.

The median percentage of aortic OCN™ population in this investigation was found to be
significantly greater in experimental OPG™", 2.23 % (1.8- 2.52, n=4), compared to OPG*™"*
mouse group, 0.66 % (0.59-0.72, p=0.0001, n=4).
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5.8. Association between circulating OCN"™ MNC, aortic calcification and extractable aortic

OCN" population

0.7 -

0.2 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Total extractable aortic calcium (mg)

Figure 5.7. Scatter plot illustrating the association between circulating OCN* MNC and
total extractable aortic calcium in male OPG” and OPG** mouse groups. (O0- OPG™*, ¢-

OPG™)

In the male OPG” mouse group the total extractable aortic calcium was significantly
correlated with the percentage of OCN* MNC. This correlation, however, was not
significant in the OPG"" control group. The statistical difference and spearman’s correlation

coefficient is summarized in Table 5.3.
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Figure 5.8. Scatter plot illustrating the association between circulating OCN" MNC and

extractable aortic calcium in female OPG” and OPG** mouse groups. (0- OPG™, Q-

OPG™)
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Similarly in the female OPG™ mouse group the total extractable aortic calcium was
significantly correlated with the percentage of OCN™ MNC. This correlation, however, was
not significant in the OPG™* control group. The statistical difference and spearman’s

correlation coefficient is summarized in Table 5.3.

Table 5.3. Association between OCN* MNC percentage and aortic calcification in OPG”

and OPG"" (males and females) mouse groups. * denotes statistical significance.

Spearman’s correlation
Gender coefficient( r value)

OPG 7 OPG **
Males 0.525* 0.391
Females 0.564* 0.410

5.9. Discussion

Vascular calcification in OPG™ mice and its association with circulating SDE-1a and G-
CSF concentrations was demonstrated in the Chapter 4. The investigations undertaken in
this Chapter examines a possible association between the percentage of circulating OCN™
MNC, aortic calcification and aortic OCN* MNC population in an experimental OPG”
mice. Osteo-progenitors with bone forming abilities (OCN* cells), make up a small
percentage of the BM stroma and are also found in extremely low numbers in peripheral
blood®*!1¢727 " previous reports have demonstrated a positive association of these
osteogenic cells with osteoporosis and other bone related diseases''>'*'#2% However
speculation still exists over the role for these cells in the pathogenesis of vascular

1,2,38,41

calcification . The reports from these studies are unconvincing and do not present a

clear conclusion.

As discussed in the Chapter 1, vascular calcification and bone-related diseases are inter-
related to a considerable extent'*'**!'* For a human skeletal system to function normally,
an osteoclast-osteoblast balance is crucial''*!*%3%2%  The OPG- RANK- RANKL
interaction plays a central role in controlling the normal bone turnover '***"24247 R ANK

is a protein necessary to elevate the calcium levels of osteoclasts in the bone'®'?*.
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RANKL, on the other hand, has been described to be a protein necessary for the promotion
of osteo-resorption'>*****  OPG inhibits this RANK-RANKL interaction thus playing an
important role in inhibiting the differentiation of osteoblastic precursors into mature

61,112,118,126,246 .
12,118,126246 owever in the absence of OPG

osteoblasts and thus regulate bone formation
this osteoclast-osteoblast balance is hampered resulting in excess bone resorption and loss
of bone mineral density'®"'*?%_ This excess bone loss has been reported to be associated
with vascular calcification, suggesting that it may be a direct consequence of this bone
loss***>12%12 Even in the experimental mouse model, knocking out the OPG protein
resulted in elevated calcification in both male and female groups compared to the control
mice groups. Mineralization and bone loss was related and reported in various tissue
sections within the vasculature®””''®. The hypothesis put forward here is that in the
process of counter-balancing this excess bone loss BM may stimulate the release of osteo-
progenitors from marrow environment. The over produced progenitor cells, with bone
forming abilities may enter peripheral circulation and home to diseased vasculature, thus

mineralizing the vascular lesions'*!1%12324,

The complied results from the investigations in this Chapter along with Chapter 4 suggest
that circulating OCN" MNC population is elevated in a mouse model system in which
osteoclast inhibitors such as OPG are knocked out. This circulating population was also
demonstrated to be associated with aortic calcium and aortic OCN™ population deposited
within the vasculature. These results suggest three-way linkage between the release of BM
osteo-progenitor population, its presence in peripheral circulation and its further deposition

within aortic tissues in OPG” mice.

In Chapter 4, we demonstrated a positive association between the total aortic calcium
content and the stem cell mobilizing cytokines such as SDF-1a and G-CSF in circulating
serum samples of OPG”™ mice. These findings from Chapter 4 could be related to the OCN*
population increase in OPG™ aorta as SDF-1a and G-CSF stimulate the release of osteo-
progenitors from the BM as a direct result of excess bone loss, as observed in OPG” mice.
Further, these cytokines may also facilitate homing of the OCN" population to diseased

lesions, suggesting a possible role for osteo-progenitors towards vascular calcification.

Recent reports, however, have questioned the demonstration of vascular calcification in an
older OPG”™ model as it is known to have a number of limitations. Firstly, the severity of
vascular calcification is minimal within vasculature of these mice developing only a low to

moderate degree of calcification®'*®. The percentage of aorta undergoing mineralization is
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also inconsistent and low, between 1 to 2%, as reported in Chapter 4. Secondly, the
localization of calcification reported in the OPG” model is extremely region specific within
the vasculature'*®, a finding reflected in the results from Chapter 4. Also, the time span

61,97
2, However,

required to develop calcification in existing knockout mouse models is long
more recently it was reported that the process of calcification can also be stimulated in

younger OPG” mice using a calcitriol infusion'*.

Overall, the results obtained from this Chapter supports the initial hypotheses that BM-
derived osteo-progenitors may contribute towards aortic calcification. Further investigation,
however, is required in a calcitriol induced OPG” mouse model in which aortic
calcification is reported to develop more rapidly than in the 12 month old OPG™ model'*®.
The next Chapter discusses the association of OCN* MNC and total aortic calcification in a

calcitriol induced younger OPG™ mouse model.
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CHAPTER 6. INVESTIGATION OF OCN" MNC AND AORTIC CALCIFICATION
IN A CALCITRIOL TREATED OPG”- MOUSE MODEL

6.1. Introduction

In this Chapter, the effect of calcitriol on the circulating OCN* MNC was investigated. The
correlation of this population was also studied with the extractable aortic calcium content.
A comparison between 12 month old OPG” model without calcitriol and 14 week old OPG™
" model with calcitriol doses was studied to determine the influence of calcitriol on the
extent of vascular calcification.

A recent report suggested that administration of calcitriol in 14 week old OPG” mice

increased the degree of aortic calcification within the vasculature of the young mice'?®.

These reports formed a basis for the present investigation in this Chapter.

6.2. The mode of action of calcitriol

Calcitriol or 1la, 25-dihydroxyvitamin D3 has been implicated in the induction of vascular
calcification'”. Tt is metabolized in a two step process within the body to the hormonally-
active form known as 1,25—dihydroxycholecalciferoll39. The first step occurs within the
liver where cholecalciferol is hydroxylated to 25-hydroxycholecalciferol by the enzyme 25-
hydroxylase'**!**. The second step occurs in the kidneys where 25-hydroxycholecalciferol
serves as a substrate for 1-alpha-hydroxylase, yielding 1, 25-dihydroxycholecalciferol, the

biologically active form'”,

6.3. Experimental design

Eight week old (56 days, n=12) male experimental OPG”" and age matched control OPG**
mice were selected for the study. All mice were fed a normal chow diet throughout the
study. At 14 weeks of age (98 days) the OPG” and OPG"* mice were injected
subcutaneously with 5 pg/kg body weight of calcitriol (Tocris Biosciences, USA) for 3
consecutive days (days 98, 99 and 100) as described in Chapter 2. Tail bleeds were
analyzed by FC analysis to estimate the percentage of OCN" MNC in circulating blood
during the course of the experiment. Serum samples were collected before (75 days) and

after (106 days) calcitriol injections (not shown in the figure). At the end of the study (106
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days), aortas were harvested and stored at -20°C until later estimation of extractable

calcium. A brief experimental design is illustrated in Figure 6.1.

Interventions  Age of mice (in days) Tail bleeds & calcium quantification

50 days
70 days <« 1"tail bleed (before calcitriol dose)

< Serum sample collection on day 75 (ELISA)
90 days

1* calcitriol dose —— 98 days

2" calcitriol dose ——» 99 days | «—— 2" tail bleed (OCN" quantification)

3" calcitriol dose —— 100 days | «— 3" tail bleed (OCN* quantification)

105 days | «— 4" tail bleed (OCN* quantification)

106 days | «——  Serum sample (ELISA), Cull mice
Harvest aortas (from OPG” and OPG™"")

Aortic calcium estimation

Figure 6.1. Experimental design for calcitriol administered vascular calcification studies

6.4. OCN" MNC estimation
6.4.1. Protocol

The circulating OCN"™ MNC were quantified at different time points before and after
calcitriol injections. 12 mice from each group (8 weeks old) were selected for the study. A
detailed protocol and the FC standardization is outlined in Chapter 2 (section 2.6) and

Chapter 3 (section 3.5 and 3.6) respectively.
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6.4.2. Results

The median percentage comparison of the percentage of OCN™ MNC for the two groups is

illustrated in Figure 6.2.
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Figure 6.2. Box plot representing the percentage of circulating OCN™ MNC between
experimental OPG” and control OPG” mouse groups receiving calcitriol. * denotes

statistical significance.

The percentage of circulating OCN" MNC in 15 week old mice was significantly greater in
OPG” mice compared to the OPG™* group seven days after the first calcitriol injection (at
105 days).

The median and the IQR results for all the tail bleeds (before and after calcitriol injections)

in experimental OPG™ and control OPG** male mice is tabulated in Table 6.1.

133



Table 6.1. Effect of calcitriol on circulating OCN* MNC in experimental OPG” and control

OPG** male mouse groups.

OPG™ (Experimental) OPG** (Control)
Age and relation Significance
to calcitriol doses | Median IQR Median IQR (p value)
70 days 0.75 0.51-0.85 0.48 0.31-0.63 0.08
(No calcitriol)
99 days(post 1* 0.79 0.48-1.13 0.49 0.26-0.62 0.04
calcitriol dose)
100 days (post 1.05 0.89-1.23 0.54 0.26-0.67 0.02"
2" calcitriol
dose)
105 days( 1 week | 1.30 0.86-1.4 0.70 0.51-0.81 0.01"
post 1** calcitriol
dose)

As observed in the OCN" MNC percentage, calcitriol administration also resulted in the
increase of OCN* MNC cell numbers/ml of blood in OPG™ group (8 x 10° cells/ml, IQR 6
x10- 8.3 x 107, 105 age point) when compared to that before calcitriol doses (3.1 x10°
cells/ml, IQR 1.6 x10°-3.3 x10°, p=0.01, 70 day age point). The increase at this time point
was not significant in OPG""* group. Figure 6.3 illustrates the significant increase in the

OCN'* population/ml blood of OPG™ experimental mice.
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Figure 6.3. Box plot representing the comparison of circulating OCN" MNC population
between experimental OPG” and control OPG** mouse group receiving calcitriol. *

denotes statistical significance.

6.5. Aortic calcium quantification

6.5.1. Protocol

After OCN* MNC estimation experimental OPG™ (n=12) and control OPG™* (n=12) mice
were culled and aortas were harvested. Total aortic calcium was extracted and quantified
using a bioassay described in Chapter 4 (section 4.4). A detailed protocol and the
optimization are given in Chapter 2 (section 2.4) and 3 (section 3.2) respectively. Results

were compared between the experimental OPG™ and control OPG""* groups.
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6.5.2. Results

-
o
1

o
T

_|
|_

Total aortic calcium (mg)
2

|_

0.07

OFG++ OPG-/-
Strain

Figure 6.4. Box plots representing the total extractable aortic calcium comparison between
experimental OPG™ and control OPG** male mouse groups. The data was found not to be
normally distributed and hence a non parametric Mann Whitney U test was used to assess

statistical significance. * denotes statistical significance.

6.6. Correlative association for circulating OCN* MNC and total calcium in calcitriol model
The association between circulating OCN* MNC and total aortic calcium content was
investigated for experimental OPG™ and control OPG** mouse groups in relation to

calcitriol doses. The correlation coefficient for both mouse groups is illustrated in Figure

6.5.
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Figure 6.5. Scatter plot illustrating the association of total aortic calcification with
circulating OCN* MNC percentage in OPG”™ and OPG** mice obtained 1 week after the 1%

calcitriol dose.

The OCN" MNC was weakly correlated with total aortic calcification before calcitriol doses
(r=0.31, not shown in the Figure). However 1 week after the first calcitriol dose the
correlation was statistically significant (r=0.64, p<0.01) in OPG™ mice while it was weakly

correlated in OPG™* mice (r=0.34, p<0.09).

6.7. OPG” mouse model: with calcitriol vs. without calcitriol

The total extractable aortic calcium in the 15 week old OPG” male mouse group that
received calcitriol was significantly greater (0.64 mg, IQR 0.49-0.71, n=12) than that
measured in the earlier cumulative assessment on 12 month old OPG”™ male mouse group
without calcitriol (Chapter 4 and 5, 0.41 mg, IQR 0.38-0.47, n=18, p=0.02). The median
and the IQR comparison between the older OPG™ male mice without calcitriol model and

the young OPG™ male mice with calcitriol model is illustrated in Figure 6.6.
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Figure 6.6. Box plot representing the comparison for 12 month old OPG™ (n=18) male
mouse group without calcitriol model and the 14 week old OPG” male group (n=12) with

calcitriol. * denotes statistical significance.

6.8. Discussion

The investigation described in this Chapter demonstrates a positive association between the
circulating OCN* MNC population and the total extractable aortic calcium in a calcitriol
induced OPG” mouse model. The present investigation supports the hypothesis which tests

the association of BM-derived osteo-progenitors with aortic calcification.

The 14 week old OPG” mice used in the calcitriol model demonstrated greater severity of
aortic calcification than the 12 month old OPG™ without calcitriol investigated in Chapter 4
and 5. The results obtained in this Chapter confirm the role of calcitriol in accelerating

o - . 138
vascular calcification within a mouse model as suggested previously ™.

In the present analysis, it was noted that calcitriol doses instigated a significant increase in
circulating OCN* MNC in younger experimental OPG” mouse group. However, this OCN*
MNC percentage was found to be lower than the circulating OCN™ MNC demonstrated in
the 12 month old OPG™ model without calcitriol. This was thought to be possible due the
young age of the OPG” mice (15 weeks vs. 54 weeks). The younger age of the OPG” mice
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may limit the amount of time for the osteo-progenitors such as OCN* cells to be released
from the BM environment. However, in spite of OCN" MNC population being lower in
younger calcitriol OPG™ model, it was found that the amount of extractable aortic calcium
was significantly greater than that reported in 12 month old OPG” model without calcitriol
(Chapter 4 and 5). The correlation of the circulating OCN™ MNC population with the
amount of total extractable aortic calcium was stronger in calcitriol induced OPG” male
mouse group in comparison to the 12 month old OPG” mouse groups suggesting a positive

influence of calcitriol towards vascular calcification.

This study also addresses some of the controversies questioning the application of an older
OPG”™ model for vascular calcification model®®®"*"1*®_ Previous reports suggested that the
time frame required by the older OPG” models to develop calcification was a major
concern™®. This was also evident in the OPG” model investigated in Chapter 4 and 5. These
50-54 weeks old mice reflect slow calcium accumulation in the OPG™ vasculature. It has
also been reported that the vasculature of these mice develop low to moderate degree of
calcification”S. Immunohistochemistry studies, in older OPG™ mice, also reported a limited
percentage of calcium deposition throughout the vasculature'*®. Further, the extent of
calcification development within vasculature of these OPG” mice was extremely region

specific"”®.

Calcitriol, on the other hand, is known to be important for the development, growth, and
maintenance of a healthy skeleton'**'¥, A physiological dose of vitamin D3 has the effect
of promoting both bone resorption and formation'’’. However, high-dose calcitriol
increases bone resorption by activating osteoclastogenesis and inhibiting the expression of
OPG’. It was suggested that osteoclastogenesis in OPG™ mice was accelerated by treatment
with calcitriol which resulted in increased serum calcium level'. Microscopy analysis of
the aortic tissues in these experiments also demonstrated an increased level of calcium
deposition in the medial layer of the in OPG” aorta after 3 subsequent doses of calcitriol

e 138
1njections ~.

During the present calcitriol studies in this Chapter, it was observed that in both mouse
groups the circulating OCN* MNC population were similar before the 1** calcitriol injection
in OPG™ and OPG** model at 70 day age time point. This was expected because of the
young age of the OPG™ mice. Investigations from Chapter 4 and 5 also indicated that the
time frame for aortic calcification in these OPG” mice is approximately 50-54 weeks. The

percentage of OCN* MNC population started increasing significantly only after the 3™ dose
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of calcitriol (100 day time point). This increase in the circulating OCN* MNC in OPG”"
group was most significant one week after the first calcitriol injection (105 days age time
point). At this point of time, the mortality rates and the deteriorating health in the OPG™
group did not allow further quantification of circulating OCN* MNC.

One week after the first calcitriol injections the mortality rate was 16 % and 8% in OPG”"
and OPG™* group respectively. Some of the surviving OPG” mice demonstrated spinal
deformities symptoms such as restricted movement, arched back bone and inability to stand
on the hind legs for food and water. At this time, all the mice were culled total aortic

calcium was quantified.

After the calcitriol investigations in OPG” mouse model, which related to the results
obtained in the older OPG” model, the current hypotheses was further tested in a human
patient cohort to confirm our mouse model findings. The next Chapter investigates the
association of circulating OCN* MNC population and aortic calcification volumes

measured in a human patient cohort diagnosed from peripheral artery diseases.
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CHAPTER 7. ASSOCIATION BETWEEN CIRCULATING OCN" MNC
POPULATION, STEM CELL MOBILISING CYTOKINES AND
CALCIFICATION VOLUMES IN A PATIENT COHORT

7.1. Introduction

Studies described in Chapter 5 and 6 investigated the association of circulating OCN™ MNC
with the aortic calcification levels in two OPG” mouse models. In this Chapter, a human
patient cohort investigation was undertaken to assess the correlation between circulating
OCN" MNC and the calcification volumes in patients diagnosed with peripheral artery

diseases.

7.2. Measurement of aortic calcification volumes in patients
Patients diagnosed with peripheral artery diseases and requiring CTA were considered for
the study. Patients were reviewed by a vascular consultant and a detailed examination was

carried out.

7.2.1. Ethics approval and patient selection criteria

Approval for the human studies was obtained from The JCU Ethics Committee (Appendix
3). Written informed consent was obtained from all participants. Patients included in the
study had symptoms of intermittent claudication and clinical evidence of lower limb
ischemia. These patients, according to the treating physician, required a CTA to further
assess their peripheral arteries™. In our clinical study, 10 patients (=% 44% of the total
cohort) had an AAA (aortic diameter> 30 mm) in addition to symptoms of intermittent
claudication while 13 patients (56 %) did not have an AAA (aortic diameter < 30 mm). The
difference between the aortic diameters for both these group was statistically significant
(p=0.0001, n=23). Also, as indicated in table 7.1, patients diagnosed with AAA along with
occlusive PAD symptoms had higher prevalence of risk factors such as smoking,
hypertension, CHD and dyslipidemia compared to subjects who simply had intermittent
claudication (smoking: p=0.01, hypertension: p= 0.03, CHD: p=0.03, dyslipidemia:
p=0.01). Patients were excluded if they had received previous open surgical or
endovascular treatment of their infrarenal aorta or if a CTA was felt to be contra-indicated.
Also, patients with either abnormal serum creatinine, an inability to lie down flat on their

back or with any contrast allergy were excluded from the study””.
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7.2.2. CTA analysis
For selected patients, CTA images were analyzed, as previously described"*'**, to quantify
infrarenal aortic calcification volume. A detailed methodology is described in Chapter 2

(section 2.8).

7.3. Patient recruitment and blood sample collection

At recruitment, patients were requested to visit their nearest Sullivan Nicolaides Pathology
for early morning blood samples which were obtained following an overnight fast. Blood
samples (20 ml) were collected into heparinised tubes (4 ml X 5 tubes, BD vacutainer,
Becton Dickinson, USA) to avoid coagulation. The samples were immediately couriered to

JCU, School of Medicine & Dentistry research laboratory for further analysis.

7.4. Experimental design

7.4.1. OCN" MNC analysis

The detailed protocol and optimization of the quantification of circulating OCN" population
in human patient cohort is described in Chapter 2 (section 2.10) and 3 (section 3.6 and 3.7)
respectively. Briefly, MNC were separated from the blood sample using a ficoll separation
technique. Plasma was stored at -20°C for later analysis of SDF-1a, G-CSF and SCF
concentrations. After performing an initial MNC cell count an FcR blocking step was
carried out (Miltenyi biotech, USA) preventing the nonspecific binding prior to exposure to
primary anti- OCN antibody (Goat anti-mouse, Biomedical technologies, USA). The
primary OCN antibody labeling step was followed by fluorescent secondary PE antibody
(Donkey anti-goat, Jacksons Immunoresearch, USA) binding step. Further, these cells were
incubated with appropriate volumes of anti-PE magnetic micro beads (Miltenyi Biotech,
USA). These anti-PE beads adhere to the fluorescent PE tag which is already attached to
the OCN antibody. The magnetically labeled cells were then passed through MS columns
where MNC labeled with OCN antibody were enriched. Post MS enrichment, both OCN™
and OCN™ MNC fractions were quantified on FC as discussed in Chapter 2 (section 2.10).

7.4.2. SDF-1a, G-CSF and SCF ELISA

The plasma, separated as a part of MNC extraction, was stored at -20°C prior to
determination of circulating SDF-1a, G-CSF and SCF concentrations, as described in

Chapter 2 (section 2.11.1, 2.11.2 and 2.11.3 respectively). All the ELISA’s were carried out
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according to the manufacturer’s instructions (R& D Quantikine, USA). In short, for all
ELISA kits, plasma was plated on a pre-antibody coated plate. Plates containing the
plasma- antibody complex were then incubated with a fluorescent secondary antibody.
After washings, the plasma concentrations of the cytokines were colorimetrically estimated
at 492 nm at a corrected reference wavelength of 592 nm. The results were correlated with

the circulating OCN* MNC percentages and the infra-renal aortic calcification volumes.

7.5. Results

7.5.1. Association of patient age, gender and calcification volumes

Prior to laboratory analysis of blood samples, general patient background information and
patient history, including age, sex, smoking habits, hypertension, coronary heart disease
history and dyslipidaemia conditions were recorded. An infra renal aortic CTA analysis was

131,235
. A

performed to measure the calcification volumes in these patients summary of

patients’ clinical characteristics is presented in Table 7.1.

Table 7.1. Comparison of risk factors for patients who did and did not have AAA

IC patients IC patients who
Risk Factors | who also had did not have P value
AAA (n=10) AAA (n=13)
Smoking 9 (90 %) 9 (70%) 0.01
Diabetes 4 (40%) 7 (54%) 1.0
Hypertension 9 (90%) 8 (62%) 0.03
Coronary 9 (90%) 8 (62%) 0.03
heart disease
Dyslipidemia 9 (90%) 9 (70%) 0.01

Shown are numbers (%) or median (interquartile ranges)

IC= Intermittent claudication

Intermittent claudication was defined by an appropriate history obtained by a vascular
specialist, a positive Edinburgh claudication questionnaire and confirmation of significant
stenosis (>50%) or occlusion of lower limb arteries on CTA. AAA was defined by a
maximum aortic diameter of >30mm. Hypertension was defined by a history of high blood

pressure or receiving treatment to reduce blood pressure. Diabetes was defined by a fasting
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blood glucose > 7.0 mM, or history of, or treatment for hyperglycaemia. Smoking status
was classified into current smokers (smoked within the last month), ex-smokers (given up
for more than one month) and never smokers. Dyslipidemia was defined by history of
diagnosis or treatment for high cholesterol or fats*.

As would be expected, the percentage of males included in this study was greater than
females (17 males and 6 females) as peripheral artery diseases are more prevalent in

63,66,74,75,153
men 15,

. The median age for the cohort was 75 years and 83 % of the cohort had a
smoking habit. 48 % of the patient cohort had a history of diabetes. A CTA was performed
and calcification volumes were measured as previously described””. These calcification

volumes were found to be moderately correlated to the patient age (Figure 7.1).

Correlation between patient age and aortic calcification

volumes
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Figure 7.1. Scatter plot illustrating a positive correlation between infra renal aortic
calcification volumes and patient age. Spearman’s correlation coefficient indicated a

correlation value of 0.45.
Patients were categorized into two groups: 1) patients with calcification volumes > median

2) patients with calcification volumes < median. The median of the calcification volumes

for the data set was calculated to be 805 mm’ (IQR 242.5.5-1384.5).
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7.5.2. Circulating OCN™ MNC population

The circulating OCN* MNC were analyzed by FC analysis. A total of 23 patient samples
were assessed. A statistical box plot illustrating median and IQR of OCN™ MNC for the two

patient groups is illustrated in Figure 7.2.
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Figure 7.2. Box plot representing the percentage of circulating OCN™ MNC for the two
calcification groups. The data was found not to be normally distributed and hence a non
parametric Mann Whitney U test was used to assess statistical significance within the

groups. * denotes statistical significance.

Patients with more severe aortic calcification (calcification volume > median i.e. 8050m3,
had a greater percentage of circulating OCN" MNC (median 4.07 %, IQR 3.76-4.39, n=12)
than those with less severe aortic calcification (median 3.10 %, IQR 2.32-3.60, n=11,
p=0.01).

Similar to OCN* MNC percentage, OCN" MNC/ml blood was also calculated from the cell

counts and was tested for statistical significance (Figure 7.3).
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Figure 7.3. Box plot representing the number of circulating OCN* MNC/ ml patient blood
in the two calcification groups. The data was found not to be normally distributed and
hence a non parametric Mann Whitney U test was used to assess statistical significance

within the groups. * denotes statistical significance.

Patients with more severe aortic calcification (calcification volume > median i.e. 805 cm’
had a greater number of circulating OCN" MNC/ml blood than those with less severe aortic

calcification. The results are summarized in Table 7.2.

Table 7.2. Comparison of the OCN* MNC population in patients with high and low

amounts of aortic calcification.

Patient groups —> High calcification group | Low calcification group

Assessment l (>805mm?’) n=12 (<805mm?) n=11
Median IQR Median IQR p value
OCN* MNC % 4.07 3.76-4.39 3.10 2.32-3.60 | 0.01

OCN* MNC cells/ml | 2.28 x 10* [2.16-320 |[1.95x 10" | 1.64-2.40 | 0.03
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7.5.3. Plasma SDF-1a, G-CSF and SCF concentration

Plasma samples obtained from the 23 patients were analyzed for stem cell mobilizing

cytokines as described in section 7.4.7.
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Figure 7.4. Box plot representing the circulating plasma SDF-1a concentrations in patient
with peripheral artery disease in relation to aortic calcification. The data was found not to
be normally distributed and hence a non parametric Mann Whitney U test was used to

assess statistical significance within the groups. * denotes statistical significance.
Patients with more severe aortic calcification (calcification volume > median i.e. 805 cm3)
had higher circulating plasma concentration of SDF-1a, than those with less severe aortic

calcification.

Circulating plasma G-CSF concentration was also analyzed in patients included in the study

(Figure 7.5).
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Figure 7.5. Box plot representing the circulating plasma G-CSF concentrations in patients
with peripheral artery disease in relation to aortic calcification. The data was found not to
be normally distributed and hence a non parametric Mann Whitney U test was used to

assess statistical significance within the groups. * denotes statistical significance.

Patients with more severe aortic calcification (calcification volume > median i.e. 805 cm’ )
had higher circulating plasma concentration of G-CSF than those with less severe aortic

calcification.

Finally, circulating plasma SCF concentration was also analyzed in patient samples (Figure

7.6).
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Figure 7.6. Box plot representing the circulating plasma SCF concentrations in patient with
peripheral in relation to aortic calcification. The data was found not to be normally
distributed and hence a non parametric Mann Whitney U test was used to assess statistical

significance within the groups. * denotes statistical significance.

Patients with more severe aortic calcification (calcification volume > median i.e. 805 cm3)
had higher circulating plasma concentrations of G-CSF than those with less severe aortic
calcification; however the difference was not significant.

The results for all the three stem cell mobilizing cytokines are summarized in Table 7.3

Table 7.3. Comparison of plasma stem cell mobilizing cytokine concentrations in patients

in relation to aortic calcification

Patient groups — High calcification group | Low calcification group
Assessment l (>805mm’) n=12 (<805mm’) n=11

Median IQR Median IQR p value
SDF-1a (ng/mL) 85 74-94.5 60.5 50.63-84 | 0.04
G-CSF (pg/mL) 77.5 65.63-92.5 50 41.2-68.75 | 0.03
SCF (pg/mL) 2285 2180-2401 1813 1703-1944 | 0..001
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7.6. Correlation studies

A correlative association between circulating OCN™ MNC in patient blood samples, the

plasma cytokine concentrations, and the calcification volumes were assessed.
7.6.1. OCN* MNC population, calcification volumes and patient age

The correlation between the percentage of OCN™ circulating MNC and aortic calcification
volumes were assessed (Figure 7.7).

Circulating OCN* MNC percentage and calcification
volumes
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Figure 7.7. Scatter plot illustrating the correlation between circulating OCN* MNC
percentage and infra renal aortic calcification volumes. Spearman’s correlation coefficient

was used to test statistical correlation since the study group was comparatively small.

The spearman correlation coefficient between the circulating OCN™ MNC percentage and
infra renal aortic calcification volumes was found to be 0.475 (n=23, p=0.02). A correlation
was also observed between number of OCN* MNC per ml of blood and the infra renal

aortic calcification volumes (r=0.501, n=23, p=0.02, not shown in Figure).

The amount of correlation OCN* MNC with patient age was also assessed (Figure 7.8)
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Figure 7.8. Scatter plot illustrating the correlation between patient age and percentage of

circulating OCN™ MNC.

The spearman correlation coefficient between the circulating OCN* MNC percentage and
patient age was found to be 0.510 (n=23, p=0.01). A correlation was also observed between
number of OCN™ MNC per ml of blood and the infra renal aortic calcification volumes
(r=0.495, n=23, p=0.01, not shown in Figure). Table 7.4 shows a compiled result for the

correlation values.

Table 7.4. A summary of correlation coefficients between aortic calcification volumes and

circulating OCN" MNC or age.

Spearman’s

Assessment parameters corrleation

coefficient
OCN"MNC (percent) 0.475
OCN" MNC/ ml blood 0.501
Patient age 0.510
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7.6.2. Calcification volumes with plasma SDF-1a, G-CSF and SCF concentrations

The spearman correlation coefficient between the plasma SDF-1 a concentration and infra

renal aortic calcification volumes was found to be 0.480 (n=23, p=0.01, Figure 7.9)
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Figure 7.9. Scatter plot illustrating the correlation between plasma SDF-1 a concentration

and infra renal aortic calcification volumes.

The plasma concentrations for G-CSF was also statistical correlated with the infra renal

aortic calcification volumes (Figure 7.10).
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Figure 7.10. Scatter plot illustrating the correlation between plasma G-CSF concentration

and infra renal aortic calcification volumes.
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The correlation between the plasma G-CSF concentration and infra renal aortic calcification

volumes was found to be 0.522 (n=23, p=0.01).

The spearman’s correlation coefficient between plasma concentrations for SCF was also

statistical correlated with the infra renal aortic calcification volumes (Figure 7.11).
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Figure 7.11. Scatter plot illustrating the correlation between plasma SCF concentration and

infra renal aortic calcification volumes.

The correlation between the plasma SCF concentration and infra renal aortic calcification

volumes was found to be 0.480 (n=23, p=0.03).
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7.6.3. Circulating OCN™ MNC with SDF-1a, G-CSF and SCF concentration

Circulating OCN" MNC percentage was analyzed for statistical correlation with plasma

SDF-1a concentrations in patient cohort (Figure 7.12).
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Figure 7.12. Scatter plot illustrating the correlation between plasma SDF-1 a concentration

and percentage of circulating OCN™ MNC.

The spearman correlation coefficient between the plasma SDF-1a concentration and OCN*
MNC percentage was found to be statistically strong at 0.597 (n=23, p=0.003). The OCN*
MNC/ml blood population (not shown in the Figure) was also observed to be statistically

correlated (r-0.462, p=0.03, n=23).

The association of circulating OCN" MNC percentage with plasma G-CSF concentrations

was also assessed (Figure 7.13).
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Figure 7.13. Scatter plot illustrating the correlation between plasma G-CSF concentration

and percentage of circulating OCN™ MNC.

The spearman correlation coefficient between the plasma G-CSF concentration and
circulating OCN" MNC percentage was found to be strong at 0.641 (n=23, p=0.001). The
OCN" MNC/ml blood population (not shown in the Figure) was also observed to be
statistically correlated (r-0.671, p=0.001, n=23).

The association of circulating OCN™ MNC percentage with plasma SCF concentrations was

also assessed (Figure 7.14).
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Figure 7.14. Scatter plot illustrating the correlation between plasma SCF concentration and
the percentage of circulating OCN™ MNC. Spearman’s correlation coefficient was used to

test statistical correlation since the study group was comparatively small.

The spearman correlation between the plasma SCF concentration and OCN*® MNC
percentage was found to be strong at 0.654 (n=23, p=0.001). The OCN" MNC /ml blood
population (not shown in the Figure) was also observed to be statistically correlated (r-

0.610, p=0.003, n=23).

The compiled results for correlation statistics between all the stem cell mobilizing

cytokines and OCN™ MNC population are given in Table 7.5.
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Table 7.5. A summary of the correlation coefficient for the association between the number

of circulating OCN™ MNC population and stem cell mobilizing cytokines.

Spearman’s correlation coefficient
Stem cell mobilizing
cytokines in human OCN" MNC | OCN* MNC
patient cohort (n=23) (percent) | (per ml blood)
SDF-1a (ng/mL) 0.597 0.462
G-CSF (pg/mL) 0.641 0.671
SCF (pg/mL) 0.654 0.610

7.7. Discussion

The investigations undertaken in this Chapter reported, for the first time, a possible
association between the BM-derived osteo-progenitors and aortic calcification in a patient
cohort suffering from peripheral artery diseases. Along with the circulating osteo-
progenitors, the plasma concentration of stem cell mobilizing cytokines such as SDF-1a, G-
CSF, and SCF was also investigated in this Chapter. Further, their correlation with the
aortic calcification volumes and circulating osteo-progenitors was studied. The results
reflected the findings obtained from the mouse model investigations from Chapter 5 and 6.
The present findings supported the hypotheses that immature BM-derived osteo-progenitors
are released from the BM environment into peripheral circulation followed by homing to
the diseased arteries. Further, these immature cells integrate, proliferate and develop into
bone-like cells in the diseased vessel wall which results in the mineralization of the
vasculature as previously supported'®'***¥ This channeling and proliferating of the
immature cells was found to be induced by cytokines such as SDF-la and G-CSF

concentrations in circulating blood”*'8>-186.218.224,

The circulating OCN" MNC in blood samples obtained from patients diagnosed with
peripheral artery diseases was quantified. Patients were categorized into two groups based
on their total infra renal aortic calcification volume content. The measured calcification
volumes were correlated moderately with circulating OCN™ MNC population. Patients with

greater amounts of aortic calcification had higher circulating percentage of OCN™ MNC.
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Interestingly, patients in the high calcification group showed a 4-fold increase in the OCN™
MNC percentage was in comparison to that reported in normal healthy individuals (4.1 %

vs. 0.93 %)™ .

Another aspect of this study was to investigate the association of circulating stem cell
mobilizing cytokines with the severity of aortic calcification. As discussed in Chapter 1,
cytokines such as G-CSF, SDF-1a and SCF are known for mobilizing immature cells from
the BM into peripheral circulation and facilitate their homing towards vascular

. 186,188,218
lesions

. The protein ELISA analysis observed that the plasma concentrations of
SDF-1a and G-CSF were approximately 2-3 fold higher in patients with aortic calcification
than those observed in healthy subjects (normal G-CSF: 27 pg/mL*'; normal SDF-1a: 34
ng/mLZSI). Plasma SCF levels, however, were close to the normal values (normal SCF: 2.5

ng/mL>").

A positive association between these cytokine concentrations, aortic
calcification volumes and OCN"™ MNC suggests a role of circulating osteo-progenitors in
arterial mineralization. This 3-way association was also observed by our OPG” mouse

model investigation in Chapter 4.

Circulating OCN" MNC were moderately associated with higher and lower levels of infra
renal calcification volumes measured by CTA. Also, the calcification volumes showed a
stronger overall association with the patient age hence confirming that the severity of
calcification progressively increased with the age for the patients selected in the

experimental cohort, a finding also been reported previously in literature™*%>%7,

The circulating OCN™ MNC population also demonstrated a positive correlation to the
patient age for both the calcification groups. Patients with higher calcification volumes
reported a higher percentage of circulating OCN™ MNC, thus demonstrating a possible 3-
way association between patient age, higher calcification volume and elevated circulating
progenitor population. It was also observed that the OCN™ MNC percentage was higher in
male patients than females suggesting that males may be at a higher risk of developing
calcification within their vasculature and hence make them more prone to cardiovascular

. 66,150,252
events as previously reported™ 50252

Although a positive correlation pattern was observed throughout the patient study for the
calcification volumes and BM-derived OCN* MNC population, there may be a need for a
larger cohort size in order to establish the confidence in the statistical correlation. A larger

cohort investigation could also assist in confirming the hypothesis and the results obtained
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from the mouse model studies. Overall this human patient investigation suggests an
association between BM-derived osteo-progenitors and their contribution towards vascular

calcification with the assistance from circulating cytokines.

A general discussion with conclusion and future directions arising from this research

investigation is detailed in the next Chapter.
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CHAPTER 8: GENERAL DISCUSSION AND FUTURE DIRECTIONS
8.1. Discussion

This investigation suggests, for the first time, an association between circulating OCN™
MNC and aortic calcification in two mouse models and a human patient cohort with
peripheral artery disease. It also suggests that stem cell mobilizing cytokines could be
involved with the release of osteo-progenitors and may facilitate their homing to the
vasculature. These findings are supportive evidence for the hypothesis that BM-derived

cells play a role in the pathogenesis of vascular calcification.

For centuries, vascular calcification was considered a passive process which occurred as a
. . .. . 138297 .. . .
nonspecific response to tissue injury or necrosis'>***’. Calcification was believed to be

directly associated with atherosclerotic plaque burden, sharing similar risk factors and

3,14,21,22,34,42,43,

leading to cardiovascular morbidity and mortality 6795 Research in the past

has reported it to be a degenerative process leading to uncontrolled precipitation of calcium

phosphate' . Several passive theories were put forward defining the mechanism by

7

which calcification occurred in arteries'”’ including loss of inhibition. Other theories

suggest mechanisms depending on induction of bone formation, circulation of nucleational
. 1,3,52,61,97
complexes and cell apoptosis 261,97

Research in the past two decades suggests vascular calcification to be an active cellular

mechanism®?>. Genetic vascular research also suggests that vascular calcification can be

2,14,15,34,42,52 .
. This

studied as an independent factor from atherosclerosis research suggests

that following endothelial damage, VSMC from the medial layer of the artery migrate to the

.. . . . . 253
intimal layer via the vasa vasorum and contribute to atherosclerosis progression 3

Nevertheless, more recent studies have claimed that the media may not be the only source

for VSMC in vascular lesions. It was further speculated these VSMC may originate from

178,253

sources external to the vasculature . This hypothesis was supported by investigations in

which VSMC progenitors were identified in circulating blood'®'"®

. Further BM transplant
experiment conducted in animal models also suggested that external sources such as the
BM may contribute to atherosclerosis progression'*>'**. This novel hypothesis was termed
as the circulating cell theory. Recently, circulating BM-derived cells have also been

158,177,182,243,254

suggested to contribute towards vascular calcification . The BM population

with osteogenic potential is referred to as osteo-progenitors’'®. The concept of osteo-
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progenitors, however, is vaguely understood and the behaviour of these immature cells in

the vasculature has been controversial and demands further research.

Following the development of this concept, research groups have reported various in vivo
and in vitro studies which suggest a positive association between the BM-derived cells and
their contribution towards the pathogenesis of vascular diseases including

atherosclerosis’® 16193241

and vascular calcification®*"""**?"_ The osteogenic potential of
adult vascular cells has been demonstrated in vifro and in vivo. The lineages of these cells,
which are similar to that of marrow stromal cells and their capacity for self-renewal,
demonstrated that they are of a MSC origin which forms a significant proportion of BM
stroma’19>-200-211:214217 "Regearchers have claimed that the majority of VSMC in neointimal

. . . . . . 30.169,193.227
lesions in animal models of atherosclerosis were of BM origin 9-169.193.

. BM transplant
experiments investigated in mouse models by several groups also indicated that BM-
derived progenitor cells could potentially achieve a VSMC lineage and hence contribute to

9.1TLIT8I92 1y vitro differentiation studies also indicate that these

lesion formation
immature cells derived from various mouse models differentiate into osteoclast-like cells in
the presence of several chemo attractants and growth factors ideal for osteogenic
lineage®*'*°?*2> Evidence from hMSC line studies also supports the hypotheses that BM
cells play a crucial role towards the pathogenesis of vascular diseases®”'**?**?!*, Human

OCN™ cells have also been reported to stimulate mineralization both in vitro P18 and

L - . 192217241 -
when injected into mice'***'"**!. Osteoclast and osteoblast-like cells have also been
demonstrated within areas of vascular calcification in both human'®?*** and mouse
aortas! 94217241

Along with in vitro investigations, immunohistochemistry studies have also identified the
osteoblast-like bone markers after BM transplants in mouse models. These findings support
the contribution of the circulating progenitors towards pathogenesis of vascular
calcification®®”?*?71%  Along with the histological findings, the role of certain cytokines
such as SDF-1a and G-CSF in BM cell mobilization has also been studied. The studies
indicate a possible association between the release of immature cells and the advent of

osteoblast-like cells in vascular lesions*!:147-183185.188.219,

In spite of all the evidence, the contribution of immature BM- derived progenitors is not

26 Recent studies in ApoE” mice show that local vessel wall progenitors are more

clear
important in giving rise to VSMC in intimal atherosclerotic lesions than those derived from

the BM****7. Evidence remains inconclusive about the exact mechanism by which these
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BM cells are released into peripheral circulation and further initialize the process of

mineralization in diseased arteries'®7!83205:218

. In this investigation, a positive role for BM-
derived osteo-progenitor cells towards pathogenesis of vascular calcification was

hypothesized (Figure 8.1).

1
Bone marrow \
2
4 - 3 1. Osteo-progenitor cell release

2. Homing of osteo-progenitors

3. Differentiation of osteo progenitor into osteoblast

4. Proliferation of osteoblast resulting in calcification

Figure 8.1. Circulating cell theory: This theory suggest that BM-derived osteo-progenitors
home to diseased arteries where they contribute towards vascular calcification.

Aortic calcification was assessed in an OPG” mouse model along with quantification of
circulating OCN* MNC from peripheral blood. This circulating OCN* MNC population
was observed to be significantly increased in OPG” mice and positively associated with the
aortic calcium levels. To further assess the homing of these cells to vasculature, the OCN™
population deposited in the vessel wall in OPG™ mice was analysed. The results showed a
three-way association between the circulating BM-derived OCN" MNC, bone forming cells
within the vasculature and the severity of vascular calcification. Protein cytokine studies
performed in OPG™ mice also suggested a role for stem cell mobilising cytokines in
stimulating the release of immature osteo-progenitors from the BM environment. Under the
influence of chemo-attractants these bone marker-positive cells may home to the diseased
arteries. This cell population may further undergo osteogenic differentiation in the lesions
thus promoting vessel mineralisation as previously described'*>'*®.

Although the existing OPG” mouse model was assessed for calcification it was found to

have some limitations®"'**. The degree of calcification in these OPG” mice was observed
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to be only moderate’®**°""'**_ To investigate the hypotheses of this thesis more thoroughly,
a modified animal model was required in which the mineralization process occurred rapidly
and involved a greater degree of calcification'*. During the course of the investigation an
independent group demonstrated a modified mouse model system which involved the
subcutaneous administration of calcitriol which acted as a catalyst in inducing rapid
mineralization of vascular tissues'*®. In vitro studies, in the past, have also indicated that
excess calcitriol can increase calcium uptake into smooth muscle cells"**'*!. This modified
calcitriol model was adapted in young OPG” mice for the further investigation of the
hypotheses.

Further studies demonstrated an increase in the circulating OCN* MNC population in OPG
" mouse groups which received calcitriol. This circulating OCN* MNC increase was less in
the younger OPG” model with calcitriol in comparison to the older OPG” model without
calcitriol. However, the total extractable aortic calcium content was significantly higher in
calcitriol induced OPG™ mice indicating that calcium deposits in the aorta at a quicker rate
with the infusion of calcitriol. One reason for the lower circulating OCN™ MNC population
could be the short period of study. The limited amount of time after calcitriol administration
may not be sufficient for the release of immature BM cells into the peripheral circulation.
The younger age of the OPG™ mice in calcitriol model was also considered to be crucial in
the difference of circulating cells. The association between the total extractable aortic
calcium and the circulating OCN"™ MNC was stronger in calcitriol induced OPG™ model
than in 12 month old OPG” model without calcitriol emphasizing the influence of calcitriol
in accelerating aortic calcification.

To further confirm the results from mouse model experiments, an investigation of a human
patient cohort was undertaken. These patients were diagnosed with peripheral artery disease
and recruited from The Townsville General Hospital during a period from 2007 to 2009.
The OCN* MNC population was quantified from circulating blood samples from the
patients and correlated with the infra renal aortic calcification volumes measured by CTA
as previously described™® . Calcification volumes were found to be greater associated in
older patients and males, an observation which has been reported in other studies™**°. The
calcification volumes were found to be associated with the circulating OCN* MNC
percentage thought to originate from the BM environment. As observed in the mouse model
studies, plasma cytokine levels of G-CSF and SCF were positively correlated with the
calcification volumes and OCN™ population. These results suggest a role for stem cell

mobilizing cytokines in stimulating the immature progenitor cells from BM environment. It
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is suggested that after the release of OCN* MNC into the peripheral circulation chemo
attractants such as SDF-1a facilitate cell homing and survival in diseased lesions. Further, it
was also thought that under ideal proliferative conditions these osteo-progenitor cells
differentiate into osteoblasts within the vasculature. This process results in the vessel wall
mineralization thus contributing to the complexity of the disease formation. The results
obtained from the current studies are suggestive and further investigation is required to

confirm the behavior of these circulating osteo-progenitors in the vessel wall.

8.2. Limitations

Despite providing consistent data which indicates that OCN® MNC are associated with
aortic calcification in two mouse models and a patient cohort these studies do have a
number of limitations meaning that the definitive role of these cells in vascular calcification
still requires further investigation.

Firstly, both mouse models employed were based on OPG deficiency. These OPG” mice
are reported to undergo osteoporosis along with vascular calcification. Thus it is possible
that the increased OCN" MNC was related to the bone loss occurring in osteoporosis rather
than the aortic calcification in these animals. The finding that the OCN* MNC increase in
response to the vascular calcification promoting agent calcitriol and their association with
aortic calcification in humans do however suggest that the osteo-progenitor cells are
important in the calcification process.

The role of OPG within the vasculature is also not entirely clear. While depletion of OPG in
mouse models is reported to induce vascular calcification, in patients serum OPG levels are
positively associated with peripheral artery disease. This variation of results in mouse
model and human patient has lead to the questioning of the protective role of OPG in the
vasculature. The human cohort investigated in this study was small. A larger cohort would
be ideal to confirm the association between circulating osteo-progenitors and aortic
calcification. Also, unavailability of a control healthy group for comparative studies was
considered to be drawback in these studies. This could not be achieved because of the
limited patient cohort and the complicated recruitment criteria for the patients in whom
patients were excluded from the study if they had received previous open surgical or
endovascular treatment of their infrarenal aorta. Moreover, the patients investigated in our
study included some patients who had AAA in addition to occlusive PAD. While
independent studies for these two groups would have been ideal, we were not powered to

analyse these groups separately.
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8.3. Conclusion

In conclusion, the current study suggests an association between cells previously identified
as osteogenic progenitors and aortic calcification. The novel hypothesis that the BM-
derived osteo-progenitor population contributes to the pathogenesis of vascular calcification
was supported, in part, by the studies reported. A human patient cohort analysis reflected
the animal model results suggesting a role for immature BM cells with osteogenic potential
in calcification. Overall, the study supports a new pathway involved in arterial calcification

and this may impact on current treatment strategies for this condition.

8.4. Future directions

Further work is necessary to confirm the role of these BM-derived immature cells in the
vasculature. This may be achieved by tracing the circulatory path of these immature cells
and determining their final lineage. BM cell populations could be extracted from the
marrow environment and labelled with green fluorescent protein GFP dye which has been
reported to tag immature cells without influencing their lineage. This fluorescently labeled
population could then be injected back in vivo. Further these tagged cells could be traced in
the peripheral circulation via in vivo imaging techniques.

Another way of investigating the influence of these osteo-progenitors would be to block the
effect of stem cell mobilizing cytokines using anti-cytokine blocking agents. Controlling
this mobilizing activity would reduce the release of osteo-progenitors from the marrow
environment and thus assist in determining their contribution towards the severity of
vascular calcification.

For animal investigations, designing a mouse model which does not develop osteoporosis
would be ideal for further vascular calcification studies. Designing such a system could
resolve controversies in the existing knockout mouse models which considers that arterial
calcification is invariably observed as a result of osteoporosis hence questions the role of
circulating cells in vascular calcification progression.

Further investigations could also extend the type of pathologies being investigated and
could form a basis for collaboration with other external groups. Since calcification is also
linked to other clinical conditions such as atherosclerosis, diabetes, obesity and bone related
disorders, this investigation could build on the work achieved by other research groups with

broader clinical perspectives.
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APPENDIX 4. REAGENTS AND SOLUTIONS

1 X PHOSPHATE BUFFERED SALINE (PBS)

For 1000 ml (stock 10X)

8gm of Nacl

0.2gm of KCI

1.44gm of Na,HPO,

0.24gm of KH,PO,4

Adjust pH to 7.4. Adjust volume to 1L with additional distilled H,O.Sterilize by

autoclaving.

For 100 ml (working 1 X)

10 ml of stock solution

90 ml of D/'W

1 % ALIZARIN RED STAIN
1 gram of Alizarin red S powder (grade)

100 ml of distilled water (D/W)

Mix the solution. Adjust the pH to 4.1-4.3 using 0.5% ammonium hydroxide. The pH is

critical, make fresh.

GRADES OF PARAFORMALDEHYDE AND GLYCEROL
For1:3

10 ml of glycerol and 30 ml of paraformaldehyde

For 1:1

15 ml of glycerol and 15 ml of paraformaldehyde

For 3:1

30 ml of glycerol and 10 ml of paraformaldehyde
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3% FLOW CYTOMETRY BUFFER

100 ml of 1x PBS

3 % fetal bovine serum (FBS)

0.05 gm Sodium Azide

Mix well. Adjust pH to 7.4. Sterilize by autoclaving. Store at 4°C

ACK LYSIS BUFFER
For 1000 ml (stocking solution 10 X)

8.29g NH4Cl

1g KHCO3

37.2mg Na2-EDTA

100 ml D/W

Adjust pH- 7.2 to 7.4 with IN HCL. Sterilize using 0.2um filter; store at 4°C

For 100 ml (working 1 X)

10 ml of stock solution

90 ml of D/W. Sterilize using 0.2um filter. Use at room temperature

0.5 % CHICKEN ALBUMIN BUFFER FOR WASHING CELLS
100 ml of 1X PBS

0.5 2mM of EDTA

% Chicken albumin (grade)

Mix well. Adjust pH to 7.2. Sterilize by autoclaving. Store at 2-8°C

MAGNETIC SEPERATION BUFFER

100 ml of 1X PBS

0.5 % bovine serum albumin (BSA)

2mM of EDTA

Adjust pH to 7.2. Degas the buffer. Sterilize by autoclaving. Store at 2-8°C
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DISSOCIATION BUFFER FOR EXTRACTION OF IMMUNE CELLS
Per 20 ml

2mg of Collagenase type XI

3mg of Hyaluronidase type I-S

0.6 mg of DNase I

72 mg of Collagenase I

1x PBS (with calcium and magnesium)

Hepes (20mM)
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