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Abstract 

The three-dimensional (3-D) architecture of the bone marrow (13M) supports the renewal, 

maintenance, proliferation and differentiation of haernatopoietic stem cells (HSCs). Efforts 

have been made towards the reconstruction of an ex vivo HSC culture system, which could 

have several potential applications, such as the detailed understanding of normal and 

leukaemic haernatopoiesis and expansion of haernatopoietic stem cells for use in bone 

marrow transplantation (BMT). In this thesis, a numerical model has been developed to 

investigate the fluid flow, shear stress, and nutrient distribution within a purpose-designed 

scaffold placed inside a Rotating Wall Perfused Bioreactor (RWPB). A multi-lineage cellular 

growth model of haernatopoietic cells was incorporated in order to mimic the complexity of 

the BM. Subsequently, the model has been extended further to investigate the advanced 

aspects of haernatopoiesis such as the regulatory effects of growth factors including 

granulocyte colony-stimulating factor (G-CSF), thrombopoietin (TPO) and erythropoietin 

(EPO) on the production of chronic myeloid leukaemia (CML) cells. The simulation results 

demonstrate that: (1) the average fluid velocity in the scaffold is 0.1 mm/s, which is 

qualitatively similar to sinusoidal blood flow found in the BM, (2) the inlet conditions 

(oxygen concentration = 20% v/v, inoculum density = 2xIO5 celIS/CM3), transport properties 

(scaffold porosity = 95% and pore size = 250 tim) and reaction parameters (consumption 

rates) are sufficient to support the growth of haernatopoietic cells required for BMT 

applications, (3) different combinations and concentrations of cytokines can alter the self- 

renewal and differentiation of CML cells and this effect is also dependent upon operation 

conditions and scaffold properties, (4) the cellular growth kinetics are in good agreement 

with both published data and experimental results, validating the major finding predicted by 
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the computation model. The numerical model presented here enables the optimisation of 

scaffold design parameters, fluid dynamics and mass transfer environment necessary for 

developing a suitable ex vivo haernatopoietic system. 

2 



Acknowledgments 

First of all I would like to thank my supervisors, Dr A. Mantalaris and Dr X. Y. Xu, who have 
given me supervision and supportive for my research these last few years. The invaluable 
experience has been personally and academically rewarding for me. In addition, I sincerely 
thank Dr R Kumar for his guidance throughout this journey, and helped me to understand and 
identify my strengths and weaknesses. 

Special thanks to Dr Isabel Hwang who inspired me to start this endeavour and gave me the 
momentum that keeps me going. 

Thanks to all the friends who came to visit me during my course of study: Queenie, Veronica 
C, Kirk, Penelope, Veronica M, Alice, Shane, Karen, Bianca, Noah, Carolyn and Angelia. 
Thanks to my Paulinian friends (the Form 3L bunch) in Hong Kong who fill me up with nice 
food and various entertainment every time I go home for vacations, especially Veronica, 
Patricia, Gigi, Karen, Pamela, Winnie and Kuen. Thanks to the CK Life colleagues, 
especially Dr SF Pang, Dr B. Chan, Dr K. Hui, Jo, Pat and Dr HY Poon, who gave me 
valuable research "tips". Thanks to Natalie who always cooks for me during weekends. 

I am very lucky to have many supporting group members, Dr R. Kumar, Dr F. Sidoli, Dr MH 
Wu, Dr YS Ho, Dr IM Chung, Dr Y He, Sandeep, Maya, Carolyn, Teresa, Yunyi, Jae, Dr M 
Placzek, and David, who share their experience with me and broaden my research horizons. 
Big thanks to the entire Chemical Engineering Department staff who helped smooth my path, 
especially Dr P Valluri for his CFX help and N. Ly for his PC technical support. 

I would like to extend my thanks to my dinner and movie buddies, Michelle Tang, Dr ISS 
Hwang and Soon Ju Tok, who provide me with company when I get bored, share my fun and 
happiness, worries and troubles. 

Lastly, thanks to my parents, Iau Kin Ma and Hiu Fei Chu, and my brothers, Karl and Fred. 
Without their love and support; this would not have been possible. 



Contents 

Abstract ........................................................................................................................ 

Acknowledgments ...................................................................................................... 

Nomenclature ............................................................................................................... 
Chapter 1 ................................................................................................................... 16 

Introduction ................................................................................................................. 16 

1.1 Motivation ......................................................................................................... 17 

1.2 Why Modelling? ................................................................................................ 18 

1.3 Research Objectives .......................................................................................... 19 

1.4 Thesis Outline ................................................................................................... 20 

Chapter 2 ................................................................................................................... 21 

Background .................................................................................................................. 21 

2.1 Bone Marrow Structure ..................................................................................... 21 

2.2 Haernatopoietic Cell Hierarchy: Stem Cell Differentiation ................................. 
22 

2.3 Bone Marrow Microenvironment 
....................................................................... 

25 

2.3.1 Stromal Cells ..................................................................................................... 25 

2.3.2 Cytokines .......................................................................................................... 27 

2.3.3 Location of Haernatopoietic Cells within the Marrow Cavity 
............................. 

28 

2.4 Chronic Myeloid Leukaemia .............................................................................. 29 

2.5 Development of ex vivo Bioreactor for Haernatopoietic Cell Culture .................. 31 

2.5.1 Operational and Cultural Parameters 
.................................................................. 

32 

2.5.1.1. Inoculum Density (ID) 
.................................................................................. 32 

2.5.1.2. Dissolved Oxygen Tension 
............................................................................ 33 

2.5.1.3. Endogenous Growth Factors 
.......................................................................... 34 

2.5.2 Bioreactor Design and Operation ....................................................................... 35 

2.5.2.1. Shear Stress ................................................................................................... 36 

2.5.2.2. Surface Area ................................................................................................. 37 

4 



2.5.2.3. Feeding Schedule and Medium Exchange ...................................................... 38 
2.5.2.4. Biýreactors .................................................................................................... 39 

2.6 Scaffold Material and Architecture .................................................................... 45 
2.7 Summary ........................................................................................................... 46 

Chapter 3 ................................................................................................................... 47 

Simulations and Mathematical Models ....................................................................... 47 

3.1 Simulation Environment .................................................................................... 48 

3.2 Discretisation Method ........................................................................................ 48 

3.2.1 Finite Volume Method ....................................................................................... 49 

3.2.2 Numerical Grid .................................................................................................. 53 

3.2.3 Finite Approximations ....................................................................................... 54 

3.2.4 Solution Method ................................................................................................ 54 

3.3 Modelling Environment ..................................................................................... 55 

3.3.1 CFX 4 Model Properties .................................................................................... 55 

3.3.2 Geometries and Meshes Generation ................................................................... 57 

3.3.3 Boundary Conditions ......................................................................................... 58 

3.3.4 Solution Quality ................................................................................................ 60 

3.4 Mathematical Models ........................................................................................ 61 

3.4.1 Fluid Flow Model .............................................................................................. 61 

3.4.2 Porous Model .................................................................................................... 62 

3.4.3 Mass Transfer Model ......................................................................................... 64 

3.4.4 Normal BM Cells Models .................................................................................. 65 

3.4.5 Periodic Haernatological Disease - CML Cells Model ........................................ 69 

3.4.5.1. Stem Cell Compartment ................................................................................ 71 

3.4.5.2. Leukocyte Compartment ............................................................................... 73 

3.4.5.3. Eq ythrocyte Compartment ............................................................................. 73 

3.4.5.4. Platelet Compartment .................................................................................... 75 

3.5 Delay Differential Equation (DDE) .................................................................... 76 

Chapter 4 ................................................................................................................... 78 
Bone Marrow Culture Growth Model ......................................................................... 78 
4.1 Introduction ....................................................................................................... 78 

5 



4.2 Model Formulation ............................................................................................ 79 
4.3 Model Equations ............................................................................................... 79 

4.3.1 Fluid Flow ......................................................................................................... 79 
4.3.2 Porous Flow ...................................................................................................... 79 
4.3.3 Nutrient Transport ............................................................................................. 81 
4.3.4 Cellular Growth Kinetics ................................................................................... 82 

4.4 Initial and Boundary Conditions ........................................................................ 83 

4.5 Computational Details and Model Parameters .................................................... 83 

4.6 Results and Analysis .......................................................................................... 84 

4.6.1 Velocity & Shear Stress Profiles ........................................................................ 84 

4.6.2 Nutrient Distribution and Cellular Growth Kinetics ........................................... 85 

4.6.3 Multi-lineage Cell Distribution .......................................................................... 90 

4.7 Summary ........................................................................................................... 91 

Chapter 5 ................................................................................................................... 99 

Model Testing - Part I ................................................................................................. 99 

5.1 Model Formulation and Parameter Values ......................................................... 99 

5.2 Results and Discussion .................................................................................... 100 

5.2.1 Total Cell Number ........................................................................................... 100 

5.2.2 CFU-GM expansions ....................................................................................... 102 

Model Testing - Part 11 .............................................................................................. 104 

5.3 Material and Method ....................................................................................... 104 

5.3.1 Cell Line Culture ............................................................................................. 104 

5.3.2 Glucose Consumption ...................................................................................... 105 

5.3.3 Statistical Analysis .......................................................................................... 105 

5.3.4 Mathematical Model and Equations Development ............................................ 105 

5.4 Results and Discussions ................................................................................... 106 

5.5 Summary ......................................................................................................... 106 

Chapter 6 ................................................................................................................. 110 

Simulation of e-x vivo Bone Marrow Culture: Application to Chronic Myeloid 
Leukaemia Growth Model ......................................................................................... 110 
6.1 Geometry ........................................................................................................ 112 

6 



6.2 Model Formulation .......................................................................................... 112 
6.2.1 Model Equations ............................................................................................. 112 
6.2.1.1. Fluid Flow and Mass Transport ................................................................... 112 
6.2.1.2. Growth Kinetics .......................................................................................... 112 
6.3 Initial and Boundary Conditions ...................................................................... 117 
6.4 Re-circulation Medium - Periodic Boundary Conditions (PBCs) ..................... 118 
6.5 Results and Discussion .................................................................................... 118 
6.5.1 Perfusion Without Re-circulation ..................................................................... 118 
6.5.2 Perfusion With Re-circulation .......................................................................... 132 
6.6 Summary ......................................................................................................... 142 

Chapter 7 ................................................................................................................. 143 

Final Remarks ............................................................................................................ 143 
7.1 Conclusion ...................................................................................................... 143 

7.2 Future Work .................................................................................................... 145 

7.2.1 3-D BM and Scaffold ...................................................................................... 145 

7.2.2 Cytokine Interaction ........................................................................................ 146 

7.2.3 Rotational Effect ............................................................................................. 146 

7.2.4 Fluid Flow Validation ...................................................................................... 147 

Appendix A .............................................................................................................. 148 

Model Parameters and Nomenclature ........................................................................... 148 

Appendix B .............................................................................................................. 157 

Model Implementation and Validation ......................................................................... 157 

BI Comparison with Analytical Solutions ............................................................ 158 
B2 Model Implementation Using CFX ................................................................. 163 

B3 Grid Sensitivity Test ........................................................................................ 164 

B4 Validation Using gPROMS .............................................................................. 165 

Appendix C .............................................................................................................. 168 

Sample CFX Files ........................................................................................................ 168 

Bibliography ............................................................................................................ 197 -, 

7 



Nomenclature 
A, V Amplification factor of leukocyte 

. 4, q Amplification factor of erythrocyte 

Aj, Amplification factor of platelet 

a_, po Hill coefficient in Eq. 3.40,6.10 

aTpo Hill coefficient in Eq. 6.9 

B Total number of stages 

B Body force 

b Tube thickness 

b Number of stages 

C Mass concentration 

C Cell density 

CG Glucose concentration 

co Cell concentration for the previous stage 

C, Cell concentration for the present stage 

C02 Oxygen concentration 

CLS Concentration of limiting substrate 

CS Concentration of secondary substrate 

C Kozeny constant 

D Diffusivity of the species 

Do Diffusivity of 0 

dp Pore diameter 

E Concentrations of EPO 

f Component of the convective or diffusive flux vector in the direction 

normal to the CV face 

Value of f at location 'e' 
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fd Diffusive flux 

fe Convective flux 

f. Hill coefficient in Eq. 3.38,6.2 

G Concentrations of G-CSF 

H, Hydraulic radius 

Hill coefficient in Eq. 3.38,6.2 

Hill coefficient in Eq. 3.40,3.41,6.4,6.10 

Hill coefficient in Eq. 3.43,6.3,6.9 

KEpO Hill coefficient in Eq. 3.40,6.10 

KTpO Hill coefficient in Eq. 3.43,6.9 

K. Monod constant 

K. 
Ls 

Monod constant for limiting substrate 

K. 
s 

Monod constant for secondary substrate 

K. Rate limiting constant 

K Area porosity tensor/permeability 

k, kj, k2 Reaction term 

kG Kinetic coefficients for glucose 

km Dissociation constant of neutrophils 

k, Growth kinetics 

k. Cellular consumption 

k,, Maximum recruitment rate from non-proliferative phase 

k02 Kinetic coefficients for oxygen 

kGcsF Hill constant used in Eq. 6.2 
kEpO Hill constant used in Eq. 6.4 
kTpO Hill constant used in Eq. 6.3 
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k, x Self-expansion term 

k' d Generation term 

kd' Y Differentiation term 

kkx Death term 

k0 Sink/source of 

L Length 

A Mass flux through the 'e' face 

N Number of leukocytes 

n Unit vector 

P Number of platelets 

P Pressure 

PI Modified pressure 

Q Number of stem cells 

QjI Number of stem cells in proliferating phase 

q Flow rate 

R Number of erythrocytes 

91 Resistance 

ro Outer radius 

r, Pore radius 

S The surface enclosing CV 
SA Surface area per unit bulk volume/porous medium 
SAI Surface area per unit volume of solid (not porous) material 

SP The proportional part of source term 

SU The constant part of the source terrn 

S. The surface at location 'e' 

S. Mean shear stress 
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S,, S,, S, Shear stresses in the x, y and z-direction 

T Concentration of TPO 

T, Time delay 

T Transpose 

t Time 

V Control volume 

V.. Rate constant describing the maximal cell-specific nutrient uptake 
V. 

ax, LS Rate constant for the limiting substrate in the reaction 

V max Maximum production rate of G-CSF 

V Velocity 

X Position on x -coordinate in Cartesian space 

Y Position on y -coordinate in Cartesian space 

Greek Letters 

a,, a2 Constants 

Re-entry rate of CML stem cells into proliferating phase 

Death rate 

13M Specific death rate of mature cells in the tenninal stage 

15N Death rate of leukocyte 

8P Death rate of platelet 

(5Q Death rate of stem cell 

8R Death rate of erythrocyte 

45EPO Destruction or decaying rate of EPO 

'5GCSF Elimination of G-CSF by neutrophils 

STPO Half-life of TPO 

9 Hill coefficient in Eq. 3.36 
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Number of mature cells 

Number of active cells 

Number of quiescent cells 

0 Any conserved intensive property 

Os Any conserved intensive property at location 'E' 

OP Any conserved intensive property at location 'P' 

0, Any conserved intensive property at location 'e' 

r Diffusivity of the quantity 

7 Porosity 

'Id Differentiation rate 

179 Cell specific growth rate 

17, Self renewal probability 

77 a Active to quiescent transition rate 

77 q Quiescent to active transition rate 
KN Differentiation rates of stem cells into leukocytes 

KP Differentiation rates of stem cells platelets 

KR Differentiation rates of stem cells into erythrocytes 

Hill coefficient in Eq. 3.41,6.4 

KP Hill coefficient in Eq. 3.43,6.3 

Linear interpolation factor 

Viscosity of the fluid 

P, Effective viscosity 

01 Hill coefficient in Eq. 3.38 

02 Hill coefficient in Eq. 3.36 

P Density 

a Stress tensor 
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aL Limiting coefficient 

TN Time delay for leukocyte maturation 

rpm Time delay for platelet maturation 

, rPS Time delay for platelet aging due to senescence 

'rRM Time delay for reticulocyte 

TS Time delay for stem cell proliferation 

T.. Time delay for erythrocyte 

ri Angular velocity 

K2D Extend of differentiation ranging between 0 and I 

1; Bulk viscosity 

Abbreviations 

2-D Two-dimensional 

3-D Three-dimensional 

AEA Atomic Energy Authority 

BFU-E Burst forming unit-erythroid (erythroid progenitor) 

BM Bone marrow 

BMT Bone marrow transplantation 

CB MNCs Cord blood mononuclear cells 

CDS Central-difference approximation/ linear interpolation 

CFC Colony forming cells 

CFD Computational fluid dynamics 

CFU-C Colony forming units 

CFU-Eo Colony forming unit-eosinophils 

CFU-GM Colony forming unit--granulocyte, macrophage 

CFU-mast Mouse mast cell progenitors 

CFU-MEG Colony forming unit-megakaryocyte 

CFU-mix Multipotential progenitor 
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CSF Colony stimulating factor 

Cv Control volume 
DDE Delay differential equation 

DMM Double Monod kinetics 

DO Dissolved oxygen 

ECM Extracellular matrix 

ECS Extracapillary space 

EPO Erythropoietin 

FBS Fetal bovine serum 

FD Finite difference 

FE Finite element 

FV Finite volume 

G-CSF Granulocyte colony stimulating factor 

GF Growth factor 

GM-CSF Granulocyte/macrophage colony stimulating factor 

HIM Haematopoietic inductive microenvironment 

HSC Haematopoieitc stem cell 

ID Inoculum. density 

IL Interleukin 

IMDM Iscove's modified Dulbecco's medium 

LTC Long-term culture 

LTC_IC Long-term culture initiating cell 

LySC Lymphoid stem cell 

M-CSF Monocytes colony stimulating factor 

MGF Mast cell growth factor 

MNC Mononuclear cell 

MYSC Myeloid stem cell 

NK Natural killer 

NMR Nuclear magnetic resonance 
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PB Peripheral blood 

PBCs Periodic boundary conditions 

PET Polyethylene terephthalate 

Ph+ Philadelphia 

PIV Particle-image velocimetry 

QUICK Quadratic upwind interpolation 

Re Reynolds number 

RWPB Rotating wall perfused bioreactor 

RWV Rotating wall vessel 

Sc Committed stem cell 

SCF Stem cell factor 

SD Standard deviation 

SF Steel factor 

SIMPLE Semi-implicit method for pressure-linked equation 

SIMPLER Revised semi-implicit method for pressure-linked equation 

TCPB Tantalum coated porous biornaterial 

TPO Thrombopoietin 

UDS Upwind interpolation scheme 
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Chapter I 

Introduction 

An ex vivo system capable of mimicking the in vivo environment of bone marrow (BM) can 

provide a valuable model for studying blood cell formation under normal and pathological 

conditions. Such a culture system could have potential applications in new drug screening, 

and toxicity studies, as well as stem cell expansion for bone marrow transplantation (Koller 

and Palsson 1993; Chapman et al. 1999). However, mimicking haernatopoiesis ex vivo poses 

many challenges as haernatopoietic cultures are complex because there are many interplaying 

factors which influence blood cell formation. Simulation methods, such as computational 

fluid dynamics (CFD), can be utilized to obtain detailed flow pattern and species 

concentration, thereby helping to optimize the design and operational parameters of ex vivo 

culture system for haernatopoietic cell cultures. 
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1.1 Motivation 

Aleix Carrel, a French scientist working at the Rockefeller Institute (New York) in the early 

1900s, is generally credited with starting the current revolution in Tissue Engineering. With 

over a century's worth of experimentation, it is now believed that stem cells are the key to the 

growth of tissues. There are many scientists, clinicians and industrialists who believe that 

haernatopoietic stem cells are the way forward to delivering therapeutic strategies for treating 

bone marrow disease, as it is more effective to manipulate the blood's primitive components 

ex vivo than through factors or small molecules in vivo. 

Furthermore, drug resistance and lack of bone marrow donors have always limited the choice 

of treatment for bone marrow diseases. As a result, there is an increasing demand for research 

into haematopoiesis and the development of new curative strategies. Consequently, there 

have been continued efforts towards the development of novel haematopoietic stem cell 

expansion systems. By providing a comprehensive level of monitoring and control over 

specific parameters in 3-D cultures, bioreactors can provide the technological means to 

perform controlled studies aimed at understanding the role that specific biological, chemical 

or physical parameters plays in a defined tissue. 

Apart from stem cell isolation, one of the most challenging aspects in the reconstitution of 

tissue/organs is the ex vivo expansion of stem cells. Originally, it was assumed that the 

expansion stage would be relatively simple based on the Dexter culture system (see Chapter 

2) (Dexter et al. 1973; Dexter et al. 1977). In reality, human haematopoietic cells die within 

10 weeks (Moore and Sheridan 1979). The following key factors have been identified to 

cause the failure of haematopoietic stem cells to reproduce in an ex vivo environment: 1) lack 

of three-dimensional (3-D) geometry to recreate the haematopoietic inductive 

microenvironment (HIM), 2) poor medium exchange of fresh media and metabolic waste, 3) 
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limited space for the highly proliferative cells and 4) lack of stroma cells or endogenous 

growth factors. 

Considerable efforts have been made within this area to overcome the limitation highlighted 

above. In particular, it is important to integrate the knowledge acquired from a variety of 

disciplines to aid the development of haematopoietic stem cell expansion systems. For 

example, in vivo BM physiological characteristic obtained through modelling means, such as 

the significance of delivery system (BM Microcirculation) and transportive properties 

(convection and diffusion) (Kumar et al. 2004) can aid the development of the ex vivo 

system. Contributions from Material Engineer's characterising scaffold properties (Safinia et 

al. 2007) provide an opportunity to analyse and mimic the in vivo microenvironment. Stem 

cell engineers utilise their expertise to optimise the 'right' combination of cytokines necessary 

for the haernatopoietic stem cell expansion (Lim et al. 2007). 

1.2 Why Modelling? 

The development of a stable ex vivo system for the growth of haernatopoietic cells would be 

invaluable for the study of the mechanisms controlling haernatopoiesis. However, the 

complex kinetics and transient nature of the cells and intricate interactions between culture 

parameters make it difficult to define the optimum factors and culture conditions that can 

enhance production of haematopoietic cells. An optimisation methodology using 

experimental techniques would be impractical due to time and cost concerns. Thus a 

modelling approach is undertaken as an alternative to experimental method to design the 

optimal experimental condition(s) to study haematopoiesis. 

Detailed knowledge of the momentum and mass transport characteristics of the bioreactor in 

different operating conditions is necessary for the successful operation of the system 

(Williams et al. 2002). This can be done by using a computational fluid dynamic (CFD) 

software to simulate the flow conditions in the bioreactor and to define the properties of the 
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model environment wherein biological tissues are grown. It can also be used to optimize the 

specifications of the culture system and operating conditions, such as the porosity and 

perfusion flow rate so as to achieve the best possible conditions for cell growth, resulting in 

improved quality and quantity of the generated tissue (Begley and Kleis 2000). 

1.3 Research Objectives 

The main objective of this thesis is to investigate the fluid dynamical aspects (e. g. fluid flow 

and shear stress), mass transport (oxygen, glucose and growth factors) and cellular growth 

within the bioreactor for BM culture. The Rotating Wall Perfused Bioreactor (RWPB- 

Synthecon, Inc) has been chosen to be a suitable culture system for this study. The perfusion 

and rotation operation conditions of this culture system provide a dynamic culture 

environment to the cellular components with low shear stress and high mass transfer rates. 

The model presented in this work does not, at present consider rotational aspects of the 

bioreactor. 

Furthermore, a scaffold is designed and embedded in the bioreactor to provide a three- 

dimensional environment mimicking the in vivo bone marrow microenvironment for stem 

cell expansion. Finally, to simulate the growth characteristics of HSCs under various 

operating conditions, different stem cell models are incorporated to mimic the complexity of 

the BM. This is achieved by taking the following steps: 

i) To develop a multi-lineage model to capture the complex functionality of the BM 

according to its known physiology. 

ii) To extend the above model by incorporating the regulatory effects of growth 
factors in the production of different cell types. 

iii) To apply the model to diseased BM; specifically chronic myeloid leukaemia. 
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1.4 Thesis Outline 

This thesis presents the numerical study of fluid flow, mass transfer and cell growth in a 

three-dimensional bioreactor for bone marrow culture. A comprehensive literature review of 

the bone marrow structure, blood formation process and haernatopoietic cell culture systems 

is given in Chapter 2. The modelling aspect of the work is presented in Chapter 3, where 

modelling techniques are introduced and available haernatopoiesis models are presented and 

analysed. Chapter 4 presents a fluid dynamics, mass transport and multi-lineage cell growth 

model. In Chapter 5, comparison of numerical results with existing published data and 

additional experimental work is presented to serve as a preliminary validation. Chapter 6 

extends the previous model application into BM under pathological condition, such as 

chronic myeloid leukaemia. The conclusions of the work are given in Chapter 7 

supplemented by further recommendations. 
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Chapter 2 

Background 

2.1 Bone Marrow Structure 

Bone marrow is one of the largest organs in the human body located inside the bone cavities. 

Structurally, BM has an intricate three dimensional architecture that consists of an 

intravascular (blood vessel network) and an extravascular (haematopoietic) space (Lichtman 

1981; Abboud and Lichtman 2001), as shown in Figure 2.1. The intravascular space 

comprises of the arteriolar and the sinusoidal networks, with the major arterial supply to the 

marrow coming from the nutrient artery. The nutrient artery bifurcates into ascending and 

descending arteries with radial branches extending towards the cortex. On returning towards 

the central bone cavity, these vessels form sinusoids, which supply blood to the extravascular 

space. The marrow sinus system is a highly branched network providing the channels where 
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blood flows through the marrow cavity and drains into the central sinus and the emissary 

veins (Brookes 1971; Lichtman 1981). 

The extravascular space is the site of haernatopoiesis or blood cell formation. Haernatopoiesis 

is a complex process involving a variety of specialized blood cell types, including as white 

and red blood cells. These cells are generated and differentiate continuously throughout adult 

life from a relatively small population of multipotent haernatopoietic stem cells (HSCs), 

located primarily in the bone marrow (Zandstra et al. 1994; Koller et al. 1998; Nielsen 1999) 

(Figure 2.2). 

2.2 Haematopoietic Cell Hierarchy: Stem Cell Differentiation 

On average, an adult produces nearly 400 billion mature blood cells per day in order to 

replace the natural turnover and to maintain homeostasis (Koller and Palsson 1993; Nielsen 

1999). This continuous regeneration of mature cells involves complex and highly regulated 

differentiation pathways that begin from a common precursor-HSC. HSC is multipotent and 

has the capacity to differentiate into any type of mature blood cells. It divides by 

asymmetrical division that results in one differentiated daughter cell and one undifferentiated 

stem cell (Koller et al. 1998). The differentiated daughter cell commits to enter either the 

lymphoid or the myeloid lineage (Williams 2000). The common lymphoid progenitors 

generate B and T lymphocytes, and natural killer (NK) cells, while the common myeloid 

progenitors give rise to red cells, platelets, granulocytes, and monocytes. Further 

downstream, the myeloid and lymphoid stem cells form more mature progenitors, and with 

each differentiation stage, they lose proliferative potential, i. e. become more restricted in the 

number and the type of lineages they can generate (Koller and Palsson 1993). 
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Figure 2.1: The blood supply of bone marrow [modified from Lichtman 19811. Blood comes 
from nutrient artery, bifurcates into medullary arteries and travels to the cortex through radial 
artery. In the cortex, arterial blood from nutrient artery mixes with blood from periosteal 
arteriole. On returning towards marrow cavity, cortical capillaries form sinusoids, which 
supply blood to the extravascular region (shown in pink). These sinuses collect into a large 
central sinus and drain into the emissary vein. 
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Figure 2.2: The haernatopoietic process [modified from da Silva et al. 2003]. A single 
committed HSC can produce approximately 106 mature blood cells after 20 divisions 
(Hoffbrand et al. 200 1 ). 
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Progenitor cells give rise to monopotential blast cells called precursor cells that can only 

differentiate into a single mature cell type. After the blood cells mature, they exit the 

sinusoids and enter the blood stream. Ultimately, the terminally differentiated cells produced 

can neither divide nor undergo apoptosis after a period of time, which ranges from hours (for 

neutrophils) to decades (for some lymphocytes) (Smith 2003). The series of differentiations 

highlighted above involves many levels of control (Koller and Palsson 1993; Zandstra et al. 

1994). These intricate processes are regulated by the haematopoietic inductive 

microenvironment (HIM), a 3-D structural and chemical microenvironment that regulates, 

through positive and negative signals, the survival, proliferation, differentiation and 

maturation of HSCs (Smith 2003; Mantalaris et al. 2004). Abnormalities in the regulation of 

haematopoiesis may lead to the development of bone marrow disorders, such as leukaemia. 

2.3 Bone Marrow Microenvironment 

The bone marrow provides a HIM that promotes and regulates the haernatopoiesis (Chertkov 

1986). This HIM comprises of a complex network of stromal. cells and their products, such as 

cytokines and extracellular matrix (ECM) (Hoffbrand et al. 2001) (Figure 2.3). 

2.3.1 Stromal Cells 

Marrow stromal cells promote and regulate stem cell self-renewal, commitment 

differentiation and proliferation through their secreted cytokines. Other components, such as 

collagen, glycoproteins (fibronectin and thrombospondin) and glycosaminoglycans 

(hyaluronan and chondroitin derivatives) form the extracellular matrix (ECM) (Hoffbrand et 

al. 2001). In addition, the haernatopoietic stroma supports the vasculature (Weiss 1976; 

Weiss 1995; Verfaillie 2000; Williams 2000). 
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ECM Growth factor receptor 

Figure 2.3: Components of bone marrow microenvironment. Stromal cells interact with HSCs 
via cell-cell contact, and produce ECM and cytokines. Cytokines may present to the HSC 
during the direct interaction between i) stromal cell and HSC or ii) HSC and ECM. This 
unique microenvironment regulates the self-renewal, proliferation and differentiation of 
HSCs. 

Reticular and endothelial cells are the major component of stromal cells. A complete luminal 

layer of endothelial cells and an incomplete abluminal layer of adventitial reticular cells line 

the wall of the vascular sinuses. On maturation, the blood cells from the haernatopoietic 

compartments pass through the adventitial reticular cells, and the endothelial cells to enter 

the sinus lumen. Adventitial reticular cells regulate cell passage across the venous sinuses by 

covering or uncovering the endotheliurn as needed (Weiss 1995). The other components of 

the stromal cells include, macrophages, which are responsible for the homeostasis of the 

haernatopoiesis and the production of cytokines and ECM. 

Through long-term bone marrow cultures (LTC), stromal-mediated haematopoiesis has been 

shown (Dexter et al. 1977). In such systems, the stromal cells form an adherent layer to 

which the haernatopoietic cells attach loosely. More primitive progenitors, termed long-term 
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culture initiating cells (LTC-IC), can be detected between or under the stromal cells. During 

maturation, blood cells are then released into the non-adherent compartment, and as a 

consequence differentiated progeny, including colony-forming cells (CFC), and more mature 

precursors can be found in or suspended above the stromal layer (Wang et al. 1995). Further 

studies have also shown the development of an adherent layer of stromal cells supporting the 

expansion of progenitor cells (Bagley et al. 1999) and the forming of cell colonies 

(Dorshkind et al. 1985). 

The haematopoietic stroma makes major contributions in the construction of a 3-D 

haernatopoietic microenvironment (Weiss 1995); the intimate association facilitates cell-to- 

cell and cell-to-matrix interactions (Glowacki et al. 1998; Li et al. 2001). It is believed that 

this 3-D geometry with close structural and functional relationship with the stromal cells of 

the bone marrow plays a crucial role in maintaining haernatopoietic progenitor viability and 

pluripotency (Bagley et al. 1999). 

2.3.2 Cytokines 

Cytokines are a group of glycoproteins that act as messengers regulating haernatopoiesis, 

namely the proliferation and differentiation of haernatopoietic stem progenitor, and precursor 

cells (Bain and Gupta 2003). The process is controlled by the feedback mechanisms of the 

cytokines that transmit positive or negative signals to maintain the number of blood cells and 

return to normal conditions post any upset. Essentially, the biological effects of cytokines are 

mediated through the specific receptors on the surface of the cells. 

Over 20 haernatopoietic regulators have been identified including erythropoietin (EPO), 

thrombopoietin (TPO), interleukin (IL)-I, IL-3, IL-6, IL-I 1, granulocyte/macrophage (GM)- 

CSF, granulocyte (G)-CSF, monocytes (M)-CSF, and c-kit ligand (stem cell factor (SCF), 

Steel factor (SF), or mast cell growth factor (MGF)). Major production sources of the growth 

factors are the stromal cells in the bone marrow except for erythropoietin and 
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thrombopoietin, which are largely synthesised in the kidneys and liver, respectively 

(Hoffbrand et al. 2001). Secretion of cytokines can vary significantly with changes in in vivo 

oxygen tension, pH, and shear stress (Nielsen 1999). In vivo studied have demonstrated that 

cytokines facilitate the formation of colonies (Tun et al. 2002). Additionally, cytokines act to 

either activate or inhibit the proliferation, differentiation, maturation, and apoptosis of blood 

cell during the blood formation process. 

2.3.3 Location of Haematopoietic Cells within the Marrow Cavity 

Within the marrow cavity, haernatopoietic cells show distinct patterns of lodgment. Studies 

have demonstrated that the more differentiated cells lie against the vascular (sinuses) wall, 

while the more undifferentiated cells are the most distant from the venous vasculature. 

Nilssen et al. (2001) reported that the most primitive haernatopoietic stem cells are enriched 

within the endosteal (bone) region, whereas terminally mature differentiated and lineage- 

committed cells are selectively and predominantly located in the central marrow region 

(Nilsson et al. 2001). 

Spatial distribution of lineage-specific cell types has also been described in the bone marrow 

(Nilsson et al. 2001). Maturing red cells (erythroblasts) are produced near sinuses; clusters of 

erythroblasts surround a central macrophage in the bone marrow to form erythroblastic 

islands (erythroblastic islets), which occurs in close proximity to the adventitial surface of 

vascular sinuses. Megakaryocytes and lymphocytes lie over the adventitial surface of the 

vascular sinuses and in clusters surrounding the radial arteries, respectively (Weiss 1995; 

Nilsson et al. 2001). Granulocytes are usually produced at sites close to arterioles and away 

from the sinuses wall; when they become mature, they migrate towards the sinuses wall to be 

released into the circulation. These well-defined structures suggest the existence of 

haematopoietic cell "niches" that are involved in the self-renewal, proliferation and 

differentiation of the cells. 
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2.4 Chronic Myeloid Leukaemia 

Each year, 24,000 new cases of leukaemia are diagnosed in the United Kingdom, and among 

these, about 750 were of the Chronic Myeloid Leukaemia type (Leukaemia Research Fund 

2006). CML is a clonal myeloproliferative disorder that is characterised by the abnormal 

amplification of myeloid lineages, especially granulocytes, and sometimes platelets. Mutation 

of normal haernatopoietic stem cells into leukaemic cells at the cellular level contributes to 

the excessive production of granulocytes. This increase in cell production leads to increased 

cellularity in the bone marrow, approximately 3-5 fold more than healthy individuals. The 

unique feature of CML is the presence of the Philadelphia (Ph+) chromosome that directs the 

production of a fusion protein which is responsible for most of the physiological alterations 

of the cells. The resultant overproduction of granulocytes in in vivo and in vitro is a 

consequence of such genetic abnormality which attributed is to the alteration in cell kinetics, 

adhesion/homing and feedback mechanism. A summary of the abnormalities of CML cells 

are described in Table 2.1. 

Regulation of activation, proliferation, differentiation, maturation and apoptosis of 

haematopoietic cell is controlled by cytokines. It plays an important role in up and down 

regulation of the number of cells in BM and blood. In certain forms of CML, regular 

oscillation of blood cell numbers has been observed, ranging between 70-80 days (Adimy et 

al. 2006b). The leukocyte lineages show the most frequent oscillation, of approximately 40- 

80 days (Fortin and Mackey 1999). Similar oscillatory patterns have been observed in the 

platelet and reticulocyte lineages. In healthy individuals, certain cytokines are known to 

temit' either a positive or negative signal to maintain normal blood cell levels, and, 

consequently, it is believed that the oscillations are due to the abnormalities in the feedback 

mechanism between the regulators and blood cells (Colijn and Mackey 2005). 
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Functional alteration Growth characteristics in CNIL cells 

Adhesion and homing a Impaired cell surface adhesion receptors lead to and facilitate 

the release of premature cells into the circulating blood 

(Gordon et al. 1987). 

0 Abnormal sinus endothelium layer has more pores compared to 

normal BM cells, therefore allowing passage of immature 

CML cells through the sinus. These contribute to the expansion 

in the premature progenitor and precursor circulation 

population in blood (Petrides and Dittmann 1990). 

Cell kinetics Apoptosis 

" Reduced apoptosis: it has been observed that the circulating 

granulocytes have longer life span than normal mature 

granulocytes (Ogawa et al. 1970). 

" Abnormal gene in CML patients suppress apoptosis and 

enhance survival (Bedi et al. 1994). 

Self renewal and proliferative potential 

" CML leads to the decrease in self-renewal capability and 

concomitant increase in differentiation probability (Petzer et al. 

1997) 

" Majority of the primitive progenitors, LTC-IC, are Ph-, 

whereas, many of the differentiated progeny, CFCs, are Ph+ in 

patients' cells (Podesta et al. 1997). 

& vivo study shows long term culture-initiating leukaemic 

cells disappear rapidly from the culture (Udomsakdi et al. 

1992; Luna-Bautista et al. 2003), whereas the colony-forming 

leukaemic cells population increase significantly (Petzer et al. 

1997). 

Feedback Mechanism a Distorted 

N Response to cytokines is less dependent 

Table 2.1: Abnormalities of cell kinetics in CIVIL 
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Various studies have shown that CML cells altered proliferation and maturation patterns in 

response to cytokines stimulation. It has been shown that CML cells are growth factor 

dependent and the addition of different combinations of cytokines can facilitate CML cells to 

differentiate into different lineages (Luna-Bautista et al. 2003). However, a recent study 

demonstrated that CML cultures were less dependent on external cytokines and showed 

better maintenance than normal BM cells without cytokines (Chavez-Gonzalez et al. 2004). 

The possible explanation is that CML cells have enhanced sensitivity to growth factors in 

inducing division and maturation, thus contributing to the abnormal expansion of CML cells 

compared to their normal counterparts (13hatia et al. 2000). Furthermore, it has been 

demonstrated that CML cells have the ability to produce growth factor IL-3 and G-CSF 

under culture conditions (Jiang et al. 1999). 

2.5 Development of ex vivo Bioreactor for Haematopoietic Cell 

Culture 

Successfully constructing an ex vivo haematopoietic cell culture system would serve as a 

valuable tool for understanding the mechanisms of haematopoiesis under normal or 

pathological states. Further, such a system can be use for drug screening studies of the 

dynamics and mechanisms of pharmacological and toxicological actions and also has 

potential clinical applications in bone marrow transplantation (BMT) (Kirschstein and 

Skirboll 2001; Wu et al. 2006). 

In order to reconstitute the bone marrow in an ex vivo environment, the ideal design of an ex 

vivo culture system should structurally and biologically simulate the in vivo state to match in 

vivo haematopoiesis as closely as possible. The design of such a system poses challenges 

because of the complex kinetics of the heterogeneous cell populations and the intricate 

interactions between culture parameters. A lot of effort has been made to investigate the 

crucial design parameters (e. g. reactor type and materials) and operational conditions (e. g. 
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oxygen level, feeding schedule) for the ex vivo expansion of stem cell cultures. In the 

following section, key design parameters that are known to successfully establish primary 

haernatopoietic cell cultures are reviewed and discussed. 

2.5.1 Operational and Cultural Parameters 

2.5.1.1. Inoculum Density (ID) 

Seeding density has been demonstrated to influence the performance of haernatopoietic 

cultures. Zandstra et al. (1994) showed that inoculum density might play a key role in the 

prolonged production of CFC and total cells in suspension cultures. High inoculum cell 

density cultures (IX106 cells/ml) do show significant increase in LTC-lCs and CFCs 

(Zandstra et al. 1994). However, other researchers reported that the expansion of total cell 

number and colony forming unit--granulocyte, macrophage (CFU-GM) was inversely 

proportional to the seeding density (Palsson et al. 1993). Erythropoietic Burst Formation cells 

(BFU-E), however, did not follow this pattern and were not influenced significantly by the 

seeding density. Palsson and co-workers proposed that the optimal seeding density appeared 

to depend on the cell type(s) desired. 

To obtain the maximum expansion or number of cells, consideration needs to be given not 

only to inoculum density but also surface area. Surface area can become a limiting factor for 

generating the desired number of haematopoietic cells (Palsson et al. 1993). Koller et al. 

(1996) reported lower inoculurn density favored cell expansion ratio and higher ID favored 

total cell output. As ID increased, cells (CFU-CM and LTC-IC) output increased, but the 

actual expansion efficiency decreased due to the fact that there was limited availability in the 

culture system (Koller et al. 1996). Similarly, Takagi et al. (2002) demonstrated that limited 

surface area of each porous carrier restricted cell growth; the final cell concentration did not 

show dependency on the inoculum cell density even when cells were supplied with extra 

glucose, glutamine and dissolved oxygen. Therefore, special attention is required when 
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cultivating the more primitive cells, such as CD34-enriched cell cultures; they must be 

inoculated at relatively low density because of their high expansion potential (Koller et al. 

1998). The typical reported inoculum density of mononuclear cells (MNC) is l-3xI 06 

cells/ml and 0.5-lxl 04 cells/ml for CD34+ cells (Brugger et al. 1993; Zandstra et al. 1994; 

Koller et al. 1996; Collins et al. 1998b; Bagley et al. 1999). 

2.5.1.2. Dissolved Oxygen Tension 

Control and regulation of dissolved oxygen level is especially important because undesirable 

oxygen level can cause toxicity or anoxia, and hence influence the expansion of 

haematopoietic cells (Palsson et al. 1993). 

Several studies have reported that oxygen tension in the bone marrow is between 10 and 50 

mmHg (Ishikawa and Ito 1988; Koller and Palsson 1993). That means, approximately, 5% 02 

will be sufficient to provide an environment similar to the in vivo bone marrow 

microenvironment (Lindop and Rotblat 1960; Wright and Bewley 1960). On the other hand, 

in in vitro studies, different oxygen concentration levels produced various results in the 

pattern of cell expansion. Studies have shown that low oxygen concentration increases cell 

expansion, causes the formation of more and larger cell colonies in colony assay cultures, 

favours the differentiation of progenitor cells (Koller et al. 1992a), enhances colony forming 

units (CFU-C), erythroid progenitors (BFU-E), multipotential progenitors (CFU-mix) and 

mouse mast cell progenitors (CFU-mast) (Ishikawa and Ito 1988). Other studies have showed 

that, when comparing culture performance in different oxygen levels in the gas phase, 20% 

oxygen level resulted in enhanced total cell, BFU-E and CFU-GM expansion than the 5% and 

60% oxygen (Palsson et al. 1993). Recently very low oxygen concentration (0.5-5%) has 

been shown to favor the expansion and maintenance of CD34+ by controlling the cell cycle 

of these primitive HSCs (Ivanovic et al. 2000; Hermitte et al. 2006) 
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Most experiments in expanding bone marrow cultures (and other animal cell cultures) are 

carried out using 20% oxygen. Although high concentration of oxygen in the gas phase may 

enhance the mass transfer rate, the oxygen concentration may reach an inhibitory level, which 

can be toxic to cells (Ishikawa and Ito 1988; Palsson et al. 1993). Thus, a well-designed 

system with optimal gas phase oxygen concentration at non-inhibitory levels and sufficient 

driving force for good mass transfer of oxygen to accommodate the higher cell density 

prolific cultures is needed. In addition, special attention is necessary on the diffusion rate of 

dissolved oxygen (DO) in 3-D culture systems, especially when cells are maintained at a high 

density (Glowacki et al. 1998). 

2.5.1.3. Endogenous Growth Factors 

Cytokines play an important role in the regulation of cell expansion and differentiation. 

Different combinations of recombinant molecules or human growth factors have been utilised 

in ex vivo cultures of HSCs to achieve an increased expansion of haernatopoietic stem cells 

and do enable maintenance of long term bone marrow cultures (Koller et al. 1993a; Poloni et 

al. 1997; Balducci et al. 2003). 

In general, some growth factors are more selective, acting on either progenitor cells or their 

differentiated progenies; while other growth factors are less specific, acting on most types of 

cells. For example, CSFs act primarily on relatively committed cells that are not pluripotent 

except for IL-3, while C-kit ligand appears to be one of the critical factors required for early 

cell expansion (Koller and Palsson 1993). Other haematopoietic regulators, such as 

erythropoietin (EPO) and thrombopoietin (TPO), have been identified to mediate the 

production of erythrocytes and platelets, respectively (Metcalf and Nicola 1995). The growth 

factor, granulocyte colony-stimulating factor (G-CSF), is a major growth factor that controls 

the neutrophil regulatory system by controlling the apoptosis rate of neutrophil precursors 

and the rate of HSC differentiation into the neutrophil precursor compartment (Metcalf and 
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Nicola 1995; Bernard et al. 2003). In vitro studies also show that different combination and 

concentration of exogenous cytokine affects HSC expansion and differentiation; thus 

cytokine consumption and supply is an important parameter that requires careful control 

(Koller et al. 1992b; Brugger et al. 1993; Koller et al. 1995a) 

2.5.2 Bioreactor Design and Operation 

As highlighted in the previous sections, the idea of cultivating haematopoietic cells along 

with stromal cells in two-dimensional (2-D) flask cultures was initially suggested by Dexter 

in the late 1970s (Dexter et al. 1973; Dexter et al. 1977). He and his co-workers postulated 

that stromal cells could provide the appropriate growth environment and the required 

signalling molecules for the survival of the haernatopoietic cells. Flask cultures with a 

monolayer growth environment limit the proliferation potential and the viability of cells, and 

though stromal cells were used as the feeding layer, it lack of the 3-13 microenvironment 

observed in in vivo system. The 2-D system leads to significant changes in cell-cell contact 

and cell-substrate interactions (Tun et al. 2002). Furthermore, Dexter cultures operate 

predominantly at static conditions and therefore cannot provide effective mass transfer, 

leading to accumulation of metabolic waste and insufficient nutrient supply for cell growth 

(Wang et al. 1995; Glowacki et al. 1998; Bagley et al. 1999). Although experimental work on 

culture dishes and flasks has provided invaluable information, there are important limitations 

in 2-D systems, which ultimately result in the lack of long-term culture maintenance and 

multi-lineage differentiation. These limitations include the inability to provide a controlled 

culture environment, which can be overcome through the use of bioreactors. 

Bioreactor culture systems have been developed to overcome the limitations of 2-D static 

cultures for haematopoietic stem cell expansion (Koller and Palsson 1993). Most research has 

been focused on developing a bioreactor that mimics the haematopoietic system ex vivo with 

a 3-D arrangement and perfusion features (Wang et al. 1995; Glowacki et al. 1998; 
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Mantalaris et al. 1998; Jelinek et al. 2002). It is reasonable to assume that more effective 

cultures of these cells could occur in an environment that resembles the architecture and 

function of the bone marrow as closely as possible (Highfill et al. 1996). 

The development of a bioreactor system has several advantages over the traditional 2-D static 

methods of culturing haernatopoietic cells. (Nielsen 1999): 1) An automatic control of 

bioreactors can minimize labour-intensive daily feeding and daily culture condition cycles. 

Less physical disruption and contamination can significantly improve the productivity and 

longevity of haematopoietic cultures (Koller and Palsson 1993). Also, some automatic 

systems can monitor pH, 02, nutrients and temperature levels. 2) Higher surface area to 

volume ratio is able to support high cell density growth, in contrast to traditional culture 

systems. This is especially important for high proliferative haematopoietic stem cell research 

for BMT. 3) Dynamic environment with low shear stress conditions within the bioreactor, 

and 4) Allow rapid medium exchange to minimize accumulation of metabolites and to 

increase mass transport. 

2.5.2.1. Shear Stress 

Due to the lack of a cell wall, mammalian cells are susceptible to forces in their environment, 

such as shear stress. Exposure to high shear stress can lead to cell denaturation and 

degradation. However, to achieve cell growth, agitation and aeration may be necessary to 

supply cells with sufficient nutrients and oxygen thus creating shear forces in the culture 

environment. 

Cherry and Papoutsakis (1986) investigated the hydrodynamics effects on cells bounded on 

microcarriers in a stirred reactor, they noted that the possible mechanisms of cell damage 

appeared to result from collision of microcarriers with another microcarriers or the reactor 

walls (Cherry and Papoutsakis 1986). They suggested that a level beyond the threshold of 3- 

10 dyneS/CM2 would be enough to cause cell damage. Cherry and Papoutsakis further 
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suggested the importance of this consideration in the design and operation of bioreactors. 

Among the convectional bioreactors, it was demonstrated that the Rotating Wall Vessel 

(RWV) design is able to provide low shear stress environment for cellular growth while 

supplying sufficient nutrient and oxygen. Goodwin et al. (1993) demonstrated that increasing 

the calculated shear stress from 0.51 to 0.92 dynes/cm 2 in the RWV decreased the 

proliferation and aggregation of cells on microcarriers. They suggested that under low shear 

environment cells focused on the structural and functional growth rather than constantly 

repairing damaging cells in the high shear condition. 

2.5.2.2. Surface Area 

Bone marrow tissue is an extremely prolific tissue; insufficient surface area or space will 

restrict cell growth (Oh et al. 1994), therefore, estimating the proliferative capacity of human 

bone marrow is an important step before designing a culture system. 

In 2-D culture systems, inadequate space causes the cells to saturate with some cell densities 

showing 5-10 cell layers of thickness, so that cells in the bottom layers are far from the 

nutrient and oxygen source. To overcome this limitation, Oh and others (1994) suggested 

periodically to harvest half of the cell population, thereby increasing surface area for cell 

expansion. Increased surface area can effectively reduce cell surface densities, therefore 

improving oxygen and nutrients transfer to the expanding cells. Their study showed that 

frequent harvesting allowed longer growth periods and greater cell expansion than the 

previous single batch expansion protocol (Oh et al. 1994). Another parameter that needs to be 

considered along with periodic harvesting is the time of harvest because different types of 

progenitors show expansion maxima time points. CFU-GM progenitor cell density increases 

with time and reaches a maximum at day 10, while BFU-E reaches a maximum expansion 

point on day 7 (Palsson et al. 1993). 
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Monolayer 2-D growth limits the opportunity for studying high cell density growth in the 3-D 

environment (Glowacki et al. 1998). Many studies have now emphasized the significance of 

the use of 3-D polymeric scaffolds for the growth of HSCs both in static and dynamic culture 

(Bagley et al. 1999; Holy et al. 2000; Tomimori et al. 2000; Banu et al. 2001; Li et al. 2001; 

Tun et al. 2002; Ehring et al. 2003). 

2.5.2.3. Feeding Schedule and Medium Exchange 

Medium exchange rate is a key variable in ex vivo human bone marrow cultivation. Effective 

mass transport can avoid depletion of nutrients and accumulation of metabolites. Martiat et 

al. (1987) found that in vivo perfasion rate in the bone marrow is approximately 10 ml 

blood/100 CM3 marrow/minute (Martiat et al. 1987). To capture such features, the culture 

medium is generally replaced on a daily basis when using the Dexter culture inoculum 

density. However, traditional Dexter cultures require the manual exchange of culture medium 

once or twice a week (Dexter et al. 1977). This medium exchange rate is inadequate, which 

results in maintenance of human haernatopoietic cells that rarely exceeds 12 weeks. 

The Dexter protocol does not provide an optimal environment for maintaining 

haematopoietic cells. However, modifications can be made to the process to enhance cell 

differentiation by increasing the medium exchange rate (Schwartz et al. 1991b). This is 

achieved by developing an automated bioreactor based system to perform the necessary 

medium exchange for the supply of nutrients and the removal of metabolic wastes (Palsson et 

al. 1993). Studies have demonstrated that frequent feeding enhances progenitor cell 

expansion over traditional static cultures and also increases the production of growth factors 

by human stroma (Caldwell et al. 1991; Schwartz et al. 1991a; Schwartz et al. 1991b). 

Similarly, Schwartz's group also demonstrated that rapid perfusion can improve stem cell 

maintenance and proliferation (Schwartz et al. 1991b). When Dexter-type cultures were 

carried out with rapid medium exchange rates, they supported progenitor cell production for 
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at least 20 weeks, which was considerably longer than the static cultures that were previously 

reported by Hocking and Toogood's group (Hocking and Golde 1980; Toogood et al. 1980; 

Schwartz et al. 1991 b). 

2.5.2.4. Bioreactors 

Varying types of bioreactors exist for the expansion of human haematopoietic cells. These 

include: airlift (Sardonini and Wu 1993; Highf ill et al. 1996), hollow fibre (Sardonini and Wu 

1993), suspension (Sardonini and Wu 1993; Zandstra et al. 1994) and perfusion bioreactors 

(Koller et al. 1993a; Koller et al. 1993b; Palsson et al. 1993; Sardonini and Wu 1993; Koller 

et al. 1995a; Sandstrom et al. 1995; Wang et al. 1995; Sandstrom et al. 1996; Mantalaris et al. 

1998; Liu et al. 2006). However, the success rates for such applications are varied. 

Interestingly, the geometry and operating conditions of the bioreactors have been reported to 

affect the cell culture performance (Peng and Palsson 1996; Cabrita et al. 2003). A summary 

of different bioreactors used for haernatopoietic cell cultures is shown in Table 2.2. 

STIRRED/SUSPENSION CULTURE SYSTEM. BM, peripheral blood (PB) and cord blood 

mononuclear cells (CB MNCs) have been successfully propagated in stirred culture systems 

(Sardonini and Wu 1993; Zandstra et al. 1994; Pierson et al. 1996; Collins et al. 1998b; 

Jelinek et al. 2002). Sardonini et al. (1993) reported that BM MNC have the largest relative 

expansion in a suspension bioreactor as compared to hollow fibre and airlift culture systems 

(Sardonini and Wu 1993). Stirred suspension culture system has also been used by Zandstra 

et al. (1994) to support haernatopoiesis using normal human bone marrow cells. The results 

from these studies demonstrated that such systems supports continuous and significant net 

expansion of primitive normal human haematopoietic progenitor cells and stromal cell 

precursors over extended periods (Zandstra et al. 1994). Collin et al. (1998) further 

demonstrated that haernatopoietic cultures, such as peripheral blood and cord blood cells, 

grow well in spinner vessels with or without serum medium (Collins et al. 1998b). 
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Type of Bioreactor Advantages Disadvantages 

SuspensionlStirred N Homogenous environment 0 Do not permit cell-cell 
0 Easy Sampling interaction 
N Easy to scale up N Mechanical agitation induce 

shear stress 
Airlift 0 Easy to scale up N Bubble breakage cause cell 

N Homogenous environment damages 
0 Support high density growth 
N Support stromal layer 

Hollow-fibre N Continuous process N Difficulty in retrieving cells 
2 Shear-free N Difficulty in monitoring 

parameters 
0 Spatial inhomogeneous 

environment 
Perfusion 0 Continuous process a Scale up difficulties 

5 Support stromal layer 0 Difficult to monitor the 
a Clinical Application parameters 

Table 2.2: Summary of different culture systems which has been used for haernatopoietic cell 
culture. 
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One of the advantages of stirred suspension culture systems is that it can provide a 

homogenous environment Of 02 tension (Ferziger and Peric 2001), cytokine concentrations, 

serum components, medium exchange rates and other culture parameters for haernatopoietic 

cells to proliferate and differentiate. In addition, a stirred culture system is more amenable for 

sampling, data collection, control of medium conditions and scale-up (Collins et al. 1996). 

Although they offer several advantages of homogeneity (Zandstra et al. 1994), suspension 

cultures do not permit cell-cell or cell-matrix interactions which are known to be important, 

in particular for haernatopoietic activities (Highfill et al. '1996). Also, the fluid dynamics 

conditions inside the vessel are far from the in vivo environment (Highfill et al. 1996), 

mechanical agitation and fluid shear in the suspension cultures may negatively affect the cell 

growth pattern (Sardonini and Wu 1993). Haernatopoietic cells are relatively sensitive to 

shear (Collins et al. 1996). High shear rate is thought to be unsuitable for ex vivo expansion 

of stem cells and it is very likely that the cells will suffer physical damages (Nielsen 1999). 

AIRLIFT BIOREACTOR. Sardonini and others employed an airlift bioreactor for the cultivation 

of human haernatopoietic stem cells but experienced poor expansion (Sardonini and Wu 

1993). The undesirable results may be due to gas sparging that leads to bubble shear and 

breakage, which may cause cell damages. Though it failed to support human haernatopoietic 

bone marrow cultures, Highfill et al. (1996) demonstrated that this system supports the co- 

culture growth of murine bone marrow and stromal cells (Highfill et al. 1996). 

The advantage of an airlift bioreactor system is that it has low shear stress and can be scaled 

up. Further, it can provide a well-mixed environment, which eliminates many of the 

undesirable aspects of common tissue culture methods such as gradient difference, 

intermittent feeding, static fluid conditions, and limited pH and dissolved oxygen controls. 

HOLLow-FIBRE BIOREACTOR. Sardonini and co-workers compared the expansion of total and 

progenitor cell populations in different bioreactors (Sardonini and Wu 1993). The results 

from the hollow fibre reactor system showed neither growth nor expansion of haernatopoietic 
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cells; possibly due to difficulties and/or inefficiencies in retrieving cells from the 

extracapillary space (ECS) of the bioreactor. They suggested optimizing parameters such as 

fiber type, flow rates and improved methods for cell retrieval could lead to an increase in cell 

yields (Sardonini and Wu 1993). 

2-D PERFUSION BIOREACTOR. Koller et al. (1993) has demonstrated that continuous 

perfusion in the flatbed bioreactor has the ability to expand human haernatopoietic LTC-IC 

and progenitor cells from BM MNC. Their results showed that total cell number increased 10 

fold by day 14, CFU-GM number expanded 21 fold by day 14, BFU-E number expanded 12 

fold by day 8 and LTC-IC number expanded 7.5 fold. A continuously perfused system can in 

fact support the full spectrum of marrow cell development ex vivo and is able to selectively 

expand the number of stem and progenitor cells to transplantable levels (Koller et al. 1993b). 

Research by PaIsson et al. (1993) has also shown that a flatbed perfusion bioreactor system 

inoculated with human MNCs give rise to a 20- to 25-fold and a 10- to 30-fold expansion in 

human MNC and CFU-GM progenitor cells, respectively, over a two-week period (Palsson et 

al. 1993). By frequent harvesting of human bone marrow cells from the perfusion system, Oh 

et al. reported a 100-fold expansion of the total cell population and a 30-fold increase in 

CFU-GM over a 27-day period (Oh et al. 1994). Sandstrom et al. (1996) developed a 

modified perfusion reactor with a "grooved" chamber for the expansion of PB MNCs. The 

system can retain cells while allowing for rapid medium exchange. Their results also showed 

that the perfusion system enhanced CFU-GM expansion and LTC-IC maintenance with the 

addition of IL-3, IL-6, G-CSF and stem cell factor (SCF) (Sandstrom et al. 1996). 

A flow perfusion bioreactor can maintain a uniform distribution of cells on the scaffolds and 

provide adequate levels of oxygen, nutrients and growth factors (Bancroft et al. 2002; Gomes 

et al. 2003). Perfusion bioreactor systems such as flat bed and groove design are able to 

support the stromal layer. However, each perfusion chamber can only sustain limited cell 

densities and scale up is difficult (Nielsen 1999). 
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3-D PERFUSION CULTURE SYSTEM As highlighted previously, an important feature of the 

bone marrow's haernatopoietic inductive environment is its 3-D organisation, which is 

required in controlling in vivo haernatopoietic process. Consequently, the utilisation of 

support matrices that support cells a 3-D growth environment by enhancing cell-cell contact, 

promoting the spatial arrangement of cells, and supporting a high cell density due to their 

high surface area to volume ratio, has been explored (Rosenzweig et a]. 1997; Bagley et al. 

1999; Agrawal and Ray 2001; Banu et al. 2001; Li et al. 2001; Tun et al. 2002). 

To mimic this 3-D cell growth configuration, a 3-D packed bed bioreactor was developed for 

culturing human bone marrow cells on porous microspheres (Wang et al. 1995; Glowacki et 

al. 1998; Mantalaris et al. 1998; Jelinek et al. 2002). The culture system is continuously 

perfused with medium to avoid cycling of the cell growth pattern caused by weekly medium 

exchange (Toksoz et al. 1980). It has also been shown that this type of culture system is able 

to support the differentiation of different lineages in vitro for several weeks (Wang et al. 

1995; Mantalaris et al. 1998). Further, perfusion of medium through 3-D collagen sponges 

enhances viability and functionality of both marrow stromal and haernatopoietic cells. This 

perfused system also supports stromal layer and enhances matrix production and cellular 

migration (Glowacki et al. 1998; Mantalaris et al. 1998; Jelinek et al. 2002). 

Recently, rotating wall vessel (RWV) was used to culture cord blood cells (Figure 2.4). The 

design of this bioreactor overcomes the major limitations of other types of bioreactors: high 

shear stress, inhomogeneous environment, and bubble formation/breakage. RWV is able to 

provide laminar flow, low shear stress and efficient mass transport environment to support 

cell growth (Begley and Kleis 2000; Begley and Kleis 2002). Liu et al. (2006) demonstrated 

that with supply of low dose cytokines and frequent harvest, total expansion increased more 

than 400 times in this type of bioreactor within 10 days (Liu et al. 2006). 
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Figure 2.4: Rotating-Wall Perfused Vessel Bioreactor System (Synthecon, Inc). 
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2.6 Scaffold Material and Architecture 

The utilisation of support matrices that support cells a 3-D growth environment by enhancing 

cell-cell contact, promoting the spatial arrangement of cells, and supporting a high cell 

density due to their high surface area to volume ratio, has been explored (Rosenzweig et al. 

1997; Bagley et al. 1999; Agrawal and Ray 2001; Banu et al. 2001; Li et al. 2001; Tun et al. 

2002). Scaffolds such as CellfoamTm (Banu et al. 2001), tantalum coated porous biomaterial 

(TCPB) (Rosenzweig et al. 1997; Bagley et al. 1999), porous cellulose microspheres 

(Mantalaris et al. 1998), macroporous collagen carriers (Jelinek et al. 2002) and non-woven 

polyethylene terephthalate (PET) matrix (Li et al. 2001) have been used to facilitate a 3-D 

environment that resembles the BM microstructure and promotes expansion of 

haernatopoietic cells, albeit under static conditions. 

3-D scaffold architecture can enhance cell proliferation (Li et al. 2001; Tun et al. 2002) 

because of the highly porous structure which can provide large surface areas to support high- 

density culture growth (Tun et al. 2002). It can also affect the homogeneity of formed tissue 

(Gomes et al. 2003) because the scaffold's interconnecting pores can facilitate the 

rearrangement of dispersed cells (Tun et al. 2002). Tomimori et al. (2000) have observed that 

stromal. cells have different morphology on different porous carriers, affecting their 

haernatopoiesis-supporting activity (Tomimori et al. 2000). 

Therefore, scaffold should possess adequate porosity, interconnectivity, pore size and 

permeability to allow the ingress of cells, growth, and mass transfer (Bagley et al. 1999; 

Agrawal and Ray 2001; Tun et al. 2002). An appropriate surface chemistry is also important 

for cell attachment and proliferation similar to the 3-D haernatopoietic microenvironment 

(Tomimori et al. 2000). A summary of different scaffold used for haernatopoietic cell cultures 

is shown in Table 2.3. 
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Scaffold material 
__7 Porosity/Pore Size References 

Natural material 

Porous cellulose microspheres 95%, 300ýLrn (Mantalaris et al. 1998) 

Macroporous collagen carriers 85%, 100-200ýtrn (Jelinek et al. 2002) 

Synthetic material 

Porous biomatrix - CellfoamTm 90%, Not reported (Banu et al. 2001) 

Tantalum coated porous biornaterial 
(TCPB) 

90%, Not reported 
(Rosenzweig et al. 1997; Bagley 
et al. 1999) 

Non-woven polyethylene terephthalate 
(PET) matrix 

85%, 10-60gm 
I 

(Li et al. 2001) 
I 

Table 2.3: Summary of 3-D scaffold used for the growth and expansion of haernatopoietic 
cells 

2.7 Summary 

The development of a stable ex vivo system for the growth of haematopoietic cells would be 

valuable for the study of the mechanisms controlling haernatopoiesis in BM. The successful 

operation of the system lies between the optimisation of bioreactor design and operational 

parameters. Among the various culture systems, the Rotating Wall Perfused Bioreactor 

(RWPB-Synthecon, Inc) is able to provide a low shear stress and high mass transfer culture 

environment to the cellular components with promising results. However, the complex 

kinetics and transient nature of the cells and intricate interactions between culture parameters 

make it difficult to define the optimum factors and culture conditions to enhance production 

of haernatopoietic cells. An optimisation methodology using experimental techniques would 

be impractical due to cost issues. Thus, a modelling approach is utilized to obtain detailed 

knowledge of the momentum and mass transport characteristics of the bioreactor and to assist 

in designing culture vessel and optimising experiment condition (Williams et al. 2002). 
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Chapter 3 

Simulations and Mathematical 
Models 

In this chapter, computational fluid dynamics modelling strategies and techniques for the 

implementation of the various mathematical models (Chapters 4,5 and 6) developed for this 

work are detailed. In addition, fundamental aspects of porous media, mass transport and 

reaction kinetics (for both normal and CML BM) are emphasised. Furthermore, 

computational models developed by several groups are reviewed and their applicability to 

bone marrow tissue is discussed. 
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3.1 Simulation Environment 

A true understanding of haernatopoietic cultures necessitates amalgamating in vivo 

characteristics of the bone marrow and contributory transport phenomena. The BM 

characteristics were detailed in earlier sections; in the present section, fundamental 

description of Computational Fluid Dynamics (CFD) is offered. As the focus of the present 

work is on determining and highlighting key parameters for ex vivo haernatopoiesis, the use 

of 'ready made' CFD packages is deemed 'fit for purpose'. A plethora of 'ready made' 

packages are available, CFX, Fluent, Numeca, Phoenics, Star-CD to name but a few. The 

basis of CFD is the Navier-Stokes equation, and the main consideration is treatment of 

continuous fluid in a discretised fashion computationally. The CFD solution procedures 

described in the sections below focus on the discretisation method utilises by the CFD 

software used, CFX 4.4 (AnsysID). 

3.2 Discretisation Method 

Discretisation is a class of numerical methods of approximating differential equations using a 

system of algebraic equations set at different discrete locations in space and time. These 

discrete equations give information at each spatial point in the domain, termed a grid. There 

are different techniques for discretisation, including finite difference (FD), finite volume 

(FV) and finite element (FE) methods. The main differences between these approaches lie in 

the way the flow variables are approximated; the method of approximation varies with the 

problem type. Of the methods highlighted, only the finite volume method will be discussed as 

the CFX 4.4 (Ansys&) code has adopted this method. 
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3.2.1 Finite Volume Method 

The finite volume method uses the integral form of the conservation equations as the starting 

point: 

6 fpodV + fpov-ndS 
= 

frgrado-ndS + fkodV 
at 

vssv 
(3.1) 

where t is the time, p is the density, 0 is any conserved intensive property (for mass 

conservation, 0=1; for momentum conservation, 0=v; for conservation of a scalar, 0 

represents the conserved property per unit mass) ,V is the control volume (CV), S is the 

surface enclosing CV, n is the unit vector normal to S, v is the velocity, r is the diffusivity 

of the quantity 0, and k0 is the sink/source of 0. 

The solution domain is subdivided into a finite number of small control volumes (or cells) by 

a grid (or mesh). The usual approach is to define CVs by a suitable grid and assign the 

computational node to the CV centre (Figure 3.1). 

The integral conservation equation applies to each CV, as well as to the solution domain as a 

whole. The global conservation equation is obtained on ýumming the equations for all CVs, 

the surface integrals over inner CV faces balance each other. Typical 2-D Cartesian control 

volumes are shown in Figure 3.1 together with the notation. The CV surface consists of four 

(in 2-D) or six (in 3-D) plane faces, denoted by lower-case letters corresponding to their 

direction (For a 2-D system this equates to East (e), West (w), North (n), South (s)) with 

respect to the central node (P) (Figure 3.1). 

The net flux through the CV boundary is the sum of integrals over the four (in 2-D) or six (in 

3-D) CV faces: 
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