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Abstract 
 

Mesenchymal stem cells (MSCs) hold great promise for application in the field of 

regenerative medicine due to their multipotent capacity and immuno-regulatory 

potential. Paramount to their implementation in the clinic is adherence to EU and 

British regulatory guidelines requiring a clear definition of the previously 

heterogenic MSC population. Single cell cloning studies have revealed the presence 

of cell subpopulations with defined differentiation potential confirming that within 

the bone marrow reside cell subtypes with lineage-specific differentiation 

capacities. Isolation of these cell subtypes may provide an opportunity to apply 

defined cell populations to specific clinical therapies. Isolation of an osteo/chondro 

progenitor based on cell surface marker expression will allow for specific 

application in orthobiologic therapies. The cell surface proteins tissue non-specific 

alkaline phosphatase (TNAP) and syndecan-2 (SDC2) are expressed on bone 

marrow MSCs and in tissues of mesenchymal descent and therefore are highlighted 

as prime candidates for assessment. Therefore, the aim of this thesis was to isolate 

MSCs from human bone marrow using magnetic-activated cell sorting (MACS) and 

fluorescent-activated cell sorting (FACS) and characterise the resultant 

subpopulations based on expression of TNAP and SDC2.  

 

MACS of TNAP-expressing (TNAP
Enr

) MSCs revealed that in addition to enriching 

for the colony-forming unit fibroblasts (CFU-Fs), characteristic of MSCs, TNAP
Enr

 

cells maintained a proliferative capacity, cell surface antigen expression, immuno-

suppressive properties and differentiation potential comparable to Parent, 

unseparated controls. TNAP transcript expression increased during both osteogenic 

and adipogenic differentiation. While TNAP expression may be used as a tool for 

MSC isolation, selection using MACS was not appropriate due to a methodology-

associated increase in cell death. Therefore, fluorescent activated cell sorting 

(FACS) was investigated as an alternative isolation technique. 
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Bone marrow mononuclear cells were isolated by FACS based on expression of 

TNAP and SDC2. SDC2 is a cell surface proteoglycan, involved in angiogenesis, 

with functional roles in embryonic developmental processes. Four cell 

subpopulations TNAP
-
SDC2

-
, TNAP

+
SDC2

+
, TNAP

+
SDC2

-
, and TNAP

-
SDC2

+
 (T

-

S
-
, T

+
S

+
, T

+
S

-
, and T

-
S

+
, respectively) were isolated. Only T

+
 populations adhered to 

tissue culture plastic and formed colonies. Both T
+
S

-
 and T

+
S

+
 isolations enriched 

for CFU-Fs, 1:70 and 1:24 respectively, and maintained cell surface antigen 

expression and immuno-suppressive potential compared to Parent MSCs. Both 

selected populations also exhibited greater proliferation potential. While T
+
S

-
 and 

T
+
S

+
 MSCs showed equivalent osteogenic and chondrogenic differentiation 

capacity to Parent MSCs, T
+
S

+
 cells showed significantly reduced adipogenic 

potential, indicating T
+
S

+
 is an osteo/chondral specific subpopulation. SDC2 

transcript expression during differentiation demonstrated no regulated expression 

during adipogenesis, significant down-regulation on initiation of osteogenesis, and 

at day 14 of chondrogenesis.  

 

To determine if T
+
S

+
 cells retain enhanced osteogenic capacity after implantation, 

subcutaneous bone formation assays were conducted using the Parent, T+S-, and 

T
+
S

+ 
cells in combination with hydroxyapatite/tri-calcium phosphate scaffolds. 

Although the metabolic activity of the cells was maintained upon loading and their 

distribution through the scaffold was uniform, bone formation was not observed 

after 8 weeks in vivo. Minimal indications of bone formation was present in the 

Parent control samples, however both T+S- and T+S+ loaded samples were devoid of 

bone. Passage 0-2 or osteogenically-primed MSCs were used in the majority of 

published in vivo bone studies. The negative results described in this study may be 

reflective of implantation of un-primed, passage 5 MSCs with significantly higher 

cumulative population doublings of both T
+
S

-
 and T

+
S

+
 cells.  

 

Therefore, while T
+ 

expression identifies the CFU-F population from BM, SDC2 

expression further divides progenitors into subpopulations with in vitro tri-potent 

and bi-potent capacities. The in vivo potential of these cell populations, however, 
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remains to be elucidated with the development of more robust assays. This study 

advances the-state-of the-art by identifying MSC markers which can be utilised as a 

means to isolate osteochondral progenitors for applications in orthobiologic 

therapies. The identification of a progenitor population with specific osteo/chondral 

potential provides a unique tool for applications in orthobiologic therapies and 

therefore advances the state-of-the-art in MSC selection. 
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1. Introduction  

1.1 Regenerative medicine 

The field of regenerative medicine, which is still in the early stages of development, 

aims to repair and/or replace damaged tissues or organs with the purpose of 

restoring both structure and function. The achievement of these aims requires a 

combined effort from tissue and bio-engineers, developmental and cell biologists, 

nanotechnologists, stem cell researchers, and molecular biologists, with a view to 

clinical translation.  

For the organs and tissues of the human body to perform and function successfully, 

they rely largely upon the body’s internal processes to maintain constant cell 

homeostasis and repair damaged cells following injury. Often, this process of 

regeneration is dependent upon a population of cells known as “stem” cells which 

act to repair or replenish cells of damaged tissues when required and maintain the 

natural turnover in a tissue (Niwa, 2010). Understanding stem cell mechanism of 

action and regulation is fundamental to the study of embryonic development of 

tissues as well as the potential application of these cells to repair injury. The 

regenerative potential of stem or progenitor cells, which may be tailored to specific 

tissues, therefore holds countless possibilities for future clinical applications. 

1.2 Stem cells  

Stem cell research is one of the most fast-track and cutting-edge fields in modern 

biology. Stem cells have distinct capabilities and are distinguished from other cell 

types by their ability to remain in an unspecialized or undifferentiated state and 

develop or differentiate into a specialized cell type when provided a stimulating 

environment (Johnstone et al., 1998, Mackay et al., 1998, Pittenger et al., 1999, 

Rickard et al., 1994). Stem cells also possess the ability to self-renew and can act to 

replenish cells throughout a body’s lifetime (He et al., 2009, Niwa, 2010, Sacchetti 

et al., 2007), making them an attractive tool for potential medical applications.  
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1.2.1 Embryonic stem cells  

There are two main types of naturally occurring stem cells: embryonic stem (ES) 

cells and non-embryonic or adult stem cells. Culture of mouse ES cells was first 

reported by Evans and Kaufman in 1981, after which Bongso et al described the 

culture of human ES cells (Bongso et al., 1994, Evans and Kaufman, 1981). The 

first continuous human ES cell lines were established in 1998 (Thomson et al., 

1998), offering an insight into the process of embryonic development. ES cells are 

isolated from the early developing embryo, specifically from the inner cell mass of 

blastocysts, and are an attractive therapeutic cell type due to their pluripotency 

(Thomson et al., 1998). From an ethical perspective however, the isolation and 

application of these cells proves controversial due to the required destruction of the 

embryo (Doerflinger, 1999).  

 

1.2.2 Induced pluripotent stem cells 

Research initiated by Takahashi and Yamanaka 2006, and built upon by Park et al 

2008, demonstrated the genetic reprogramming of adult stem cells to a pluripotent 

state thereby providing a means to produce patient-specific stem cells with 

pluripotent ability, without the ethical issues associated with ES cell isolation (Park 

et al., 2008, Takahashi et al., 2007, Takahashi and Yamanaka, 2006). These cells 

are termed induced pluripotent stem (iPS) cells. However, clinical application of 

these iPS cells raises concerns as some of the virally introduced genes required to 

induce pluripotency are oncogenic, specifically c-Myc and Klf4 (Soucek et al., 

2008, Yu et al., 2011). Although advances in iPS cell technology look to induce 

pluripotency with only Sox2 and Oct4 (Huangfu et al., 2008), this method has 

resulted in a reduced transformation efficiency. Research using these cells is still at 

an early stage of development and with the clinical regulatory authorities 

demanding an improvement in both safety and efficacy of potential therapies it 

would appear that significant additional work on iPS development will be required 

(EMA, 2011). 
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1.2.3 Adult stem cells 

Adult stem cells reside in numerous tissues in the body and are harvested from 

patients or healthy donors following informed consent. Adult stem cells therefore 

do not raise the same ethical concerns as ES cell isolation. They have been 

identified in tissues and organs such as the brain (Murphy et al., 1997), bone 

marrow (Friedenstein et al., 1966), peripheral blood (Kondo et al., 2003), skeletal 

muscle (Bujan et al., 2005), adipose tissue (Gimble and Guilak, 2003), skin (Watt, 

2002), heart (Messina et al., 2004), and liver (Alison and Sarraf, 1998). As adult 

stem cells do not give rise to as many cell types as ES cells, they can more 

accurately be termed multipotent stem cells. However, ES cells have been 

demonstrated to form teratomas (Nussbaum et al., 2007), whereas mesenchymal 

stem cells (MSC) are immuno-modulatory (Le Blanc et al., 2003a) and are not 

associated with tumour formations. While their differentiation potential may not be 

as extensive as ES cells, they still provide an attractive, ethically acceptable 

alternative for potential therapeutic applications due to their multipotent nature, 

ease of isolation, and in vitro expansion potential (Bartholomew et al., 2002, 

Caplan, 1991, Friedenstein et al., 1968, Le Blanc et al., 2003b, Pittenger et al., 

1999, Prockop, 1997).  

 

1.3 Mesenchymal stem cells 

In the 1950s, bone marrow (BM) was discovered to contain at least two populations 

of stem cells (Ford et al., 1956). One population, hematopoietic stem cells (HSCs) 

mature to form blood cell types from the myeloid and lymphoid lineages (Muller-

Sieburg et al., 2002). HSCs have been well characterised and their ability to 

generate or maintain the hematopoietic system has been applied regularly in clinical 

applications (Giarratana et al., 2005).  

 

The second population, supporting stromal cells, were originally examined for the 

significant role they play in the formation and development of the hematopoietic 

microenvironment (HME). Cohnheim first suggested over 150 years ago that BM, 
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as a source of fibroblasts, could aid the wound healing process in numerous 

peripheral tissues and cited by Prockop et al (Prockop, 1997). However, it was not 

until work pioneered by Friedenstein et al (1966) that this population of supporting 

cells were described as a plastic-adherent, fibroblast-like cell type, with the ability 

to form colonies in vitro (Friedenstein et al., 1966). The stromal cells were later 

shown to differentiate into cells from mesenchymal lineages such as chondrocytes 

(Bruder et al., 1990), osteoblasts (Friedenstein et al., 1966) and myoblasts 

(Wakitani et al., 1995) as illustrated in Figure 1.1 (Caplan, 1989). From this work 

and Friedenstein’s seminal data, Caplan hypothesized that a subpopulation of the 

marrow stromal cell population was linked to the mesenchymal tissues formed 

during embryogenesis and he suggested the cells be termed “mesenchymal stem 

cells” (Caplan, 1991). 

 
 

Figure 1.1 The mesengenic process. This hypothetical process diagram was developed with a 

strong knowledge of embryogenesis. The format reflected the hematopoietic dogma described for the 

bone lineage (Owen 1985). The original hypotheses regarding regenerative potential of MSCs for 

damaged bone and cartilage was based on the knowledge that osteoblasts and chondrocytes were 

derived in lineage-progression pathways mirrored on the left, while the lineages at the right 

(tendon/ligament, adipose, and connective tissue) were largely unstudied. Various details were added 

as processes were elucidated, with the original version appearing first in Caplan 1989 until the 

current model (Bonfield and Caplan, 2010, Singer and Caplan, 2011). 
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1.3.1 Properties of MSCs 

Since their discovery in the BM, MSCs have been isolated from a variety of other 

tissues including the synovium  (De Bari et al., 2001, Djouad et al., 2005), adipose 

tissue (De Ugarte et al., 2003), umbilical cord blood (Bieback et al., 2004), skeletal 

muscle (Bujan et al., 2006) and placenta (Prather et al., 2009), leading back to the 

debate as to the most suitable term to describe these cells; “stem” or “stromal”. In 

addition to the differentiation pathways illustrated in Figure 1.1, MSCs have also 

been reported to adopt characteristics of non-mesenchymal cells. Several studies 

have described the in vitro differentiation ability of MSCs extending further than 

tissues originating from the mesenchymal lineages including neural cells 

(Bossolasco et al., 2005, Tropel et al., 2006), endothelial cells (Cao et al., 2005, 

Oswald et al., 2004, Reyes et al., 2002), hepatic cells (Sato et al., 2005, Schwartz et 

al., 2002, Sgodda et al., 2007), and cardiomyocytes (Yoon et al., 2005). This 

however remains a controversial field of study in which there are numerous reports 

that also oppose this theory (Liu and Rao, 2003, Rose et al., 2008). For example, 

Rinkevich and colleagues (2011) demonstrated that lineage-restricted progenitors 

were responsible for regeneration of digit tip without trans-differentiation, by which 

the ectoderm of the tip was derived from pre-amputation progenitor cells, and these 

cells did not contribute to any other lineage (Rinkevich et al., 2011). These findings 

were supported by Lehoczky et al (2011) in which they showed that both the 

ectoderm and mesoderm contained lineage-specific progenitor cells that are 

responsible for regenerating their own lineages within the digit tip (Lehoczky et al., 

2011).  

 

As a source of MSCs, BM-isolated cells show a high capacity for differentiation 

into several cell types when compared to the alternative sources. Table 1.1, 

generated by Mafi et al (2011) summarizes the differentiation potential of adult 

MSCs isolated from various tissue sources (Mafi et al., 2011) and displays the 

extensive differentiation potential of BM MSCs providing therapeutic candidates 

for a wide range of diverse disease applications. However it is also evident that the 
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majority of studies are conducted using BM MSCs and therefore alternative sources 

may in time prove more effective following additional studies. 

 

Table 1.1 Adult MSC isolated from various tissues and their differentiation potential  

 

Adult MSC Sources 

 

Multilineage Differentiation Potential 

 

Authors 

Bone Marrow Adipocyte 

Astrocyte 

Cardiocyocyte 

Chondrocyte 

Hepatocyte 

Mesangial cell 

Muscle 

Neuron 

Osteoblast 

Stromal cell 

Embryonic tissue 

Pittenger et al 

Kopen et al 

Fukuda et al 

Johnstone et al 

Petersen et al 

Ito et al 

Ferrari et al 

Azizi et al 

Pittenger et al 

Majumdar et al 

Jiang et al 

Muscle Adipocyte, myotubes 

Endothelial cell, neuron 

Chondrocyte 

Osteocyte 

Wada et al 

Qu-Petersen et al 

Adachi et al 

Bosch et al 

Dermis Adipocyte, chondrocyte, osteoblast Young et al 

Trabecular bone Adipocyte, chondrocyte, osteoblast, muscle Noth et al 

Adipose tissue Chondrocyte, muscle  

Osteoblast , stromal cell 

Zuk et al  

Gronthos et al 

Periosteum Chondrocyte, osteoblast Nakahara et al 

Pericyte Chondrocyte Diefenderfer et al 

Blood Adipocyte, osteoblast, osteoclast, fibroblast Zvaifler et al 

Synovial membrane Adipocyte, chondrocyte, osteoblast, muscle De Bari et al 

Compiled and referenced by Mafi and colleagues (Mafi et al., 2011).  

 

Another clinically relevant feature of MSCs is their ability to modify immune 

functions (Uccelli et al., 2006, Le Blanc et al., 2003a, Griffin et al., 2010). Several 

reports have demonstrated MSC immunosuppressive properties by which MSCs 

modulate many T-cell functions including cell activation and proliferation (Beyth et 

al., 2005, Le Blanc and Ringden, 2005, Keyser et al., 2007, Duffy et al., 2011, 

Bartholomew et al., 2002). T-cells are the central effector cells for autoimmune 

diseases and for rejection of transplanted organs and tissues (Ely et al., 2008). 

Therefore the ability of MSCs to suppress this effect generates considerable interest 
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and potential for treatment of a number of inflammatory associated musculoskeletal 

problems and immune irregularities following organ transplant, such as graft-

versus-host disease (Cyranoski, 2012).  

 

1.3.2 BM MSCs and orthopaedics 

MSCs were originally isolated from BM and as such are therefore the most 

advanced in the clinic with trials in phases 1-3, either active or recruiting. The main 

areas of focus include, Crohn’s disease, critical limb ischemia, bone and cartilage 

repair, liver and cardiac diseases, and treatment for diabetes (clinicaltrials.gov 

October 2012).  

 

Orthopaedic research addresses both the structure and function of bone and 

associated joint tissues. The United Nations and the World Health Organization 

elected 2000–2010 the “Bone and Joint Decade” which resulted in a huge effort to 

increase awareness and direct a focus to better understanding orthopaedic 

conditions (Woolf, 2000). These conditions are rarely lethal and therefore do not 

hold the same attention as other disease types. However, orthopaedic disorders are 

extremely prevalent and can cause a considerable reduction in quality of life and 

place excessive financial burden on both individuals and societies (Evans et al., 

2009). 

 

BM MSCs are regularly applied in orthopaedic studies supported by several 

publications, describing their superior potential to MSCs sourced from alternative 

sources. For example Vidal and colleagues (2008) compared the chondrogenic 

potential of equine MSCs isolated from BM to adipose MSCs (a-MSCs) and 

demonstrated that BM MSCs produced a more hyaline-like matrix with superior 

glycosaminoglycan (GAG) production (Vidal et al., 2008). Additional in vivo data 

published by Niemeyer et al (2010) showed that BM MSCs enhanced the repair of a 

tibial osteochondral defect when compared to a-MSCs (Niemeyer et al., 2010). 

These studies and others indicated that for orthopaedic therapies BM MSCs may 
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prove a likely candidate for focusing current efforts. As a result, BM MSCs 

generally serve as the ‘gold standard’ against which other MSC sources are 

measured. 

 

1.4 Isolation of human BM MSCs 

BM-derived human MSCs isolated from the superior iliac crest of the pelvis, 

comprise a very small fraction of the total nucleated cells present (0.001-0.01%) 

(Pittenger et al., 1999). BM MSCs are isolated by direct plating of the BM aspirate 

to tissue culture plastic, allowing the MSCs to adhere while the non-adherent HSCs 

are easily removed (Luria et al., 1971). Alternatively, isolation of BM MSCs can be 

achieved by density gradient centrifugation which fractionates the components of 

BM aspirate based on their size and density (Dazzi et al., 2006, De Witte et al., 

1983). Following separation, the mononuclear cell fraction can be easily harvested 

and cultured as for direct plating where adherent, cultured BM MSCs display a 

fibroblastic morphology.  

 

However, the heterogeneous nature of MSC cultures following standard isolation 

procedures, presents a significant problem in translating MSC therapies to clinical 

applications. This heterogenic population contains clones which are restricted to 

one or two differentiation pathways. Often with increasing passage, the number of 

multipotent clones decreases and clones become limited to a single lineage. 

Muraglia et al (2000) demonstrated that 30% of human BM clones displayed tri-

lineage potential, and 60-80% showed osteo/chondral differentiation abilities, while 

clones with osteo/adipo or chondro/adipo differentiation capacities were not 

detected (Muraglia et al., 2000). Russell and colleagues (2010) also assessed clonal 

differentiation potential in BM MSC revealing clones with all eight possible 

lineages, 50% of which were tri-potent, followed by sequential prevalence of 

osteo/chondral and osteo-specific clones, with minimal numbers displaying the 

remaining lineage differentiation pathways (Russell et al., 2010). Bafi et al (2000) 

published similar findings with 34% of clones with tri-potency, 61% osteo-chondro 
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clones, and 5% osteo-restricted (Banfi et al., 2000). MSC clones isolated from the 

synovium were also demonstrated to display either tri-lineage differentiation 

potential (30%) or osteo/chondral specific (70%) potential (Karystinou et al., 2009). 

These studies show that within the MSCs population reside progenitors with 

defined differentiation potential. Evident from these studies is the consistent reports 

of the presence of tri-potent and osteo/chondral clones. Isolation of these cells could 

provide a means to treat specific disease states. 

 

While isolation of MSCs is currently achieved by direct plating, several alternative 

methods have been developed in an attempt to enhance MSC selection. These 

include density gradient centrifugation, alkaline lysis, cell sieving and cell filtration, 

or adherence to plastic-coated human or animal-derived extracellular matrix (ECM) 

proteins (Hung et al., 2002, Ogura et al., 2004, Pittenger et al., 1999, Tondreau et 

al., 2004). While these techniques have demonstrated encouraging results, the 

resulting cell population still remains largely undefined.  

 

Antibody-based selection of cells provides an improved means to better identify and 

isolate the MSC starting population. Magnetic activated cell sorting (MACS) 

separates cells by incubation with magnetic nanoparticles coated by antibodies 

against a specific surface antigen. This method relies on cells expressing an antigen 

of interest binding to the magnetic nanoparticles. The cell solution can then be 

applied to a column and a magnetic field applied, by which the cells attached to the 

nanoparticles (expressing the antigen) are retained in the column, while the other 

cells flow through providing a highly enriched cell population (Miltenyi et al., 

1990). Commercially, this method has employed the use of a number of colony 

forming unit (CFU) selective markers for specific enrichment of MSCs such as 

tissue non-specific alkaline phosphatase (TNAP). Fluorescence-activated cell 

sorting (FACS) is a method utilized to sort heterogeneous populations of cells into 

two or more fractions, one cell at a time, based on fluorescent signals and specific 

patterns of light scattered by each cell depending on their shape and size 

(Herzenberg and De Rosa, 2000). Both methods have been successfully applied in 
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the isolation and purification of MSCs (Buhring et al., 2007, Gronthos et al., 2003, 

Jarocha et al., 2008, Jones et al., 2002) 

 

1.5 In vitro differentiation of MSCs  

Pittenger and colleagues built on the collective findings from a number of earlier 

studies to publish on the multilineage potential of BM MSCs in 1999 (Pittenger et 

al., 1999). Research based on the results of these in vitro and in vivo studies 

indicated possible multipotency of MSCs (Cassiede et al., 1996, Dennis and Caplan, 

1996, Haynesworth et al., 1992b, Jaiswal et al., 1997, Leboy et al., 1991, Bruder et 

al., 1990, Bruder et al., 1997, Bruder et al., 1998, Johnstone et al., 1998, Mackay et 

al., 1998, Oreffo et al., 1997, Owen, 1988, Owen and Friedenstein, 1988, Pittenger 

et al., 1999). Specifically, Pittenger described the isolation, expansion and 

differentiation of BM MSCs isolated from the iliac crest and that by exposure to 

specific culture conditions, clonal MSC populations could differentiate into 

osteocytes, chondrocytes and adipocytes in vitro (Pittenger et al., 1999).  

 

Human MSCs osteogenically differentiate in the presence of ascorbic acid-2-

phosphate, dexamethasone, β-glycerol-phosphate and FBS (Muraglia et al., 2003, 

Pittenger et al., 1999, Bruder et al., 1997, Rickard et al., 1994). When exposed to 

these supplements, BM MSCs assume a cube-like morphology with increased 

alkaline phosphatase activity and deposit hydroxyapatite (HA) in the extracellular 

matrix and express early osteogenic markers such as osteopontin (Rickard et al., 

1994) Differentiation is confirmed histologically by Alizarin Red S or Von Kossa 

staining of calcium deposits or phosphate respectively and quantified by 

measurement of calcium levels. During osteogenic differentiation various 

osteogenic markers are expressed, including osteopontin, collagen type I and 

osteocalcin (Jaiswal et al., 1997, Ilmer et al., 2009). 

 

Induction of adipogenesis in BM MSCs is achieved by culture with insulin, 

dexamethasone and isobutylmethylxanthine in the presence of fetal bovine serum 
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(Murphy et al., 2002, Pittenger et al., 1999). Differentiation is confirmed by the 

accumulation of lipid-filled vesicles, visualised by Oil red O staining. 

Quantification of lipid accumulation is established by extraction of Oil red O stain 

from the lipids formed and analysis of its absorbance. Adipocytes express markers 

of adipogenic differentiation, such as peroxisome proliferation receptor γ2, 

lipoprotein lipase and fatty acid binding protein (Ponce et al., 2008, Qian et al., 

2010). 

 

Chondrogenic differentiation in vitro can be induced in high-density, three-

dimensional, pellet cultures in serum-free medium containing transforming growth 

factor β (TGF-β) -1 or -3 (Johnstone et al., 1998, Mackay et al., 1998). When 

cultured in this manner BM MSCs lose their fibroblastic-like appearance and 

become rounded and chondrocyte-like. Chondrogenic differentiation also initiates 

expression of several cartilage-specific molecules normally found in native 

cartilage, including collagen type II, aggrecan, link protein, fibromodulin, cartilage 

oligomeric matrix protein, decorin, and chondroadherin (Barry et al., 2001). 

Quantification of chondrogenesis is performed by biochemical analysis of GAGs 

normalised to DNA content with dimethylmethylene blue (DMMB) and DNA 

assays respectively (Barbosa et al., 2003, Panin et al., 1986). Histological detection 

of collagen type II and proteoglycans by immunohistochemistry and staining with 

Safranin O, Alcian blue or Toludine blue may also be performed to verify 

chondrogenic differentiation. 

 

Current standards dictate the necessity of assays such as these to support the 

translation of therapeutic MSCs to the clinic. However, various studies have 

emerged demonstrating in vitro findings are not always mirrored when transferred 

to in vivo experiments. For example, De Bari and collaborators investigated whether 

in vitro pre-differentiated synovial MSCs express chondrocyte markers or form 

ectopic stable cartilage in vivo. They found that the phenotype generated in vitro 

appeared to be unstable and was not sufficient to obtain ectopic formation of stable 

cartilage in vivo (De Bari et al., 2004). 
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1.6 Criteria for MSC identification 

There is no universally accepted or standardised protocol for isolation or 

characterisation of BM derived MSCs. Therefore, the assessment and comparison 

of data sets between laboratories remain difficult to interpret. The differences 

between MSC isolation methods resulted in a universal debate among the research 

community as to the most suitable defined characteristics of an MSC, especially in 

terms of cell surface marker expression. The International Society for Cellular 

Therapy (ISCT) proposed a consensus phenotype for MSCs for laboratory-based 

scientific investigations and pre-clinical studies (Dominici et al., 2006). Their 

criteria for defining characteristics of human MSCs are; a) they must adhere to 

tissue culture plastic b) express CD105, CD73 and CD90 and not CD34, CD45, 

HLA-DR, CD14 or CD11b, CD19 or CD79α and c) be able to differentiate into 

osteoblasts, adipocytes and chondrocytes under standard in vitro differentiating 

conditions. However, further research reveals that many other cell types also 

possess these characteristics (Ishii et al., 2005). Therefore, the ISCT criteria 

primarily allows for the exclusion of hematopoietic cells which may contaminate 

MSC cultures. As a result, there still remains an incomplete understanding of the 

regulation of MSC commitment and differentiation. Based on upcoming regulations 

translation into clinical studies will require further refinement of the definition of 

MSCs and clarity on their mechanism of action (BSI and BIS, 2011, EMA, 2011).  

 

Although their definition remains unclear, MSCs are under clinical investigation. In 

May 2012, Osiris Therapeutics’ adult stem cell therapy Prochymal® became the 

first stem cell product to go to market, when they received approval from Health 

Canada for the use of their product in treatment of acute GvHD for children who 

failed to respond to steroids (Cyranoski, 2012). While this is certainly an 

advancement in MSC therapy, this break-through also highlights the difficulties 

involved in attaining market approval for MSC-based products, considering the 

enormous research focus in this area to this point.  
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In the European Union (EU), government bodies such as the European Medicines 

Agency (EMA), the Committee for Advanced Therapy (CAT) and the British 

Standard Institute (BSI) are implementing more stringent requirements for MSC 

trials. In 2011, the CAT adopted a reflection paper on stem cell-based medicinal 

products CAT/571134 (EMA, 2011) establishing the basis of future EU Advanced 

Therapy Medicinal Product (ATMP) legislation. Similarly, at the end of 2011 the 

BSI released Publicly Available Specification-93 (PAS-93) outlining the 

characterisation of cells and cell therapy products (BSI and BIS, 2011). Together 

with CAT/571134 from the EMA, PAS-93 is expected to formulate a British 

Standard for Cell Therapy in 2013.  

 

The key issues include:  

 

Lack of purity: Importantly, both EU and BSI documents highlight the BM 

plating method of isolation of MSCs as inadequate for defining or purifying these 

cells for clinical use, as only approximately 1 in 80,000 bone marrow mononuclear 

cells (BMMNC) plated result in CFUs. Both documents note a requirement for 

additional markers to define and prospectively isolate cells for therapeutic use.  

 

Bio-equivalence across species: In addition, PAS-93 and CAT/571134 

highlight the need to show bioequivalence between human MSCs and the rodent 

MSCs used in pre-clinical studies, to allow for faster translation between pre-

clinical and clinical trials. 

 

Mechanism of action: Finally, both documents outline the requirement for 

bio-distribution and mechanism of action studies to be incorporated into future EU 

clinical MSC Investigation Medicinal Product Dossiers (IMPD) and Investigator 

Brochures (IB). 
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Therefore, in moving forward to clinical applications and market production, the 

basics of MSC biology will need to become a primary focus. 

 

1.7 MSC surface markers 

To address the EU and BSI recommendations several groups have set out to identify 

cell surface markers of MSCs and many monoclonal antibodies (mAb) have been 

generated.  

 

1.7.1 MSC markers and cross-species reactivity 

For the pre-clinical evaluation of MSC efficacy, the availability of antibodies to 

identify MSCs across a variety of species is very important and allows for faster 

translation between pre-clinical and clinical studies. Selection of animal models for 

MSC pre-clinical trials is largely dependent on the disease type in question. While 

species-specific antibodies for smaller animals such as mouse and rat are in 

reasonable supply, the availability of MSC-selective antibodies which react with 

larger animal species are limited, such is the case with CD105, CD73 and CD90 

(Table 1.2). Therefore, the majority of work to date has been performed using anti-

human antibodies which do not always cross-react with these species. There are a 

number of antibodies which have shown potential to react with MSCs in a variety 

of different species, such as W8B2, and therefore provide an opportunity to advance 

the current state of the art in moving stem cell therapies forward to a clinical 

setting. Listed in Table 1.2 (constructed by Boxall and Jones, 2012) are surface 

antigens expressed on cultured MSCs from different species.  
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Table 1.2 Surface antigen expression on MSCs from different species 

Surface 

Antigen 
Human Mouse Rat Rabbit Primate Dog Pig Goat Sheep Cow Horse 

CD34 - 

- 

+- 
+ 

 +- 
NC 

- 

NC 

- 

NC 

- 
NC 

- 

NC 
 - 

(Devine et al., 2001, Dominici et al., 2006, Jiang et al., 2002, Lee et al., 2011, Mrugala et al., 2008, Noort et al., 2012, Pelekanos 

et al., 2012, Pellettieri and Sanchez Alvarado, 2007, Pittenger et al., 1999, Ranera et al., 2011, Rozemuller et al., 2010, Sun et al., 

2003) 

+CD44 ++ ++ +  NC 
NC 

+ 

NC 

++ 
NC 

++ 

NC 
++ 

- 

+ 
 

(Barzilay et al., 2008, Delorme et al., 2008, Jones et al., 2008, Lee et al., 2011, McCarty et al., 2009, Mrugala et al., 2008, Noort 

et al., 2012, Pelekanos et al., 2012, Pittenger et al., 1999, Radcliffe et al., 2010, Ranera et al., 2011, Rozemuller et al., 2010, 

Bonfield and Caplan, 2010, Sun et al., 2003, Zannettino et al., 2010) 

CD49e ++ ++ ++    -     

(Delorme et al., 2008, Harting et al., 2008, Noort et al., 2012, Pelekanos et al., 2012) 

CD45 - 
- 

+- 

- 

+- 
 - 

NC 

- 

NC 

- 
NC 

- 

NC 
+- - 

(Barzilay et al., 2008, Comite et al., 2010, Devine et al., 2001, Dominici et al., 2006, Harting et al., 2008, Jiang et al., 2002, Jones 

et al., 2008, Karaoz et al., 2009, Lee et al., 2011, Mrugala et al., 2008, Noort et al., 2012, Peister et al., 2004, Pelekanos et al., 

2012, Pittenger et al., 1999, Ranera et al., 2011, Rozemuller et al., 2010, Sun et al., 2003, Zannettino et al., 2010) 

CD73 ++ +- ++  ++ - - - - NC - 

(Bexell et al., 2009, Delorme and Charbord, 2007, Delorme et al., 2008, Dominici et al., 2006, Harting et al., 2008, Jones et al., 
2008, Pelekanos et al., 2012, Ranera et al., 2011, Rozemuller et al., 2010) 

CD90 ++ 

++ 

+ 
- 

++  ++ 
- 

+ 
++ - -  ++ 

(Barzilay et al., 2008, Comite et al., 2010, Delorme et al., 2008, Devine et al., 2001, Dominici et al., 2006, Harting et al., 2008, 

Jiang et al., 2002, Karaoz et al., 2009, Noort et al., 2012, Peister et al., 2004, Pelekanos et al., 2012, Pittenger et al., 1999, Ranera 

et al., 2011, Rozemuller et al., 2010, Bonfield and Caplan, 2010) 

CD105 ++ 
+ 

++ 
++  

++ 

+ 
- 

- 

NC 
++ 

- 
+- 

- 
NC - 

(Comite et al., 2010, Delorme et al., 2008, Devine et al., 2001, Dominici et al., 2006, Harting et al., 2008, Jones et al., 2008, 

Karaoz et al., 2009, Lee et al., 2011, Mrugala et al., 2008, Noort et al., 2012, Pelekanos et al., 2012, Pittenger et al., 1999, 
Rozemuller et al., 2010, Sun et al., 2003) 

CD146 ++    ++ + 
++ 
+ 

- ++   

(Delorme et al., 2008, Noort et al., 2012, Rozemuller et al., 2010) 

CD271 +-    + +- +- +- +-   

(Delorme et al., 2008, Noort et al., 2012, Rozemuller et al., 2010) 

STRO-1 ++  ++    +-  -   

(Harting et al., 2008, McCarty et al., 2009, Noort et al., 2012, Simmons and Torok-Storb, 1991) 

W8B2 +     + + + ++ +-  

(Noort et al., 2012, Rozemuller et al., 2010) 

 
Original compiled by Boxall and Jones (Boxall and Jones, 2012). [NC: no cross-reactivity. Symbols 

indicate marker expression levels: −: no expression; +−: <5% expression; +: 5−50% expression, ++: 

50−100% expression].  
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1.7.2 Human MSC Markers 

The growing interest in MSC therapies calls for identification of a defined MSC 

population from a scientific, clinical and regulatory prospective (EMA, 2011). This 

focus has revealed several molecules that may prove useful in the identification and 

purification of MSCs (Boxall and Jones, 2012). Table 1.3 lists common antibodies 

which recognise specific antigens on the cells surface. 

 

Table 1.3 Antibodies used to detect antigens on human MSCs 

Antibody Antigen 

CD105 Endoglin 

CD73 Ecto-5’nucleotidase 

CD90 Th-1 

CD44 Hyaluronic acid receptor 

CD271 Low-affinity nerve growth factor receptor 

CD146 Melanoma cell adhesion molecule 

W8B2 Tissue non-specific alkaline phosphatase 

Stro-3 Tissue non-specific alkaline phosphatase 

Stro-1 Unknown  antigen 

CD106 Vascular cell adhesion molecule-1 

CD56 Neural cell adhesion molecule 
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In 1992, culture-expanded BM-derived MSCs were used to immunize mice, after 

which their spleens were harvested and hybridoma cell lines generated. From these 

cell lines the antibodies SH2, SH3, and SH4 were developed and shown to be non-

reactive with hematopoietic cells (Haynesworth et al., 1992a). SH2 was later 

demonstrated to recognize endoglin (CD105), the TGF-β3 receptor, while both SH3 

and SH4 were revealed to bind to the surface protein CD73, ecto-5′nucleotidase 

(Barry et al., 2001, Barry et al., 1999). CD73 is involved in mediating cell-cell 

interactions within the BM microenvironment, immune regulation and migration 

(Barry et al., 2001, Eckle et al., 2007, Ode et al., 2011). However, SH2, SH3 and 

SH4 are also expressed on skin fibroblasts (Ishii et al., 2005, Jones et al., 2004)  and 

have restricted expression across species (Table 1.2), limiting their application. 

Therefore, the combined use of the anti-CD90 antibody (Haeryfar and Hoskin, 

2004) with SH2 and SH3 or SH4 for surface characterisation of MSCs is of 

importance. CD90, the Thy1 antigen is hypothesised to have a critical function in 

cell interactions. CD105, CD73 and CD90 are well documented to be expressed at 

high levels throughout MSC culture regardless of passage number; however, their 

expression should not be interpreted as indicators of multi-potentiality (Pittenger et 

al., 1999).  

 

CD44 is a cell surface receptor for hyaluronic acid and is also expressed on cultured 

MSCs (Aruffo et al., 1990, Conget and Minguell, 1999). As a receptor for a widely 

expressed ECM protein, CD44 is displayed in most cell types and is therefore not 

MSC specific (Delorme et al., 2008, Lowell and Mayadas, 2012). A recent study by 

Qian et al (2012) used flow cytometry, functional assays and molecular methods to 

demonstrate that the MSCs residing in the BM are CD44-negative and that CD44 

expression in MSC cultures occurs only after plating (Qian et al., 2012), making 

this marker unsuitable for specific MSC isolation. 

 

To enhance its potential for clinical applications anti-human STRO-1 antibody was 

combined with an anti-CD106 antibody (Vascular Cell Adhesion Molecule; 

VCAM-1). This combination of STRO-1 and CD106 (STRO-1
+
CD106

+
) isolated a 
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cell population highly enriched for colony forming unit-fibroblasts (CFU-F), 

enhanced from STRO-1 selection alone (Gronthos et al., 2003). Expression of 

CD106 was also demonstrated to be reduced in culture, particularly during 

differentiation (Liu et al., 2008), and is hypothesised to be an important marker for 

selection of an undifferentiated MSC, although contradicting reports describe its 

expression in chondrocytes (Diaz-Romero et al., 2005, Kienzle and von Kempis, 

1998). Currently, this is the optimal reported human MSC:Mononuclear cell (MNC) 

at a ratio of 1:3 by which for every 3 MNCs plated, 1 colony is formed and 

therefore the population is well defined and of high purity. The world-wide 

application of this MSC isolation method is difficult as STRO-1 selection is based 

on “Bright” expression and cytometrists have not agreed on a definition for 

“Bright” expression. The antigen to which STRO-1 binds remains unidentified 

making translation of STRO-1 isolated cells to clinical trials quite unlikely (Boxall 

and Jones, 2012). Additionally, STRO-1 is an IgM antibody which regularly results 

in problems associated with poor solubility, adherence to sample tubes and 

precipitation into buffers of low ionic strength.  

 

The low affinity nerve growth receptor (LNGFR), also known as CD271, first came 

to light as a potential MSC marker when a study by Jones et al (2002) demonstrated 

that CFU-F activity in MSCs was related to LNGFR expression (Jones et al., 2002). 

Since then many studies on CD271
+
 cell selection have been carried out, although 

the exact function of CD271 in MSCs remains unclear. A recent study using human 

cells derived from the jaw periosteum (JPCs) demonstrated that CD271 expression 

was induced during the first five days of osteogenesis and expressed at higher levels 

in mineralizing JPCs than non-mineralising JPCs. Therefore, it was suggested that 

CD271 could be considered an early surface marker of osteogenic potential 

(Alexander et al., 2009). Conversely, another research group assessed dental pulp 

stem cell cultures in which CD271 was hypothesized to act as a key regulator of the 

maintenance of the undifferentiated status of MSCs by inhibiting osteogenic and 

adipogenic differentiation abilities (Mikami et al., 2011). Therefore, the exact role 

of CD271 on the cell surface of MSCs remains undefined. 
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However, due to its potential to enrich for MSCs, anti-CD271 antibodies were 

commercialized as an MSC purification tool (Jones et al., 2002). More recently the 

combination of CD271 expression-based isolation techniques were employed with 

other reagents such as anti-CD146 antibodies, also referred to as Melanoma Cell 

Adhesion Molecule (MCAM). Like CD271, CD146 has been commercialized for 

cell selection (Bardin et al., 2001) using MACS microbeads. Sacchetti and 

colleagues (2007) identified a population of CD146+ sub-endothelial human BM 

cells enriched for CFU-Fs. When transplanted subcutaneously into immunodeficient 

mice these cells generated bone and a hematopoietic environment (Sacchetti et al., 

2007). Even more recently, it was shown that CD146 expression on CD271
+
 MSCs 

may correlate more with their in situ localization (Tormin et al., 2011). Specifically, 

CD271+CD146+ expression correlated with sub-endothelial sinusoidal CFU-Fs, 

while expression of CD271+CD146
low

 mainly localised to bone-lining cells in 

marrow. Additionally, a study by Maijenburg et al 2012 revealed that the 

distribution of CD271
bright

CD146
-
 and CD271

bright
CD146

+
 subsets relates to donor 

age. In adults the main cell population was CD271
bright

CD146
-
, whereas the 

CD271brightCD146+ population was most prevalent in paediatric and fetal BM 

(Maijenburg et al., 2012). Therefore the age of the CD271 BM donor must be 

critically evaluated before harvesting cells for clinical application. Collectively 

these studies highlight that MSC heterogeneity is potentially related to physical 

location in the marrow. 

 

1.8 Tissue non-specific alkaline phosphatase (TNAP) 

Buhring and colleagues developed several IgG1 monoclonal antibodies against a 

retinoblastoma cell line (Vogel et al., 2003). Four years later, a flow cytometric 

screen for co-staining of more than 200 of these monoclonal antibodies with CD271 

demonstrated that the W8B2 antibody had high selectivity and staining intensity for 

CD271bright BM cells (Buhring et al., 2007). As CD271bright cells contain CFU-Fs 

from BM (Jones et al., 2002) the W8B2 antigen was similarly hypothesised to be 
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expressed on MSCs. Concurrently, Neural Cell Adhesion Molecule (NCAM; 

CD56), a marker for natural killer, neural, and muscle cells, was also found to be 

expressed on a small subset of BM CD271bright cells. Further, characterisation of the 

cell populations isolated by expression of CD271
bright

 and both CD56 and the W8B2 

antigen (termed “MSCA-1 antigen”) resulted in a cloning efficiency 2 to 4 times 

higher in the CD271
bright

MSCA-1
+
CD56

+
 subset than in the CD271

bright
MSCA-

1
+
CD56

–
 subset. These subpopulations also revealed distinct differentiation 

potential by which chondrocytes and pancreatic-like islets were predominantly 

derived from CD271
bright

MSCA-1
+
CD56

+
 cells whereas adipocytes emerged 

exclusively from CD271
bright

 MSCA-1
+
CD56

−
 cells (Battula et al., 2009). Although 

quantitative data have never been conducted to confirm these findings reported by 

Battula et al 2010, they indicate the presence of lineage-restricted progenitors in the 

BM which can be isolated by cell surface antigens. 

 

Sobiesiak et al (2010) identified the W8B2 antigen as TNAP, an ecto-enzyme 

expressed at high levels in liver, bone, and kidney as well as in ES cells (Nosjean et 

al., 1997, Sobiesiak et al., 2010). Alkaline phosphatase expression has been 

demonstrated on perivascular cells present in MSCs from the endometrium 

(Schwab and Gargett, 2007). The pericyte population has recently been identified as 

the in vivo source of MSCs (Crisan et al., 2011), supported by a publication by 

Caplan (2008) confirming that while there will be a number of exceptions, all 

MSCs were, in general, pericytes (Caplan, 2008). The stromal precursor antigen-3 

(STRO-3) antibody, already known to recognise the in vivo BM MSC, was also 

demonstrated to bind TNAP (Gronthos et al., 2007). Gronthos and colleagues 

(2007) demonstrated STRO-3
+
 selection of a subpopulation of BMMNC with 

extensive proliferation potential and the ability to differentiate into bone, cartilage, 

and adipose tissue in vitro and lamellar bone in vivo (Gronthos et al., 2007).  

 

Various studies have also described a role for TNAP in in vivo studies. TNAP 

deficiency in mice and humans results in hypophosphatasia, which is characterized 

by poorly mineralized bones and spontaneous fractures (Narisawa et al., 2001). 
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Furthermore, in TNAP knockout mouse models several organ systems are affected, 

resulting in a decrease in total adipose tissue, impaired motor coordination, bowed 

tibia and abnormal muscle morphology (Anderson et al., 2004, Narisawa et al., 

1997). TNAP is also well documented to function in bone mineralisation by 

providing free inorganic phosphate and by degrading inorganic pyrophosphate, 

which inhibits bone mineralization (Anderson et al., 2004, Fedde et al., 1999). 

These collective findings revealed TNAP plays a role in differentiation of 

mesenchymal tissues. 

 

Anti-TNAP antibodies have been developed commercially as an MSC selection 

tool, similar to anti-CD271 antibodies and tested in vivo. In 2012 a single injection 

of STRO-3
+
 MSCs into damaged intervertebral discs resulted in significant 

regeneration of disc structure, as characterised by an increase in both proteoglycan 

content and disc height (Ghosh et al., 2012). These findings have supported the 

commencement of an additional phase II clinical trial, currently in the recruiting 

stages, for a study entitled “Safety and Preliminary Efficacy Study of Mesenchymal 

Precursor Cells (MPCs) in Subjects With Chronic Discogenic Lumbar Back Pain” 

(Mesoblast, 2011).  STRO-3+ cells have also been applied in another phase II study 

in 2011, assessing allogenic MSCs in patients with ischemic and non-ischemic heart 

failure. While primary endpoints were not met, the STRO-3
+
 MSCs were found to 

be safe for future applications.  

 

1.9 Syndecan-2 (SDC2) 

An exciting and novel prospective surface marker for selection of MSCs is the 

transmembrane heparan sulphate proteoglycan SDC2, also known as fibroglycan or 

CD362. As part of the EU funded program PurStem, Dr Stephen Elliman and 

colleagues at Orbsen Therapeutics Ltd (OrbsenTherapeuticsLtd, 2012) conducted 

Affymetrix transcriptional microarray analysis to generate comparable profiles for 

MSCs, five fibroblast lines, CD34+ cells and smooth muscle cells. Bioinformatic 

comparative cluster analysis of these data identified at least 1008 protein-coding 
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RNAs that discriminated MSCs from fibroblasts. Further analysis specifically 

selected for cell surface protein-coding RNAs which were significantly enriched in 

MSCs compared to all tested lines, lacking in haematopoietic subpopulations, and 

MSC-relevant or associated with mesenchyme phenotype in mouse 

knockout/mutant models. These criteria yielded candidate MSC-enriched cell-

surface protein-coding RNAs for further analysis, including SDC2 

(OrbsenTherapeuticsLtd, 2012). Following its transcriptional identification as a 

potential surface marker of BM MSCs, its cell surface expression was verified by 

flow cytometry. Further analysis also demonstrated that the anti-SDC2-APC 

antibody labels the CD45
low

/CD271
bright

 population of BMMNCs, previously 

reported to contain all CFU-Fs (Jones et al., 2002), again strengthening its potential 

as a marker of MSCs. 

 

During vertebrate development, left-right signalling pathways establish asymmetric 

gene expression patterns in neurula-stage embryos and regulate subsequent 

asymmetric morphogenesis in the heart, viscera, and brain (Tabin, 2006). In 2002, 

Kramer and Yost demonstrated that SDC2 functions in left-right patterning during 

early embryonic development in Xenopus, specifically by transmitting left-right 

information to migrating mesoderm (Kramer and Yost, 2002). Interestingly, during 

murine development, SDC2 is expressed at sites of cell-cell and cell-matrix 

interactions including the epithelial-mesenchymal interfaces at pre-chondrogenic 

and pre-osteogenic mesenchymal condensations, and it persists in perichondrium, 

periosteum, and connective tissue cells (David et al., 1993). SDC2 protein is also 

detected in proliferating skeletal progenitor cells at the basal lamina (BL) beneath 

the apical endodermal ridge (AER) in developing forelimb bud at 10.5 days post 

coitum (De Arcangelis et al., 1999). 

 

The role of SDC2 in embryonic development highlights its importance in the 

mesoderm, strengthening its potential as a marker of the in vivo MSC. The 

unpublished findings of Orbsen Therapeutics Ltd, by which SDC2 was identified on 

the basis of its specificity for MSCs and further analysis which demonstrated its co-
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expression with CD271 (OrbsenTherapeuticsLtd, 2012) makes a strong case for its 

potential to advance the current state of the art and align with upcoming regulatory 

guidelines to better define the MSC. 
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1.10 Thesis aims and objectives 

With recent advances in moving from clinical trials to market approval for the first 

MSC therapy drug Prochymal
®

, the medical field is strongly focused on future 

MSC therapies (Cyranoski, 2012). While initial trials for Prochymal® proved 

successful, the majority of MSC clinical trials are not progressing past phase II, 

indicating inconsistencies when moving in vitro and pre-clinical results to clinical 

assessment (Ankrum and Karp, 2010, Otto and Wright, 2011),  

 

In an attempt to address this discrepancy, the EMA are in the process of updating 

current requirements regarding cell purity, bioequivalence between surface markers, 

and mechanism of action of MSCs; for these new regulations will be critical in 

directing the future of the MSC field and the development of clinical therapies 

(EMA, 2011). 

 

Currently, the isolation protocols for BM MSCs are highly variable between 

laboratories and significantly influence the phenotype of the isolated MSC. This 

level of inconsistency must be addressed to comply with future clinical regulations 

and reduce variation between MSC batches. Identification of a pure, more clearly 

defined MSC population will aid in both standardising MSC isolation procedures 

and translating these findings to good manufacturing practice (GMP) production of 

MSCs for clinical trials.  

 

Hypothesis 

Within the BM reside MSCs with lineage-specific differentiation capacities. 

Isolation of an osteo/chondro progenitor based on cell surface marker expression 

will allow for specific application in orthobiologic therapies. TNAP and SDC2 are 

expressed on BM MSCs and in tissues of mesenchymal descent. Therefore it is 

hypothesised that isolation of progenitors from the BM based on expression of 

TNAP and SDC2 will select an MSC population with enhanced potential for 

clinical trials. 
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This thesis addresses the following specific aims: 

 

1. Evaluation of MACS to select BM MSC subpopulations based on TNAP 

cell surface expression. 

This study aimed to assess the potential of MACS to isolate TNAP-expressing BM 

MSCs. In vitro characterisation was accomplished by determining subpopulation 

purity following MACS selection and subsequent assessment of CFU-F selection, 

expansion ability, cell surface phenotyping, immunosuppressive capacity and tri-

lineage differentiation potential of subpopulations.  

 

2. Characterisation of FACS-isolated TNAP- and SDC2-expressing BM 

progenitor subpopulations.  

The objective of this investigation was to optimise an efficient method for FACS of 

TNAP- and SDC2-expressing BM MSCs and to characterise these subpopulations 

for CFU-F and expansion capacity, cell surface phenotype, and immunosuppressive 

and differentiation potential.  

 

3. Assessment of in vivo osteogenic potential of T
+
S

-
 and T

+
S

+
 

subpopulations. 

The aim of this research was to determine the capacity of the TNAP
+
SDC2

-
 (T

+
S

-
) 

and TNAP
+
SDC2

+
 (T

+
S

+
) cell subpopulations (identified in Chapter 3) to form bone 

in vivo using subcutaneous implantation assays. Here, cells were loaded onto 

hydroxyapatite/tri-calcium phosphate (HA/TCP) -based scaffolds and assessed for: 

MSC metabolic activity to ensure cells remain active following encapsulation, cell 

presence and distribution in the scaffold, and bone formation in vivo to assess their 

osteogenic potential. 
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2.1 Introduction 

Human MSCs have promise in regenerative medicine due to their multipotent 

nature, ease of isolation and immuno-modulatory capacity (Bartholomew et al., 

2002, Caplan, 1991, Friedenstein et al., 1968, Le Blanc et al., 2003b, Pittenger et 

al., 1999, Prockop, 1997). Their potential for therapeutic application is apparent, 

with positive results from a number of pre-clinical studies and the recent market 

approval for the first MSC therapy drug Prochymal
®

 (Cyranoski, 2012). However, 

most phase 3 clinical MSC trials fail to meet primary endpoints (Ankrum and Karp, 

2010), indicating a discrepancy when translating the in vitro and pre-clinical 

findings to the clinic. 

 

In the EU, government bodies including the EMA, CAT and BSI are implementing 

more stringent requirements for the commencement of MSC trials. In 2011, both 

CAT (EMA, 2011) and BSI (BSI and BIS, 2011) released documentation regarding 

cell therapy which is expected to formulate the basis of a British Standard for Cell 

Therapy in 2013. These documents list cell purity, bioequivalence between markers 

and mechanism of action as the key points of focus for directing future research for 

clinical therapies. 

 

To comply with these guidelines one point that current research must centre on is 

better defining the MSC populations isolated. At present, adult BM MSCs are 

isolated using non-standardized methods and expanded by laboratory-dependent 

culture conditions. With isolation and expansion techniques significantly 

influencing the phenotype of the isolated cell, comparison of pre-clinical results 

generated between laboratories is extremely difficult.  

 

A common method of MSC isolation is direct plating, where BM aspirate is plated 

onto tissue culture plastic, resulting in the isolation of a largely heterogeneous cell 

population (Phinney et al., 1999). Several cloning studies have described that 

differentiation capacities of cells isolated from the same starting cell population can 



Chapter 2  

 

 

 

29

vary, indicating the presence of possible progenitor populations with mono-, bi- or 

tri-lineage potential (Russell et al., 2010, Banfi et al., 2000, Muraglia et al., 2000). 

The isolation of these progenitor sub-populations may provide an opportunity to 

tailor MSC therapies toward specific clinical applications. 

 

While standardisation of MSC isolation techniques requires attention, there is some 

agreement on characteristics which define cultured MSCs. The ISCT released an 

industry-accepted definition of a MSC. They must a) be adherent when expanded 

on tissue culture plastic, b) express CD105, CD73 and CD90 and not CD34, CD45, 

HLA-DR, CD14 or CD11b, CD19 or CD79α and c) be able to differentiate into 

osteoblasts, adipocytes and chondrocytes under standard in vitro differentiating 

conditions (Dominici et al., 2006). These phenotypes however, have also been 

described as characteristic of other cell types (Ishii et al., 2005). Therefore, the 

unique, absolute definition of MSC phenotype remains elusive. Advancement into 

the clinic will require a direct focus on fundamental MSC biology and a defining 

cell surface marker combination. 

 

A promising method for MSC selection exploits antibodies that recognise unique 

MSC surface proteins. Many different markers have been investigated to date, such 

as CD105, CD271 and STRO-1 (Jarocha et al., 2008, Jones et al., 2002, Simmons 

and Torok-Storb, 1991), resulting in enrichment of CFUs. However, many of these 

markers are either expressed on other cell types, recognise unknown antigens or 

require selection based on ambiguous terms such as “bright” fluorescence.  

 

Building on the current state of the art, research led by Buhring et al (2007) 

identified several antibodies with the potential to select MSCs from BM, based on 

antigen co-expression with CD271 (Buhring et al., 2007). One specific antigen 

identified by the antibody, W8B2, was shown to co-express with CD271bright cells, 

demonstrating its potential to identify MSCs. Recently the antigen to which W8B2 

binds was identified as TNAP (Sobiesiak et al., 2010), also recognized by the 

antibody STRO-3 (Gronthos et al., 2007).  
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The in vivo function of TNAP further supports its association with the 

mesenchymal lineage. Elimination of TNAP expression affects several 

mesenchymal-derived tissues, including a decrease in total adipose tissue, and bone 

mineralisation, bowed tibia and abnormal muscle morphology (Anderson et al., 

2004, Narisawa et al., 1997).  

 

Following the production of the W8B2 antibody, Buhring and colleagues conducted 

subsequent investigations with the incorporation of CD271 or CD56 antibodies 

(Battula et al., 2009, Buhring et al., 2007, Buhring et al., 2009) while Gronthos and 

collaborators selected cell populations based on expression of both STRO-1 and 

STRO-3 antigens (Gronthos et al., 2007, See et al., 2011). A recent publication by 

Kim et al (2012) described isolation of subpopulations of MSCs based on TNAP 

expression, however cells were separated following culture expansion after which 

cell phenotype may have altered (Kim et al., 2012), a finding demonstrated by Qian 

et al (2012) regarding CD44 expression (Qian et al., 2012). However, little 

information has been generated regarding primary BM MSCs selected by W8B2 or 

TNAP expression alone, therefore characterisation of these cells remains to be fully 

elucidated. 

 

Within the BM there resides a population of MSCs with osteo/chondral potential 

that can be isolated with multi-antibody selection (Battula et al., 2009, Gronthos et 

al., 2007). Firstly, to gain a better knowledge of the in vitro characteristics of 

TNAP, TNAP-expressing BMMNCs were isolated using MACS technology and the 

purity determined by flow cytometric assessment. The resultant cell subpopulations 

were characterised for expansion potential, cell surface marker expression, 

differentiation capability and immunosuppressive capacity in vitro. 
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2.2 Materials & Methods 

All materials were supplied by Sigma-Aldrich unless otherwise stated. 

 

2.2.1 Isolation and expansion of human BM MSCs 

BM was obtained from the iliac crest of healthy donors, following informed consent 

and with ethical approval by the Clinical Research Ethical Committee at University 

College Hospital, Galway. Human mononuclear cells were isolated from BM by 

density gradient centrifugation and expanded in culture by plating on plastic, either 

immediately following centrifugation, or following MACS. Briefly, approximately 

30 ml BM aspirate was obtained from each donor. Ten ml of BM was placed in a 50 

ml sterile centrifuge tube and diluted with 20 ml autoMACS rinsing solution (2 mM 

EDTA in phosphate buffered saline [PBS], pH 7.2; Miltenyi Biotec). This diluted 

BM suspension was passed through a pre-wetted 70-100 µm cell strainer (BD 

Falcon) to ensure a single cell suspension was achieved. The filtered suspension 

was halved and carefully layered over 2 x 20 ml Ficoll-Paque Plus (GE Healthcare) 

in sterile 50 ml centrifuge tubes. The layered suspension was centrifuged at 700 x g 

for 30 min at room temperature, without deceleration. The upper layer was 

aspirated and discarded, while the interface layer, containing BMMNC, was 

carefully transferred to a sterile 50 ml centrifuge tube. Approximately 30 ml 

autoMACS rinsing solution was added to the BMMNC suspension and gently 

mixed to wash the cells. The cell suspension was centrifuged at 400 x g for 10 min 

at room temperature and the supernatant aspirated. The wash step was repeated and 

cells resuspended in 10 ml autoMACS rinsing solution. A 10 µl aliquot of this 

suspension was removed and combined with 10 µl trypan blue. Of this 1:1 cell 

suspension 10 µl was transferred to a haemocytometer and cell number determined. 

BMMNC were either plated at a primary cell density of 1.6 x 10
5
cells/cm

2
 or 

prepared for MACS (described in section 2.2.2). Complete MSC medium [alpha 

minimum essential medium (α-MEM; Gibco), 10% heat-inactivated (HI, incubated 

at 60°C for 1 hour before initial use) FBS, 1% non-essential amino acids (NEAA) 

and 1% penicillin/streptomycin] supplemented with 5 ng/ml basic fibroblast growth 
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factor (bFGF-2, R&D Systems), was added to the flasks to a final volume of 25 ml 

per T-175 flask. Human MSCs (Parent MSCs) were expanded in normal growth 

conditions by incubation at 37°C, 5% CO2 and 90% humidity. On day 5, medium 

was aspirated from the flask and 25 ml of fresh complete MSC medium was added. 

Medium was replaced twice weekly and sub-culture was performed when colonies 

become 70% confluent (between days 10 and 17). Subsequently, cultures were 

passaged at 5-10 day intervals and expanded to passage 4 (described in section 

2.2.3). 

 

2.2.2 Isolation of TNAP enriched and depleted cell fractions 

Following the isolation of BMMNC by density gradient centrifugation, a fraction of 

the BMMNC population was further sorted based on their expression of TNAP by 

MACS using anti-TNAP Microbeads (Miltenyi Biotec) according to the 

manufacturer’s instructions.  

 

2.2.2.1 Magnetic labelling 

Briefly, following BMMNC isolation, cells were passed through a pre-wetted 40 

µm cell strainer to obtain a single cell suspension, after which cells were counted on 

a haemocytometer. The cell suspension was centrifuged at 400 x g for 10 min at 

4°C and the supernatant aspirated. The cells, on ice, were resuspended in 60 µl pre-

cooled autoMACS rinsing solution, containing 0.5% bovine serum albumin (BSA), 

per 10
7
 total cells. Twenty µl FcR Blocking Reagent (Miltenyi Biotec) and 20 µl 

anti-TNAP Microbeads were added per 10
7
 cells, mixed gently, and incubated at 

4°C for 15 min. Cells were washed in 5 ml of pre-cooled autoMACS rinsing 

solution, followed by centrifugation at 400 x g for 10 min at 4°C. The supernatant 

was removed and cells resuspended in 1 ml pre-cooled autoMACS rinsing solution. 

 

2.2.2.2 Magnetic separation 

An MS (for 10
7
 maximum magnetically labelled cells, or 2x10

8
 maximum total 

cells) or LS (for 10
8
 maximum magnetically labelled cells, or 2x10

9
 maximum total 

cells) column (Miltenyi Biotec) was placed in the magnetic field of the appropriate 
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MACS separating unit (Miltenyi Biotec), as recommended. A sterile 50 ml 

centrifuge tube was placed under the column for collection of the unlabelled 

(TNAPDep) cell fraction. The empty column was washed with 500 µl to 3 ml pre-

cooled buffer (depending on column size required) and collected in a sterile 

centrifuge tube. The cell suspension was applied to the column in 500 µl aliquots 

and allowed to flow through by gravity. Once the unlabelled cells had passed 

through, the column was again washed three times with 500 µl to 3 ml pre-cooled 

buffer and collected in the centrifuge tube. The column was removed from the 

magnetic force and placed on a fresh sterile 15 ml centrifuge tube, then washed 

through with 1 to 5 ml pre-cooled buffer that was allowed to drip through. A second 

volume (1 to 5 ml) of pre-cooled buffer was flushed through using the column 

plunger, forcing the TNAP
Enr

 labelled cells into the fresh 15 ml centrifuge tube. 

 

2.2.3 Sub-culturing of human MSCs 

Once expanding MSCs reached 70% confluence they were sub-cultured. In brief, 

the medium was removed and cells washed with PBS (Mg
++

 and Ca
++

 free). The 

cells were then incubated at 37°C with 0.25% trypsin/EDTA (at 5 ml per T-175 

flask) for 5 min, followed by gentle tapping to ensure the cells detached. Complete 

MSC medium was added to the flask and the detached cell suspension was 

transferred to a sterile centrifuge tube. The cell suspension was centrifuged at 400 x 

g for 5 min at room temperature, the supernatant was aspirated and cells 

resuspended in 5 to 10 ml of complete MSC medium. The cells were counted as 

described in section 2.2.1 and plated at 1 x 103/cm2 or cryopreserved at 1 x 106 

cells/ml in FBS with 10% dimethyl sulfoxide (DMSO). 

 

2.2.4 Colony forming unit-fibroblast assay 

CFU-F assays were conducted to assess the clonogenic capacity of MSCs. 

Following the isolation of BMMNC by density gradient centrifugation or MACS, 

cell fractions were assessed for their ability to form colonies. In short, after 

determining cell number, 1 x 104 to 3 x 106 BMMNC were resuspended in 10 ml 

complete MSC medium and plated (in triplicate) onto 56 cm
2
 sterile plates. The 
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cells were incubated at 37°C, 5% CO2 and 90% humidity and the medium changed 

twice weekly. The plates were removed from incubation following formation of 

colonies (between days 10 and 14) and washed twice in PBS, fixed in 10% neutral 

buffered formalin for 30 min, followed by a second PBS washing step. The plates 

were then stained for 30 sec in crystal violet (2.3% crystal violet, 0.1% ammonium 

oxalate and 20% ethyl alcohol) and rinsed in distilled water (dH2O) to reveal CFU-

Fs formed. To determine CFU-F/1 x 10
5
 BMMNC, a grid was drawn on the bottom 

of the plate and the colonies (≥50 cells) were counted using an inverted light 

microscope (Olympus CKX41). 

 

2.2.5 Cumulative population doublings 

Total population doublings (PD) is the total number of times the MSCs have 

doubled after seeding was calculated. Human MSCs were cultured from primary 

(BMMNC) to passage 5. Following each passage the population doublings were 

calculated based on the initial number plated and the number of cells harvested 

versus the duration of  culture time (in days). To account for differences in actual 

numbers of adherent cells present in the initial BMMNC cultures, the initial number 

of cells seeded was set as the number of CFU-F formed (i.e., if 10 CFU-F were 

formed, then 10 was set as the number of cells seeded). The following formula to 

calculate PDs was applied:  

 

ln (N-harvest/N-initial) 

 

ln2 
 

 

N-initial = CFUs formed following 14 days of initial primary culture. 

N-harvest = number of MSCs harvested at confluence.  

Cumulative population doublings (CPDs) was set as the sum of PD over time. 

 

 

PD = _________________ 
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2.2.6 Adipogenic differentiation 

Adipogenic potential of MSCs was determined by measurement of lipid formation. 

Following passage 2, MSCs were seeded into 4 wells of a 6-well plate, at 2 x 10
5
 

cells/well (2.1x10
4
/cm

2
) and expanded until confluent. Wells containing control 

cultures received standard complete MSC medium (section 2.2.1) throughout 

culture, while treated cultures received adipogenic induction medium (Dulbecco’s 

modified eagle medium (DMEM) high glucose, 10% FBS, 1% 

penicillin/streptomycin, 10 µg/ml insulin, 1 µM dexamethasone, 500 µM 

isobutylmethylxanthine and 200 µM indomethacin) for 3 days, followed by 1 day 

treatment with maintenance medium (DMEM high glucose, 10% FBS, 1% 

penicillin/streptomycin and 10 µg/ml insulin). This induction/maintenance cycle 

was repeated twice more with the final maintenance extended to 7 days. The cells 

were then preserved in 10% formalin for 30 min, rinsed twice with PBS and stained 

with Oil Red O working solution [1 ml distilled water to 1.5 ml Oil Red O stock 

solution (0.3 g in 100 ml 99% isopropanol)] for 5 min. Excess stain was removed 

with a 60% isopropanol wash and cells rinsed well with tap water. The cells were 

then stained for 1 min with haematoxylin and rinsed with warm tap water. Water 

was added to the wells to cover the culture for microscopy, using a light microscope 

(Olympus 1X71) with imaging software and camera (Olympus cell^P). 

 

2.2.6.1 Oil red O staining & analysis 

Following analysis by microscopy and photography, the water was removed from 

the wells and discarded. Oil Red O was extracted from lipid vesicles by treating 

cells twice with 99% isopropanol (500 µl per well), which was collected, pooled 

and transferred to a 1.5 ml eppendorf tube (1 per well). Extracted Oil Red O was 

centrifuged at 500 x g for 2 min to pellet any cellular debris and 200 µl of the 

supernatant was transferred to a 96-well plate (in duplicate) for analysis. Lipid 

formation, based on the absorbance obtained from the extracted stain, was 

quantified using a spectrophotometer (Wallac Victor3TM 
1420 Multilabel Counter) 

at an absorbance of 490 nm. All extracted stain samples were standardized to a 

control of 99% isopropanol. 
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2.2.7 Osteogenic differentiation 

Osteogenic potential was assessed by quantifying calcium deposition. Following 2-

4 passages, MSCs were seeded into a 6-well plate at 2 x 10
5
 cells/well (2.1 x 10

4
 

cells/cm2), and allowed to adhere for 24 h. Wells containing control cultures (3 

wells) received standard complete MSC medium (section 2.2.1) throughout culture, 

while treated cultures (3 wells) received osteogenic medium (DMEM low glucose, 

10% FBS, 1% penicillin/streptomycin, 100 nM dexamethasone, 50 µM ascorbic 

acid 2-phosphate and 10 mM β-glycerophosphate). All wells were fed twice weekly 

for 14-17 days, after which plates were assessed for calcium deposition.  

 

2.2.7.1 Analysis of calcium deposition 

Calcium deposition was quantified using the Stanbio Calcium Liquicolor Kit 

(Stanbio). Samples (2 control, 2 treated wells) were washed twice with PBS 

followed by the addition of 1 ml 0.5 M HCl to each well. The cells were scraped 

and transferred to individual 1.5 ml eppendorf tubes. The samples were shaken 

overnight at 4°C and centrifuged at 3,000 rpm for 5 min to pellet any cellular 

debris. Standards were prepared according to manufacturer’s instructions with 0.5 

M HCl and dH2O ranging from 0.05 µg to 1.5 µg. Stanbio Calcium (CPC) 

Liquicolor working solution (1:1 working dye to binding reagent) was added to 

standards and samples in a 96-well plate as per manufacturer’s instructions (200 µl 

per well) and incubated at room temperature, in the dark, for 15 min. Samples were 

assayed in duplicate by detecting their absorbance on a Wallac Victor3™ 1420 

Multilabel Counter spectrophotometer at 550 nm and quantified by comparison to 

the standard curve. 

 

2.2.7.2 Alizarin red staining 

Alizarin Red S staining, which stains calcium deposits a red/orange, was carried out 

on the remaining osteogenic wells (1 control, 1 treated). The wells were washed 

twice with PBS and preserved in 95% methanol for 10 min on ice. Preservation was 

followed by washing twice in dH2O and staining with 2% Alizarin Red S Solution 
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(2 g Alizarin Red S dissolved in 100 ml dH2O, with pH adjusted to 4.1-4.3) for 5 

min in the dark. The cells were rinsed quickly in distilled water and left to dry, 

protected from light. Microscopy was carried out on moistened cultures using a 

light microscope (Olympus 1X71) with imaging software and camera (Olympus 

cell^P) 

 

2.2.8 Chondrogenic differentiation 

Human MSC pellet cultures were used to assess chondrogenic differentiation. For 

each different treatment group, chondrogenic pellets were created in quadruplicates 

in sterile 15 ml centrifuge tubes, containing 2 x 105 MSCs per pellet. The MSCs 

were centrifuged at 100 x g for 5 min and suspended in incomplete chondrogenic 

medium (ICM: DMEM high glucose, 50 µg/ml ascorbic acid, 40 µg/ml proline, 100 

nM dexamethasone, 1% ITS+ supplement (BD Biosciences), 0.11 mg/ml sodium 

pyruvate, 1% L-glutamine, 1% penicillin/streptomycin and 1% NEAA). 

Centrifugation was repeated and MSCs resuspended in 500 µl complete 

chondrogenic medium (CCM: ICM supplemented with 10 ng/ml TGF-β3 [R&D 

Systems]) per pellet. The MSCs were again centrifuged at 100 x g for 5 min and 

incubated at 37°C, 5% CO2 with 90% humidity with their caps loosened to allow 

for gaseous exchange. Medium was changed 3 times weekly and the pellets 

harvested at day 21 for histology (n=1) or DMMB and PicoGreen assays (n=3). 

 

2.2.8.1 DMMB analysis 

DMMB analysis was used to evaluate chondrogenic pellet cultures for sulphated 

GAG content. The pellets were individually digested overnight at 60°C in papain 

(papaya) digestion buffer (papain dissolved in dilution buffer at 25 µg/ml). 

Standards were prepared using chondroitin-6-sulfate dissolved in dilution buffer (50 

mM sodium phosphate, 2 mM EDTA, 2 mM N-acetyl cysteine, pH 6.5) to attain 

concentrations ranging from 0 µg to 2.0 µg. Duplicates for each digested pellet and 

standard were added to individual wells of a 96-well plate, followed by the addition 

of DMMB stock solution (16 mg of DMMB dissolved in 5 ml reagent grade 100% 

ethanol, combined with 2.73 g NaCl, 3.04 g glycine and 0.69 ml of concentrated 
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HCl (11.6 M) in distilled water adjusted to pH 3 and volume completed to 1 L), to 

all standards and digested pellet samples. Absorbance levels of all cultures were 

quantified using a Wallac Victor3™ 1420 Multilabel Counter fluorescent plate 

reader at 595 nm within 5 min of the addition of DMMB stock solution. 

 

2.2.8.2 PicoGreen assay 

The content of DNA per pellet was assessed using the Quant-iT PicoGreen dsDNA 

assay kit (Molecular Probes). Required solutions were prepared according to the 

manufacturer’s instructions.  In brief, papain digested samples were diluted 1 in 25 

in DMMB dilution buffer. One hundred µl (in triplicate) of both samples and 

standards provided (DNA 100 µg/ml diluted in 200 mM Tris-HCl, 20 mM EDTA, 

pH 7.5), were added to the wells of a 96-well black flat-bottomed plate, followed by 

the addition of PicoGreen solution (diluted in Tris-EDTA; TE). The plate was 

incubated for 3 min at room temperature, followed by assessment of fluorescence 

by excitation at 485nm and emission at 538 nm on a Wallac Victor3™ 1420 

Multilabel Counter fluorescent plate reader.   

 

The data gathered from both DMMB and DNA assays allowed for results to be 

displayed as the quantity of µg GAG per pellet normalized to µg DNA content. 

 

2.2.8.3 Safranin O staining 

After 21 days of chondrogenic differentiation (section 2.2.8), chondrogenic pellets 

were washed twice in PBS and preserved in 10% neutral buffered formalin for 30 

min. The pellets were stained briefly with eosin and tightly enveloped in pieces of 

Whatman filter paper (Whatman), pre-soaked in 10% neutral buffered formalin. 

The pellets were placed in individual tissue cassettes within the automated tissue 

processor, Leica ASP300S. Here, the pellets were dehydrated and infiltrated with 

paraffin wax to prepare for sectioning (cycles of 70%, 95%, 100% IMS, xylene and 

paraffin wax). Pellets were removed from the cassettes and filter paper, and 

carefully placed in plastic tissue moulds, which were then filled with melted 

paraffin wax from the Leica EG1150 H heated paraffin embedding system. 
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Embedded pellets were left to cool on the Leica EG1150C cold plate.  Pellets were 

cut at a thickness of 5 µm using the Leica RM2235 microtome, mounted on 

SuperFrost Plus microscopic slides (Gerhard-Menzel), and incubated at 60°C for 1 

h. Mounted sections were stored at room temperature until required for staining. 

 

The sectioned chondrogenic pellets were deparaffinised and rehydrated [Histoclear 

(National Diagnostics) twice for 5 min, 100% ethanol twice for 2 min, 95% and 

70% ethanol for 20 sec, sequentially] followed by rinsing with distilled water for 1 

min. The sections were then stained with Mayer’s Haematoxylin for 6 min to stain 

nuclei blue. The slides were then rinsed in tap water for 2 min and again in fresh tap 

water for 3 min. Samples were then transferred to 0.02% Fast Green FCF for 4 min 

to stain the cellular cytoplasm, followed by 3 sec in 1% acetic acid and staining in 

1% Safranin O for 6 min. The sections were then dehydrated through increasing 

ethanol concentrations (95% for 1 min, 100% twice for 2 min) followed by clearing 

in Histoclear twice for 2 min. HistoMount (National Diagnostics) was applied to the 

slides and cover slips (Gerhard-Menzel) placed on top. The slides were then left flat 

overnight at room temperature to dry. Microscopy was carried out using a light 

microscope (Olympus 1X71) with imaging software and camera (Olympus cell^P). 

Safranin O stains sulphated proteoglycans (red or pink). 

 

2.2.9 Cell surface phenotype analysis 

Cells were assessed for cell membrane protein expression by flow cytometry either 

using the ExpressPlus software on the Guava Cytosoft instrument (Guava 

Technologies) or the Beckton Dickenson (BD) FACSCanto (antibodies are listed in 

Table 2.1). All antibodies were labelled with allophycocyanin (APC) or 

phycoerythrin (PE). 

 

2.2.9.1 Guava cytosoft analysis 

To determine if expression of traditional MSC proteins is maintained in cell 

subpopulations, MSCs were trypsinized (section 2.2.3) and resuspended in 

autoMACS rinsing solution containing 1% FBS. The cell suspension was 
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centrifuged at 400 x g for 5 min, resuspended in autoMACS rinsing solution, and 

seeded, in duplicate, at 1 x 10
5
 cells/well (3.1x10

5
/cm

2
) in a 96-well round-bottom 

plate. Samples were incubated, on ice, for 30 min followed by centrifugation at 500 

x g for 5 min. The supernatant was then removed and the pellet again resuspended 

in autoMACS rinsing solution and centrifugation repeated twice. Following the 

final removal of supernatant, the MSCs were incubated, on ice, with the antibody of 

interest for 30 min. The MSCs were centrifuged as before and the supernatant was 

aspirated followed by pellet washing thrice in MACS buffer. The buffer was 

carefully removed and MSCs were resuspended in serum-free medium before 

analysis using the ExpressPlus software on the Guava Cytosoft instrument (Guava 

Technologies). Controls included cells alone (no antibody) and cells incubated with 

a mouse anti-human IgG1 isotype control. 

 

2.2.9.2 FACSCanto analysis 

To confirm the efficiency of MACS as a method to enrich for TNAP positively 

selected mononuclear cells, both TNAP depleted cells and TNAP enriched cells 

[stained with anti-human TNAP (W8B2) APC or PE] were analyzed for TNAP 

expression using the FACSCanto (BD) (Antibodies are listed in Table 2.1). 
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Table 2.1 List of anti-human antibodies  

 

Antibody 

 

Dilutions 

 

Manufacturer 

 

Mouse anti-human CD105 PE 
1:10 BD Biosciences (560839) 

 

Mouse anti-human CD73 PE 
1:20 BD Biosciences (550257) 

 

Mouse anti-human CD90 PE 
1:20 BD Biosciences (555596) 

 

Mouse anti-human  TNAP (W8B2)  PE 
1:50 Biolegend (327306) 

 

Mouse anti-human TNAP (W8B2)  APC 
1:50 Biolegend (327308) 

 

Mouse anti-human IgG1 Isotype Control PE 
1:10 BD Biosciences (560951) 

 

Mouse anti-human IgG1 Isotype Control APC 
1:10 BD Biosciences (550931) 

 

Propidium Iodide (PI) Nucleic acid stain 
1:1000 Invitrogen (P1304MP) 

 

 

Prior to incubation with W8B2 magnetic microbeads (as described in section 2.2.1) 

BMMNC were blocked with FcR Blocking Reagent for 15 min on ice, which 

increases the specificity of antibody labelling (section 2.2.1). Cells were washed in 

5 ml of pre-cooled autoMACS rinsing solution, followed by centrifugation at 400 x 

g for 10 min at 4°C. The supernatant was removed and cells resuspended in 500 µl 

to 1 ml pre-cooled autoMACS rinsing solution and incubated with the 1 in 50 

dilution of the anti-TNAP (W8B2)  antibody (Biolegend) for 20 min on ice, 

protected from light. Cells were washed in 5 ml of pre-cooled autoMACS rinsing 

solution, followed by centrifugation at 400 x g for 10 min at 4°C. The supernatant 

was removed and cells resuspended in 500 µl to 1 ml pre-cooled autoMACS rinsing 

solution. Twenty µl anti-TNAP Microbeads were added per 10
7
 cells, mixed gently, 

and incubated at 4°C for 15 min. Cells were washed in 5 ml of pre-cooled 
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autoMACS rinsing solution, followed by centrifugation at 400 x g for 10 min at 

4°C. The supernatant was removed and cells resuspended in 500 μl to 1 ml pre-

cooled autoMACS rinsing solution. Magnetic separation was carried out as 

described previously (section 2.2.1). 

 

Both TNAP depleted cells and TNAP enriched cells, stained with anti-human 

TNAP (W8B2) APC or PE were analyzed for TNAP expression using the 

FACSCanto (BD). BMMNC (Parent cells) were also stained with TNAP and used 

as a baseline value for enrichment. Unstained cells, single stains, and propidium 

iodide (PI) were used as controls. Dot plots of cell number versus fluorescence 

intensity were recorded and displayed using BD Diva or FlowJo (Tree Star Inc.) 

software. 

 

2.2.10 Immunosuppressive assays 

To assess the immunogenic capacity of the MACS isolated sub-populations 

compared to Parent MSCs, immunosuppressive assays were conducted. 

  

2.2.10.1 Isolation of human peripheral blood mononuclear cells  

To isolate peripheral blood mononuclear cells (PBMCs), anti-coagulated blood 

samples were collected (7-8 ml), layered onto liquid density gradient medium (GE 

Healthcare) and centrifuged at room temperature for 30 min at 400 x g. The top 

layer was aspirated and discarded and PBMCs were harvested by careful pipetting 

of the corresponding density interface layer (buffy coat) and transferred to a fresh 

50 ml tube. The PBMCs were washed twice by adding 20 ml of PBS and 

centrifuged for 10 min at 400 x g. This was followed by one low-speed 

centrifugation at 200 x g for 10 min to remove platelets. The PBMCs were 

resuspended in T-cell culture medium (RPMI-1640, Gibco) containing 10% FBS, 

50 µM β mercaptoethanol, 1% NEAA, 1% L-glutamine in Roswell Park Memorial 

Institute (RPMI) medium. A 10 µl aliquot of this suspension was removed and cell 

number determined using a haemocytometer.  
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2.2.10.2 Human T-cell proliferation assay 

Human PBMCS were washed with 0.1% BSA/PBS and stained in pre-warmed 

(37°C) 10 µM Vybrant carboxyfluorescein diacetate, succinimidyl ester 

(CFSE)/PBS staining solution (Invitrogen) at a concentration of 2 x 10
7
 cells/ml. 

Cells were incubated for 6 min at 37°C protected from light and the reaction was 

stopped by adding 5 volumes of ice-cold medium containing 10% FBS. The 

PBMCs were washed three times with culture medium to remove all traces of 

unbound CFSE. One hundred thousand CFSE stained PBMCs were stimulated in 

96-well round-bottomed plates with anti-human CD3/anti-human CD28 soluble 

polyclonal antibodies in T-cell medium. Various ratios of MSCs were then added to 

the stimulated PBMCs (1:10, 1:50, 1:100, 1:200, and 1:400). Un-stimulated PBMCs 

were also cultured as controls. PBMCs were harvested after 4 days, after which the 

supernatant was removed and cells were washed in 100 µl autoMACS rinsing 

solution containing 2% FBS. This was followed by counterstaining with anti-human 

CD4
+
-APC. CFSE fluorescence of PBMCs was analysed using a FACSCanto. All 

proliferation was analysed and compared to stimulated PBMCs in the absence of 

MSC co-culture.  

 

2.2.11 Total RNA isolation 

Ribonucleic acid (RNA) isolation from adherent or pelleted cells (Table 2.2) was 

performed using Trizol reagent (Invitrogen), as per manufacturer’s instructions. For 

pelleted cells a sterile pestle was used to crush pellets after which Trizol reagent 

was added. For adherent cells, following the removal of culture medium, 1 ml of 

Trizol reagent was added to each well (9.6 cm
2
) and pipetted over the cells several 

times. The cell lysate was collected into a 1.5 ml Eppendorf tube and stored at -

80°C until required. When required, the samples were thawed and allowed to reach 

room temperature for 5 min. Chloroform (200μl) was added to the cell lysate, 

mixed by shaking and incubated at room temperature for 3 min. Samples were then 

centrifuged at 12,000 x g for 15 min at 4°C to separate the solution into two phases. 

The upper RNA-containing aqueous phase was carefully transferred to a fresh 1.5 

ml Eppendorf taking care to avoid the interphase material. The RNA was 
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precipitated from this solution by adding 500 µl of 100% isopropanol, mixing and 

incubating at room temperature for 10 min. Samples were centrifuged at 12,000 x g 

for 10 min to pellet the RNA. The supernatant was removed and the RNA pellet 

washed with 1 ml 75% ethanol. After centrifugation, the supernatant was removed 

and the pellet air-dried for 5-10 min. The RNA was dissolved in 20-40 µl of RNase-

free water and then incubated at 55°C for 10 min using a heating block. 

 

The concentration and purity of the RNA was determined using the Nanodrop ND-

1000 (Nanodrop Technologies). Samples with an A260/A280 ratio of RNA <1.7 

were discarded. RNA was diluted with RNase-free water to the desired 

concentration and stored at -80˚C until required for further experimentation. 

 

Table 2.2 RNA harvest time points during differentiation  

Adipogenesis Osteogenesis Chondrogenesis 

 

Day 4 and Day 12 (72 h 

following Induction 1, 72 h 

following Induction 3) 

 

Controls - Day 4 and 12 

Undifferentiated MSCs 

 

Day 4, 7 and 14 (days of 

exposure to osteogenic medium) 

 

 

Controls - Day 4, 7 and 14 

Undifferentiated MSCs 

Day 7, 14, 21 (days of 

exposure to chondrogenic 

medium) 

 

Control -  Day 0 (pelleted 

only) 

 

2.2.12 RT-PCR 

The samples of interest were assessed for relative transcript levels using real-time 

RT-PCR. RNA (50-100 ng of each sample in 3 µl final volume) was combined with 

TNAP primers to a final concentration of 0.5 µM and amplified using the Qiagen 

Quantitect® Sybr® Green RT-PCR kit (Qiagen; Table 2.3 and 2.4). The level of 

drosha transcript was used as a normaliser (Table 2.4). The amplification conditions 

were as follows: 50°C for 30 min, 95°C for 15 min, 40 cycles of: 94°C for 15 sec 

and 60°C for 1 min (data was collected at the end of this step). A dissociation (melt) 
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curve was run to verify there were no contaminating products present in the 

reaction. 

 

Relative gene expression was analysed using the 2
-∆∆ct

 method (Livak and 

Schmittgen, 2001, Pfaffl, 2001). The average Ct was calculated for the gene of 

interest and for the normalizing gene. The ∆CT (Ct gene of interest – Ct normaliser) 

was calculated. From this the 2
-∆∆ct

 could be determined and the levels of gene 

expression calculated compared to control cells. 

 

Table 2.3 RT-PCR mix components 

Component Mastermix 

2X QuantiTect SYBR Green RT PCR 

Mastermix 
10 µl 

QuantiTect RT Mix 0.2 µl 

Forward Primer (10 µM) 0.6 µl 

Reverse Primer (10 µM) 0.6 µl 

RNase-free Water 5.6 µl 

 

Table 2.4 List of primer pairs used for RT-PCR 

Gene of interest Forward Reverse 

TNAP GGTAAGCGCAGCCACTGA CACAGATTTCCCAGCGTCCT 

Drosha TCCATGCACCAGATTCTCCTG TACGGACAGAGCTTGGTTTCG 

 

 

2.2.13 Statistical analysis 

Values are displayed as the mean ± standard deviation of the mean (SD) or mean ± 

standard error (SE). Significance of datasets (minimum of n = 3 donors for all) were 

analyzed using one-way or two-way ANOVA and Bonferroni’s multiple 

comparison post-test. A value of p ≤ 0.05 was considered statistically significant 

and are marked with a “*” or “†” symbol. 
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2.3 Results 

2.3.1 MACS enriches for TNAP-expressing cells 

MACS technology was assessed as a means to enrich for a fraction of BMMNC 

expressing TNAP. BM aspirate was obtained from human donors and enriched for 

MNCs by density gradient centrifugation, followed by incubation with TNAP-

conjugated microbeads. Both MACS enriched and MACS depleted cell populations 

were assessed for TNAP expression by flow cytometry using the FACSCanto and 

compared to Parent control cells. Forward and side scatter gating enabled the 

elimination of cell debris and cell doublets (Figure 2.1 A). Following the initial 

gating PI was added to all cell fractions. PI is a membrane impermeable nuclear 

DNA stain, which stains dead or dying cells whose membranes have been damaged, 

allowing determination of dead cells present following MACS. 

 

Assessment of cell viability, detailed in Table 2.5, determined by PI dead cell 

exclusion, showed while both the Parent and TNAPDep cell fractions maintained a 

high average level of viable cells (93% and 95%, respectively), the TNAP
Enr

 cell 

fraction displayed a notably high average level of cell death of 42%. Figure 2.1 B 

displays results from a representative donor demonstrating 45% cell death and 55% 

viability.  

 

Table 2.5 Percentage cell viability following ficoll gradient and W8B2-specific MACS 
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A 

            

 

B 

          

 

Figure 2.1 Flow cytometric gating strategy of MACS isolated TNAP-expressing cells. To assess 

the efficiency of MACS as a method of enrichment for TNAP positive mononuclear cells, both 

MACS-enriched and MACS-depleted cell populations were analysed for TNAP expression by 

FACSCanto II analysis and compared to Parent control cells. (A) A gating strategy was implemented 

to exclude cell debris and doublets. (B) Cell viability of all cell fractions was verified using PI. 

While both the Parent and TNAP
Dep

 cell fractions maintained a high level of cell viability, the 

TNAP
Enr

 cell fraction had a notably higher level of cell death at 45% and only 55% viability. Data is 

representative of 3 biological replicates. 

 

 

 

 

 

 

 



Chapter 2  

 

 

 

48

 

To assess the level of TNAP enrichment by MACS, TNAP expression was 

quantified using anti-human TNAP (W8B2) APC labelled antibody on each MACS 

subpopulation. Gates were set using unstained controls and results compared to 

TNAP expression in Parent cells (Figure 2.2, representative donor). Results 

demonstrated a minimal average level of TNAP expression in the Parent cell 

population (0.047%), while there was a significant 114-fold increase in TNAP-

expressing cells in the TNAP
Enr

 cell fraction (average of 3 replicates, 5.35% ± 0.33) 

which were expressed at all levels from dim to bright (log 10
2
-10

5
). Also observed 

was the presence of an average number of TNAP-expressing cells (0.066%) in the 

TNAPDep cell population. The majority of these cells expressed dim levels of 

TNAP, as they reside on the TNAP fluorescence scale between 10
2
 and 10

3
. Table 

2.6 summarises the percentage of TNAP-expressing viable cells within all cell 

subpopulations and the fold change when compared to TNAP positive cells within 

the Parent population. 
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Figure 2.2 Flow cytometric analysis of MACS isolated TNAP-expressing cells. To assess the 

efficiency of MACS as a method of enrichment for TNAP positive mononuclear cells, both MACS 

enriched and MACS depleted cell populations were analysed for TNAP expression by FACSCanto 

II analysis and compared to Parent control cells. TNAP expression was quantified using an anti-

human TNAP APC antibody. Results showed a minimal level of TNAP expression in Parent cells 

(0.025%), while there was a significant 114-fold enrichment in TNAP-expressing cells in the 

TNAPEnr cell fraction. Also observed was the presence of a minimal number of cells with dim TNAP 

expression in the TNAP
Dep

 cell population.  Data is representative of 3 biological replicates. 
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Table 2.6 TNAP expression in Parent, TNAP
Dep

 and TNAP
Enr 

subpopulations 

 

Results are presented as the mean ± SD of 3 biological replicates. 
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2.3.2 TNAP expression correlates to colony forming potential 

Colony forming potential of TNAP
Enr

 cells and TNAP
Dep

 cells compared to the 

Parent cell fraction were assessed by crystal violet staining. Parent, TNAP
Dep

 and 

TNAP
Enr

 cells were seeded at densities of 1 x 10
6
, 3 x 10

6
 and 1 x 10

4
 cells per 21.5 

cm2 plate, respectively. Table 2.7 depicts the actual number of colonies formed per 

1x10
5
 cells cultured. Quantification of crystal violet stained colonies demonstrated a 

significant enrichment of CFU-F in the TNAP
Enr

 fraction, when compared to the 

Parent population (approximately 80-fold) while the TNAP
Dep

 cells showed a 

significantly low level of colonies formed compare to Parent cells (Figure 2.3 A and 

B).  

 

Table 2.7 Colonies formed per 1x10
5
 cells plated 
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A   

  

 

 

B   

 

 

Figure 2.3 CFU-F capacity was enhanced in the TNAP
Enr

 cell fraction compared to Parent cell 

populations.  CFU-F assays were conducted to assess the clonogenic capacity of the isolated cells. 

(A) Crystal violet staining of colonies in Parent, TNAP
Dep

 and TNAP
Enr

 cell populations showed 

enhanced colony formation in the TNAP
Enr

 fraction compared to TNAP
Dep

 and Parent populations. 

(B) Quantitative analysis of colony forming capacity of Parent, TNAP
Dep

 and TNAP
Enr

 cell 

populations. Enumeration of colonies showed enhanced CFU-F in the TNAP
Enr

 population when 

compared to Parent isolates, while TNAP
Dep

 cells showed minimal CFU-Fs formed. Results are 

presented as the mean ± SD of 3 biological replicates, * = p ≤ 0.05 as determined using one-way 

ANOVA and Bonferroni’s multiple comparisons post-test.  

 

 

 



Chapter 2  

 

 

 

53

2.3.3 TNAP-expressing MSCs maintained Parent morphology and 

proliferative capacity  

Images of Parent, TNAP
Dep

 and TNAP
Enr

 cells were obtained at passage 1 after 

minimal doublings illustrating a typical MSC morphology was maintained in all 

fractions (Figure 2.4 A). PDs for all cell populations were determined following 

each passage and results displayed as CPDs over time, normalized to the original 

CFU potential recorded at primary plating. Results showed that the TNAPEnr cell 

fraction maintained a similar rate of proliferation compared to Parent MSCs 

throughout expansion to passage 5 (Figure 2.4 B). TNAPDep cells displayed a 

significantly reduced level of CPDs at both passages 1 and 2 compared to Parent (*) 

and at passages 1-3 compared to TNAP
Enr

 cells (†).  
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A 

 

 

B  

 

 

Figure 2.4 TNAP
Enr

 MSCs maintained their fibroblastic morphology and proliferation 

potential of Parent MSCs. (A) Phase contrast micrograph (500 µm) demonstrated a fibroblastic 

morphology for Parent, TNAP
Dep

 and TNAP
Enr

 MSCs. (B) The growth rate of Parent, TNAP
Dep

 and 

TNAP
Enr

 cell populations was assessed using population doublings over time. Results indicated that 

the TNAP
Enr

 cell subpopulations maintained cellular proliferation rates equivalent to Parent cells. 

TNAP
Dep 

cells showed a significantly reduced level of growth at passages 1-2 compared to Parent 

cells (*) and at passages 1-3 compared to the TNAP
Enr

 cell population (†). Results are presented as 

the mean ± SD of 4 biological replicates, * = p ≤ 0.05 as determined using two-way ANOVA and 

Bonferroni’s multiple comparisons post-test. 
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2.3.4 Standard MSC markers were maintained on TNAPEnr cells 

Following the isolation of Parent or TNAP subpopulations, expression of standard 

MSC markers CD105, CD73 and CD90 were assessed by flow cytometry. Parent, 

TNAP
Dep

 and TNAP
Enr

 cell populations were incubated with the appropriate 

antibody and the percentage of positive expression within the populations were 

assessed by flow cytometry using Guava CytoSoft Analysis. Results showed 

expression of standard MSC markers, CD105, CD73, and CD90 were maintained at 

a high level (90-100%) in all cell subpopulations. Unstained cells and isotype 

controls served to account for background auto-fluorescence (Figure 2.5). 

 

 

 

Figure 2.5 Parent, TNAP
Dep

 and TNAP
Enr

 MSCs maintained expression of standard MSC 

markers. Cell surface characterisation of Parent, TNAP
Dep

 and TNAP
Enr

 cell populations were 

analysed by flow cytometry to determine expression of traditional MSC markers. Results 

demonstrated all cell fractions maintained expression of the ISCT required MSCs markers CD73, 

CD105 and CD90 (>90%). Levels of expression were normalised to unstained cells and isotype 

controls. Results are presented as the mean ± SD of 3 biological replicates (no statistical 

significance). 
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2.3.5 Immunosuppressive potential was maintained in TNAPDep and 

TNAP
Enr

 populations 

Immunosuppressive potential of Parent, TNAP
Dep

 and TNAP
Enr

 cells was assessed 

using immunosuppressive assays. Proliferation of the T-cell (CD4+) fraction of 

PBMCs was measured by flow cytometric analysis of CFSE expression. CFSE is a 

fluorescent cell staining dye used to assess cell proliferation by which its 

fluorescence is progressively halved with daughter cells following each cell 

division. Immunosuppression of the stimulated T-cells due to the presence of MSCs 

results in inhibition of proliferation. Results were displayed as the percentage 

proliferation over 3 generations. At 1:200 MSC:PBMC ratio, MSCs showed 

significant T-cell immunosuppressive potential compared to the stimulated T-cell 

positive control (similar results were obtained using 1:10, 1:50, 1:100 and 1:400 

ratios). TNAP
Dep

 and TNAP
Enr 

cells displayed comparable levels of T-cell 

immunosuppression compared to Parent MSCs (Figure 2.6). 
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Figure 2.6 TNAP
Dep

 and TNAP
Enr

 MSCs maintained immuno-suppressive activity of Parent 

MSCs. Immuno-suppressive potential of Parent, TNAP
Dep

 and TNAP
Enr

 cell populations were 

assessed by co-culture with stimulated T-cells and quantified by flow cytometry. Results 

demonstrated significant immuno-suppression by all cell fractions, which were capable of 

suppressing T-cell proliferation compared to the stimulated T-cell positive control. TNAP
Dep

 and 

TNAP
Enr

 populations maintained equivalent immune potential to Parent MSCs. Results are presented 

as the mean ± SD of 4 biological replicates, co-cultured at 1:200 MSC:PBMC, * = p ≤ 0.05 as 

determined using one-way ANOVA and Bonferroni’s multiple comparisons post-test.  
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2.3.6 TNAP enrichment selected MSC subpopulations with specific 

differentiation potential 

Following cell expansion to passage 2, Parent, TNAP
Dep

 and TNAP
Enr

 MSC 

populations were differentiated into adipogenic, osteogenic and chondrogenic 

lineages to confirm the differentiation capacity characteristic of an MSC. 

 

2.3.6.1 Adipogenesis 

To quantify adipogenic differentiation potential, cells were induced using 

adipogenic induction medium and the cultures stained with Oil red O. Results 

demonstrated a significant depletion of lipid vacuole content in the TNAP
Dep

 

fraction as compared to both Parent and TNAP
Enr

 cultures, as indicated both 

visually with Oil red O staining of lipids (Figure 2.7 A) and following 

quantification by absorbance of extracted stain (Figure 2.7 B). Adipogenic potential 

of the TNAPEnr population reflected closely the adipogenic potential of the Parent 

cells, with similar levels of lipid accumulation indicated by both Oil red O staining 

and quantification of extracted stain (Figure 2.7 A and B). 
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A 

 

 

B 

 

 

Figure 2.7 Adipogenic potential was significantly depleted in TNAP
Dep

 cells compared to both 

Parent and TNAP
Enr

 MSCs populations. (A) Representative phase contrast micrographs of 

adipogenically differentiated Parent, TNAP
Dep

 and TNAP
Enr

 MSCs after Oil red O staining of lipid 

vacuoles (200 µm). While TNAP
Enr

 cells maintained similar adipogenic potential compared to Parent 

MSCs, the TNAP
Dep

 cells showed minimal lipid accumulation. (B) Lipid formation was quantified 

by determining the absorbance of extracted Oil Red O stain at 490nm normalised to undifferentiated 

MSCs. Enrichment for TNAP expressing cells resulted in maintenance of adipogenic potential 

compared to the Parent population. Results are presented as the mean ± SD of 3 biological replicates, 

* = p ≤ 0.05 as determined using one-way ANOVA and Bonferroni’s multiple comparisons post-test. 
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2.3.6.2 Osteogenesis 

To determine osteogenic ability of TNAP
Dep

 and TNAP
Enr

 cell populations as 

compared to the Parent population. Cells were cultured in osteogenic media for 14-

17 days and calcium deposition assessed visually by alizarin red staining and 

quantified using the Stanbio Calcium Liquicolour Kit. Results obtained from 

alizarin red staining indicated there was an increase in calcium deposition in the 

TNAP
Dep

 fraction and maintenance of osteogenesis in the TNAP
Enr

 population when 

compared to Parent MSCs (Figure 2.8 A). These findings were verified by 

measurement of calcium deposits using the Stanbio Calcium Liquicolour Kit. The 

data obtained showed comparable osteogenic ability in the TNAP
Enr

 population 

when compared to Parent cells, while the TNAP
Dep

 fraction demonstrated a 

significant increase in osteogenic potential (Figure 2.8 B).  
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A 

 

B 

 

 

Figure 2.8: Osteogenic potential was enhanced in TNAP
Dep

 cells and maintained in the 

TNAP
Enr

 population compared to Parent MSCs. (A) Representative phase contrast micrographs 

of osteogenically differentiated Parent, TNAP
Dep

 and TNAP
Enr

 MSCs, stained by Alizarin Red (200 

µm), indicated osteogenic potential was maintained in TNAP
Enr

 MSCs and increased in TNAP
Dep 

cells as compared to Parent. (B) Differentiation potential was further assessed by quantification of 

calcium deposition and displayed as fold change following normalisation to Parent cultures. Results 

verified the observations from Alizarin staining and showed a significant increase in calcium 

deposition in TNAP
Dep 

cells compared to Parent and a maintained osteogenic capacity in TNAP
Enr

 

MSCs. Results are presented as the mean ± SD of 3 biological replicates, * = p ≤ 0.05 as determined 

using one-way ANOVA and Bonferroni’s multiple comparisons post test 
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2.3.6.3 Chondrogenesis 

To assess the ability of TNAP
Dep

 and TNAP
Enr

 cells to produce sulphated GAG, 

indicative of chondrogenic differentiation, Parent, TNAPDep and TNAPEnr cell 

fractions were cultured in pellet cultures for 21 days in chondrogenic medium. 

Results were assessed histologically by Safranin O staining for GAG and further 

quantified by DMMB and PicoGreen assays displayed as µg GAG/µg DNA (Figure 

2.9 A and B). Sectioned pellets stained with Safranin O show a visible reduction in 

GAG deposition in the TNAPEnr cultures while a more substantial decrease in both 

GAG accumulation and pellet size was observed in the TNAP
Dep

 fraction, as 

compared to the Parent population (Figure 2.9 A). These results were confirmed by 

GAG/DNA quantification in which TNAP
Enr

 cells display a slight trend, but not 

significant, reduction in GAG accumulation and TNAP
Dep

 cultures showed a 

significant decrease in their ability to chondrogenically differentiate (Figure 2.9 B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2  

 

 

 

63

A 

        

B 

 

 

 

Figure 2.9 Chondrogenic differentiation was significantly reduced in TNAP
Dep

 MSCs. A 

comparison of chondrogenic potential of MSC subpopulations, compared to Parent cells, was 

determined by Safranin O staining of GAG deposits in histological pellet sections and verified by 

quantification of the GAG:DNA ratio. (A) Representative phase contrast micrographs of Safranin O 

stained pellets (500 µm) indicated positive staining for GAG in Parent cultures and visibly reduced 

quantities of GAG in TNAP
Enr

 MSC populations. TNAP
Dep 

cells did not show any staining for GAG. 

(B) Quantitative analysis of chondrogenic ability by measurement of GAG deposition after 

normalising to DNA content (µg) showed no significant decrease in chondrogenic potential in 

TNAP
Enr

 cells compared to Parent MSCs, although a decreased trend was visible. The TNAP
Dep 

population demonstrated a significant decrease in GAG deposition capability compared to Parent 

MSCs. Results are presented as the mean ± SD of 3 biological replicates, * = p ≤ 0.05 as determined 

using one-way ANOVA and Bonferroni’s multiple comparisons post-test. 
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2.3.7 TNAP transcripts were increased during adipogenic and 

osteogenic differentiation 

To determine whether TNAP transcript expression is regulated during tri-lineage 

differentiation of BM MSCs, its expression was assessed by quantitative RT-PCR. 

RNA was isolated from MSCs at several time points throughout differentiation and 

the expression of TNAP normalised to drosha expression. 

 

2.3.7.1 Adipogenesis 

For quantitative RT-PCR analysis of TNAP expression through adipogenesis, RNA 

was harvested at day 4 (72 h following first induction) and day 12 (72 h following 

final induction). RNA from undifferentiated MSCs at the same time points was also 

isolated as controls for cell proliferation and set at a value of 1 for each individual 

time point (i.e. day 4 induced was shown as a fold change relative to day 4 

undifferentiated MSCs). Results, displayed as average fold change in TNAP 

transcript expression normalised to drosha endogenous control and relative to 

undifferentiated MSCs at the same time point, showed a significant 40-fold increase 

in TNAP transcript through in vitro adipogenesis from day 4 to day 12 (Figure 

2.10).  
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Figure 2.10 Quantitative RT-PCR showed TNAP expression increased during adipogenic 

differentiation of MSCs. TNAP transcript levels during in vitro adipogenesis of MSCs was 

assessed by quantitative RT-PCR. Analysis revealed an increase in expression of TNAP transcript 

levels during differentiation from day 4 to day 12. TNAP expression was normalised using the 

endogenous control drosha and expressed as fold change when compared to undifferentiated MSCs 

at the same time points. Results are presented as the mean ± SE of 3 biological replicates, * = p ≤ 

0.05 as determined using one-way ANOVA and Bonferroni’s multiple comparisons post-test. 
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2.3.7.2 Osteogenesis 

TNAP expression in MSCs was assessed by quantitative RT-PCR of RNA 

harvested during osteogenic differentiation of MSCs. RNA was isolated from both 

osteogenically induced and undifferentiated cells harvested at days 4, 7 and 14. 

RNA from undifferentiated MSCs was set as a value of 1 for each individual time 

point (i.e. day 4 induced was shown as a fold change relative to day 4 

undifferentiated MSCs). Results are displayed as average fold change in expression 

normalised to drosha levels and relative to undifferentiated MSCs. Findings 

demonstrated a significant increase in TNAP transcript levels at later stages of in 

vitro osteogenesis, specifically day 14 where a 4-fold increase was recorded (Figure 

2.11).  

  

 

 

Figure 2.11 TNAP expression increased during osteogenic differentiation of MSCs. Quantitative 

RT-PCR was conducted to analyse TNAP expression during in vitro osteogenesis of MSCs. Results 

demonstrated a significant 4-fold increase in expression of TNAP transcript levels at late stages of 

osteogenesis. TNAP expression was normalised using the endogenous control drosha and expressed 

as fold change when compared to undifferentiated MSCs at the same time points. Results are 

presented as the mean ± SD of 3 biological replicates, * = p ≤ 0.05 as determined using one-way 

ANOVA and Bonferroni’s multiple comparisons post-test. 
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2.3.7.3 Chondrogenesis 

To determine if TNAP transcript expression is regulated during chondrogenic 

differentiation, human MSC pellets were harvested for RNA extraction at days 0, 7, 

14 and 21. RNA from day 0 pelleted MSCs was set as a value of 1. Results were 

displayed as the average fold change in TNAP transcript expression normalised to 

drosha endogenous control and relative to day 0 pellets. Quantitative RT-PCR 

revealed no statistically significant change in transcript levels however a trend of 

2x104-fold increase in expression of TNAP at day 21 of chondrogenesis was noted 

(Figure 2.12). 

 

 

 

Figure 2.12 TNAP transcript was expressed during chondrogenic differentiation of MSCs. 

Quantitative RT-PCR analysis of TNAP transcript expression during in vitro chondrogenesis of 

MSCs. Drosha was used as the normalising control and results displayed as fold change relative to 

day 0 pellets. Findings demonstrated while there is a trend showing an increase in TNAP expression 

during chondrogenic differentiation, this was not significant due to donor to donor variability. 

Results are presented as the mean ± SD of 3 biological replicates. 
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2.4 Discussion 

While MSCs have demonstrated promising in vitro or in vivo pre-clinical data for 

cell-based therapies, with the exception of Prochymal® generally they have not been 

validated in pivotal clinical trial assessment (Ankrum and Karp, 2010). This 

translational bottleneck may be due in part to the undefined, heterogeneous nature 

of MSC preparations and the variability in production methods. It is therefore 

critical to develop more defined methods for MSC identification and isolation. In an 

attempt to address these failings, EU regulatory bodies and the BSI are now 

developing more stringent requirements for MSC-based products to advance to the 

clinic (BSI and BIS, 2011, EMA, 2011).  

 

While several methods have been assessed to enhance MSC isolation including 

alkaline lysis, cell sieving, cell filtration, and adherence to plastic-coated ECM 

proteins (Hung et al., 2002, Ogura et al., 2004, Pittenger et al., 1999, Tondreau et 

al., 2004),  the antibody-based selection tools MACS and FACS, or a combination 

of both methods, have generated results showing potential in targeting the in vivo 

MSC and improved the CFU-F yield as compared with unselected BM (Jones et al., 

2010, Sacchetti et al., 2007, Gronthos et al., 2007, Simmons and Torok-Storb, 1991, 

Gronthos et al., 2003). Jarocha et al (2008) compared four different isolation 

methods to determine the optimal approach for MSC selection. Specifically, cell 

populations from BM isolated by density gradient centrifugation, removal of 

hematopoietic cells by RosetteSep, or MACS selection of CD105
+
 or CD271

+
 were 

compared for CFU-Fs isolated, proliferation potential, cell surface phenotype and 

expression of differentiation-related genes. Compared to density gradient-isolated 

cells, RosetteSep, CD105
+
, and CD271

+
 cell fractions showed significant 

enrichment of CFUs, and specifically CD105 and CD271 showed a 4- to 5-fold 

increase respectively. CD105 and CD271 selected cells had enhanced proliferation 

rates, while CD271-selected cells expressed higher levels of early osteogenic and 

adipogenic markers. Collectively these data showed MACS selection enhanced 

MSC isolation from BM (Jarocha et al., 2008).  
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TNAP-based MSC selection has previously been demonstrated to select for CFU-Fs 

from human BM and the expression of TNAP has been shown to co-localise with 

the well documented CFU-F marker CD271 (Battula et al., 2009, Buhring et al., 

2007, Gronthos et al., 2007). In vivo knockout studies have demonstrated TNAP 

expression is required for the normal development of tissues of mesenchymal 

origins (Anderson et al., 2004, Fedde et al., 1999, Narisawa et al., 1997), providing 

a strong rationale for further analysis of the anti-human TNAP antibody to isolate a 

mesenchymal progenitor from the BM. In this study MACS was used to select 

TNAP-expressing MSC subpopulations from human BM that were then 

characterised for CFU potential, proliferative rate, cell surface phenotype, 

immunosuppressive capacity and differentiation potential.  

 

MACS selection of TNAP-expressing cells from human BM significantly enriched 

for TNAP
+
 cells by 114-fold when compared to Parent. This enrichment was higher 

than that achieved for MACS selection of Stro-3-expressing cells with 23-fold 

enrichment reported (Gronthos et al., 2007), the difference most likely due to 

variations in MACS protocols by which Gronthos and colleagues do not utilise 

microbeads directly conjugated to the antibody. MACS of CD271
+
 MSCs also 

demonstrate a lower level of enrichment by which a 35-fold increase was recorded, 

although these findings are not directly comparable as CD271 enrichment excluded 

CD45
+
 cells (Miltenyi, 2007), most likely accounting for the large difference. While 

the MACS technology successfully enriched the cell population for TNAP-

expressing cells, the percentage of TNAP
+
 cells was still relatively low at 

approximately 5.35% of the total enriched population. Also, flow cytometric 

analysis revealed the presence of TNAP
+
 cells in the TNAP

Dep
 MACS flow-

through, demonstrating a small number of TNAP
+
 cells were not retained in the 

column. A similar flow-through of 0.46% of CD271-expressing cells in the depleted 

fraction has been reported previously following CD271 MACS (Godthardt et al., 

2005) although whether these cells were cultured was not reported. A recent 

publication assessing MACS of TNAP-expressing jaw periosteum cells revealed 
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10% of TNAP
Dep

 cells were TNAP
+
 demonstrating a high degree of variability 

between laboratories. Additionally, the TNAP
Enr

 cell population had a significantly 

higher level of cell death, with an average of approximately 58% viability. A 

similar finding was recently reported by Olbrich and collaborators (2012) by which 

60% viability was attained following TNAP MACS of jaw periosteum cells 

(Olbrich et al., 2012). These results may be due to a combination of cell shearing 

during magnetic separation and adherence of dead cells to unoccupied microbead 

binding sites, associated with isolation of rare cell populations by MACS. 

Irrespective of these results, significant enrichment for TNAP in the TNAP
Enr

 cell 

population allowed for further characterisation to be conducted. 

 

Colony forming capacity, as determined by crystal violet staining, demonstrated a 

significant 80-fold enrichment for CFU-Fs in TNAPEnr MSC population compared 

to Parent cells, similar to that reported using CD271
+
 selection by MACS which 

enriched for CFUs 100-200-fold more than plastic adherent MSCs (Quirici et al., 

2002). Gronthos et al (2007) however reported significantly different findings with 

MACS selection of TNAP-expressing MSCs using STRO-3 antibodies, resulting in 

a 12-fold increase in CFU formation compared to un-fractionated cells. See and 

colleagues (2011) also reported a lower 8-fold increase CFU-F enrichment by 

MACS using STRO-3 antibodies compared to un-fractionated cells (See et al., 

2011). This variation in enrichment may have resulted from differences in MACS 

protocols as the STRO-3 sorted cells were not isolated using microbeads directly 

conjugated to the antibody (Gronthos et al., 2007), which could affect cell selection.  

 

In the study presented in this thesis, TNAP-expressing cells were also found to be 

present in the TNAP
Dep

 cell fraction by flow cytometry. This was an interesting 

observation as both Parent and TNAP
Dep

 cells recorded similar values of TNAP 

expression, however, the number of CFU-Fs in the TNAPDep cell fraction was 

significantly reduced compared to Parent MSCs. On closer observation, the 

TNAP
Dep

 cell population showed almost all the TNAP
+
 cells expressed dim levels 

of TNAP (<10
3
), while Parent (displaying less events recorded than TNAP

Dep
 ) and 
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TNAP
Enr

, also displayed cells with brighter expression of TNAP (>10
3
). These 

findings indicated that the majority of CFUs are cells which express high levels of 

TNAP (>103), as illustrated in Figure 2.2. 

 

Both TNAP
Enr

 and TNAP
Dep

 populations showed a similar fibroblastic MSC 

morphology to that of the Parent cells (Friedenstein et al., 1974). Their proliferation 

potential, displayed as CPDs over time in days, demonstrated that both 

subpopulations displayed enhanced proliferative capacities compared to Parent 

MSCs and therefore could be easily expanded to obtain high cell numbers if 

required for clinical applications. Similarly, growth curves of CD271 MACS 

selected cells were previously compared to un-fractioned cells and CD271-selected 

cells were found to be more proliferative (Miltenyi, 2007), correlating to the data 

presented here. 

 

Expression of the ISCT-approved cell surface markers CD73, CD105 and CD90 

(Dominici et al., 2006) was assessed by flow cytometry to confirm the resultant  

MACS-selected populations maintained an MSC phenotype. Although these 

markers are approved they are not solely sufficient to identify MSCs and therefore 

should be used as a guideline more than definite of an MSC. Flow cytometric 

analysis revealed that both TNAP
Enr

 and TNAP
Dep 

cell populations displayed >90% 

positive expression of the standard in vitro MSC markers, showing that MSC 

phenotype was retained by ISCT requirements. These findings correlated with that 

reported from studies of CD271 selected cells (Jones et al., 2002, Quirici et al., 

2002) and that of TNAP isolated jaw periosteum cells (Alexander et al., 2009).  

 

Also characteristic of MSCs is their immuno-modulatory nature (Bartholomew et 

al., 2002, Le Blanc et al., 2003b). Immunosuppression of the stimulated T-cells due 

to the presence of MSCs results in inhibition of proliferation which can be 

determined by measurement of levels of CFSE fluorescent staining dye. In this 

study TNAP
Enr

 and TNAP
Dep

 cell populations were assessed for their ability to 

suppress T-cell proliferation indicative of immuno-suppressive potential. It was 
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demonstrated that T-cell proliferation was significantly reduced following co-

culture with TNAP
Enr

 and TNAP
Dep

 cells. Additionally, TNAP
Enr

 and TNAP
Dep

 cell 

populations diaplayed equal levels of immunosuppressive ability compared to 

Parent cells, again demonstrating MSC characteristics. Battula et al (2009) also 

described the immunosuppressive capacities of CD271
bright

TNAP
+
CD56

-
 and 

CD271
bright

TNAP
+
CD56

+
 cell populations and found them to exhibit comparable 

immunosuppressive potential, although T-cells were co-cultured with much higher 

numbers of MSCs at ratios of 1:7.5-1:2.5 (Battula et al., 2009). The immuno-

regulatory capacities of TNAP
Enr

 and TNAP
Dep

 cell fractions support their potential 

for assessment in inflammatory-associated diseases or immune irregularities 

resulting from graft-versus-host disease following transplantation (Cyranoski, 

2012).  

 

MSCs have the ability to differentiate into several lineages in vitro (Bartholomew et 

al., 2002, Caplan, 1991, Friedenstein et al., 1968, Le Blanc et al., 2003b, Pittenger 

et al., 1999, Prockop, 1997) and this characteristic is required by the ISCT to 

positively identify human MSCs (Dominici et al., 2006). In this study, TNAP
Enr

 and 

TNAP
Dep

 cell populations were analysed for differentiation capacity compared to 

Parent MSCs to demonstrate MSC phenotype confirming MSC selection. 

Adipogenic, osteogenic and chondrogenic ability was assessed by lipid 

accumulation, calcium deposition and presence of sulphated proteoglycans, 

respectively. TNAP
Enr

 cells maintained the tri-potential of nature Parent MSCs, 

aligning with similar studies by Gronthos and colleagues (2007) when 

characterising STRO-3
+
 MSCs and the findings of Jones and collaborators 

(Gronthos et al., 2007, Jones et al., 2002). Collectively results showed TNAPEnr 

cells were capable of tri-lineage differentiation and therefore confirm TNAP
Enr 

cells 

are MSCs.  

 

The in vitro osteogenic potential of TNAP-expressing cell populations is well 

established (Battula et al., 2009, Gronthos et al., 2007, See et al., 2011) and 

mirrored in vivo where TNAP functions to promote mineralization by maintaining a 
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balance between levels of orthophosphate Pi and PPi (Anderson et al., 2004). The 

first crystals of HA bone mineral are generated within alkaline phosphatase-rich 

matrix vesicles during normal mineral initiation of developing growth plate 

cartilage, bone and dentin (Anderson et al., 2004). Inorganic pyro-phosphate (PPi) 

inhibits the ability of orthophosphate (Pi) to crystallize with calcium to form HA 

and so inhibits HA deposition.  

 

TNAP-targeted knockout models also support the findings from in vitro osteogenic 

and chondrogenic results. A study by Fedde and collaborators (1999) reported that 

following TNAP knockdown, hyaline cartilage growth plate development was 

disrupted and there were minimal numbers of hypertrophic chondrocytes, which 

remained nested (Fedde et al., 1999). In humans, hypophosphatasia as a result of 

TNAP deficiency impairs bone mineralization, leading to rickets or osteomalacia 

(Stoll et al., 2002). TNAP-targeted knockdown studies have also reported reduced 

total body fat as a consequence of TNAP loss (Fedde et al., 1999, Narisawa et al., 

1997). Bianco and colleagues (1988) have previously described that in leukemic 

patients treated with chemotherapy, the developing fat cells in the BM were found 

to be abundant with membrane-bound alkaline phosphatase. Following this 

observation, they deduced that as alkaline phosphatase was a cyto-chemical marker 

of reticular cells, that these cells may differentiate into adipocytes when marrow 

cellularity is suddenly decreased (Bianco et al., 1988). Another study indicating 

TNAP may play a role in adipogenic differentiation was conducted using the mouse 

fibroblast cell line, 3T3-L1 (Ali et al., 2005). Here, TNAP expression was inhibited 

using small molecule inhibitors after which a significant reduction in adipogenic 

differentiation was observed. These authors also demonstrated that in TNAP-

expressing controls, alkaline phosphatase was localized around lipid droplets of the 

cells and its gene expression levels were increased during adipogenesis (Ali et al., 

2005). Collectively, these studies indicated that TNAP is required for mesenchymal 

osteogenic and adipogenic differentiation. 
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TNAP
Dep

 cell fractions showed a significant decrease in both adipogenic and 

chondrogenic potential, and enhanced osteogenic potential. Increased osteogenesis 

in the TNAPDep cell population was unexpected as alkaline phosphatase has long 

been regarded as a central regulator of bone formation (Anderson et al., 2004). 

Olbrich et al (2012) described the MACS of cultured JPCs by TNAP expression 

and found that while TNAP
Dep

 cells could undergo osteogenesis, levels were 

significantly lower than TNAP
Enr

 cells (Olbrich et al., 2012). In the study presented 

here, these TNAPDep cells could represent contaminating TNAP+ adherent cells 

(>10
3
) which passed through the column during MACS selection. Alternatively, 

these cells may be contaminating osteoblasts which have previously been reported 

to express TNAP (Moss, 1992), or committed osteoprogenitors. While the TNAP
Dep

 

cells may have potential for applications in specific bone repair therapies the 

method of isolation may result in high donor-donor variability and discrepancies 

between laboratories, therefore generating undesired regulator concerns. 

 

TNAP transcript expression during tri-lineage differentiation was determined by 

RNA analysis quantified by real-time RT-PCR to establish a potential function for 

TNAP in differentiation. Results demonstrated TNAP expression was increased at 

transcript level during the later stages of both osteogenic and adipogenic 

differentiation correlating with previously described literature. Again this data links 

with the phenotype generated following TNAP knockdown studies by which tissues 

of mesenchymal origin were negatively affected as a result (Anderson et al., 2004, 

Fedde et al., 1999, Narisawa et al., 2001). While expression was also increased 

during chondrogenic differentiation, this observation was not found to be 

statistically significant due to high donor to donor variability. Together these data 

demonstrates that while TNAP expression has previously been shown to be reduced 

during culture expansion, its expression is raised during differentiation and 

therefore may have a functional role in MSC lineage differentiation 

 

Collectively, these findings showed that enrichment for TNAP-expressing cells by 

MACS was not an optimal GMP-compliant method for providing a solid starting 
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population to isolate MSC, from BM. However, TNAP-expressing cells displayed 

all the standard characteristics of traditional MSCs and furthermore demonstrated 

increased transcript expression during tri-lineage differentiation indicating a 

possible role for TNAP in differentiation.  
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3.1 Introduction 

For applications in regenerative therapies MSCs possess several attractive 

characteristics including their ability to regulate immune responses, their potential 

to home to sites of injury, and their capacity to differentiate to cells from multiple 

lineages (Bartholomew et al., 2002, Caplan, 1991, Friedenstein et al., 1968, Le 

Blanc et al., 2003b, Pittenger et al., 1999, Prockop, 1997, Fouillard et al., 2003). 

Whilst MSCs have been clinically established as safe, their clinical efficacy is 

proving more difficult to demonstrate (Ankrum and Karp, 2010). This discrepancy 

is hypothesised to relate to differences between the in vivo and culture expanded 

MSC.  

 

Within the MSC population reside cell populations with defined lineage 

differentiation capacities, revealed by several single cell cloning studies (Banfi et 

al., 2000, Muraglia et al., 2000, Russell et al., 2010). Identification and selection of 

cells with restricted differentiation potential would allow for the development of 

cell-based therapies for applications in specific disease states, such as 

chondroprogenitors for cartilage repair.  

 

The most promising method for isolation of a defined cell population exploits 

antibodies recognising distinctive MSC surface proteins in vivo. Both MACS and 

FACS methods have been utilised for enrichment, depletion or direct sorting of 

several cell populations based on expression of antigens such as CD49a 

(Deschaseaux et al., 2003), CD271 (Jones et al., 2002), CD146 (Bardin et al., 2001, 

Schwab et al., 2008, Tormin et al., 2011), CD117 (Huss and Moosmann, 2002), 

CD133 (Tondreau et al., 2005), GD2 (Martinez et al., 2007), TNAP (Battula et al., 

2009, Buhring et al., 2007), STRO-1 (Gronthos et al., 2003, Simmons and Torok-

Storb, 1991), STRO-3 (Gronthos et al., 2007), CD45 (Bilkenroth et al., 2001), and 

CD34 (Astori et al., 2007).  
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A number of MSC-specific antibodies have been commercialised as MACS MSC 

enrichment tools including CD271, CD146, and MSCA-1 (TNAP), all of which 

represent MSC populations (Bardin et al., 2001, Buhring et al., 2007, Jones et al., 

2002, Sacchetti et al., 2007). However, made evident in chapter 2 was that while 

selection of MSCs by MACS isolation enriched for TNAP-expressing cells, this 

method was also problematic. The percentage of dead or dying cells was notably 

high in the TNAP
Enr

 population,  a finding also described by others (Olbrich et al., 

2012) which could adversely affect the growth and metabolic activity of viable cells 

(Gregory et al., 2009) and therefore making meeting GMP compliance less likely. 

Therefore an alternative method for MSC selection was conducted. 

 

FACS techniques have previously been used to successfully isolate cells from BM 

using the following antibodies, CD105, CD90, STRO-3, TNAP, CD73, STRO-1, 

CD271, and CD146, and allowed for approximately 50-, 60-, 8-, 80-, 100-, 100-, 

200-, and 278-fold enrichment of recovered CFU-Fs respectively, (Delorme et al., 

2008, Gronthos et al., 2007, Jones et al., 2010, Simmons and Torok-Storb, 1991), 

although comparisons to whole marrow or BMMNC controls are not always 

specified. As the technology advanced, the ability to use a combination of potential 

markers simultaneously led to further CFU enrichment. For example, Gronthos and 

colleagues used a STRO-1 and CD106 combination and demonstrated a CFU-

F:MNC ratio of approximately 1:3 (Gronthos et al., 2003). However, as stated 

previously, the antigen to which STRO-1 binds remains unknown making its 

application for clinical assessment problematic. 

 

FACS has also allowed for further division of the BMMNC population into 

subpopulations with unique differentiation potential. For example, Battula et al 

(2009) demonstrated that co-expression of CD271
bright

, TNAP and CD56 

(CD271brightTNAP+CD56+) identified a cell population with chondrogenic, but not 

adipogenic differentiation potential, while CD271
bright

TNAP
+
CD56

-
 cells showed 

adipocyte formation but a reduced chondrogenic capacity (Battula et al., 2009). 

These findings correlate with the hypothesis that individual cells, or clones, reside 
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within the MSC population and display differences in expansion potential and 

mono-, bi, or tri-lineage differentiation capacities (Banfi et al., 2000, Muraglia et 

al., 2000, Russell et al., 2010). 

 

Demonstrated in chapter 2 was that while TNAP enriches for CFUs from BM by 

MACS, there still remains a large percentage of cells present in the initial culture 

which do not express TNAP. Therefore the application of FACS potentially offers 

an improved method to isolate pure MSC populations and a means to potentially 

select osteo/chondral subpopulations which can be applied to orthopaedic therapies.  

 

Like TNAP the transmembrane heparan sulphate proteoglycan SDC2 is co-

expressed with CD271 on MSCs. SDC2 was originally highlighted as a potential 

MSC marker based on results generated by transcriptional microarray and cluster 

analysis comparing MSCs, fibroblasts, CD34
+
 cells and smooth muscle cells. The 

aim of this study was to determine cell surface protein-coding RNAs enriched in 

MSCs. This potential was then confirmed by demonstrating its co-expression with 

CD271 (OrbsenTherapeuticsLtd, 2012). SDC2 was originally characterised as one 

of the major heparan sulphate (HS) GAG-containing cell surface proteins expressed 

in lung fibroblasts (Marynen et al., 1989). Its potential as a marker of osteo/chondro 

progenitors is further strengthened by studies which demonstrate high levels of 

SDC2 expression in sites of high morphogenetic activity such as epithelial-

mesenchymal interfaces and pre-chondrogenic and -osteogenic mesenchymal 

condensations during mouse development (David et al., 1993). More recent studies 

showed during mouse and zebrafish development that SDC2 was expressed in the 

mesenchymal cell layer surrounding axial blood vessels. Specifically, it was 

demonstrated to be required for angiogenic sprouting during embryogenesis and 

therefore a potential candidate for use in the development of angiogenesis-based 

therapies (Chen et al., 2004). Additionally, SDC2 has been demonstrated to play a 

role in left-right axis formation patterning in early Xenopus embryos and is a Vg1 

cofactor that regulates transduction of Vg1-related signals (Kramer and Yost, 

2002), which is one of the most essential signalling components in early 
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embryogenesis (Seleiro et al., 1996). Collectively, the specific expression on MSCs, 

co-expression with CD271, and link to mesenchymal development portraits a strong 

basis for further assessment of the prospect of SDC2 as a potential osteo/chondro 

marker. 

 

To advance MSC isolation techniques by enabling the culture of a defined MSC 

population, the objective of this investigation was to optimise an efficient process 

for isolation of an ortho-specific progenitor population based on TNAP- and SDC2-

expression on BM MSCs. FACS was conducted and resultant populations 

characterised for CFU-F and expansion capacity, cell surface phenotype, and 

immunosuppressive and differentiation potential. 
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3.2 Methods 

All materials were supplied by Sigma-Aldrich unless otherwise stated. 

 

3.2.1 Isolation of TNAP- and SDC2-expressing cell subpopulations 

from human BM 

To isolate TNAP- and SDC2-expressing subpopulations from human BM, FACS 

was conducted. BMMNC were initially isolated by density gradient centrifugation 

(section 2.2.1). A fraction of this heterogeneous isolate was retained to culture 

expand as control Parent MSCs. The remaining BMMNC fraction was prepared for 

sequential FACS isolating CD45
-
 cells followed by further separation based on 

TNAP and SDC2 expression 

 

3.2.1.1 Isolation of CD45
-
 MSCs 

Following BMMNC isolation, cells were passed through a pre-wetted 40 µm cell 

strainer to obtain a single cell suspension, followed by quantification using a 

haemocytometer. The cell suspension was centrifuged at 400 x g for 10 min at 4°C 

and the supernatant aspirated. The cells, on ice, were resuspended in 3 ml pre-

cooled FACS buffer [PBS (Ca
++/

Mg
++

 free), 2 mM EDTA, 25 mM HEPES, 1% 

FBS] per 5 x 10
7
 BMMNC, and blocked for 30 min by adding 1% FcR Blocking 

Reagent. The blocked sample was then washed in FACS buffer, centrifuged at 400 

x g for 5 min, resuspended in FACS buffer and divided into appropriate fractions 

for antibody staining. Controls included unstained cells (1 x 105), single antibody 

stains (1 x 10
5
), and fluorescence minus one (FMO) stained controls. Staining of 

controls was conducted in individual 1.5 ml eppendorfs in 200 µl FACS buffer with 

the appropriate antibody (Table 3.1). Approximately 2 x 10
7
 – 5 x 10

7
 BMMNC 

were stained in a 15 ml tube (BD Falcon) in 5 ml FACS buffer with anti-human 

CD45 FITC (Fluorescein isothiocyanate) and anti-human CD235a V450 

(glycophorin A) antibodies (Table 3.1). All staining was carried out on ice, in the 

dark, for 30 min. Samples were then washed twice in FACS buffer. Controls were 

resuspended in 500 µl FACS buffer and transferred to sterile FACS tubes protected 
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from light. The sample for sorting was filtered through a 30 µm cell sieve and 

resuspended in sterile 0.05% xantham gum in FACS buffer, to reduce potential cell 

clumping (4 x 107 per ml). Dead cell stain (Sytox® Invitrogen) was also added to 

unstained cells, FMOs and the sample for sorting for 5 min prior to FACS analysis. 

Analysis of cell viability, antibody staining, compensation and CD45
-
 sorting was 

carried out using a FACSAriaII (BD) fitted with a 70 µm nozzle. CD45
-
 cells were 

retained for sequential sorting.  

 

Table 3.1 List of antibodies and beads for cell surface antigen analysis 

Antibody Dilution Application Manufacturer 

Mouse anti-human 

TNAP (W8B2)  PE 

IgG1 

1:50 Sorting Antibody Biolegend (327306) 

Rat anti –human SDC2 

APC IgG2B 
1:50 

 

Sorting Antibody 

 

R and D Systems (MAB2965) 

Mouse anti-human 

CD45 FITC IgG1 
1:50 

 

Depletion Antibody 

 

BD Biosciences (55483) 

Mouse anti-human 

Glycophorin A (M) 

eFluor 450 IgG1 

1:1000 
Red Blood Cell (RBC)  

removal Antibody 

 

eBioscience (48-9884-41) 

Mouse anti-human CD3 

PE IgG1 

 

1:50 

 

Single Stain Antibody 

 

BD Biosciences (555340) 

Mouse anti-human CD4 

APC IgG1 

 

1:50 

 

Single Stain Antibody 

 

BD Biosciences (555335) 

Mouse anti-human CD3 

FITC IgG1 

 

1:50 

 

Single Stain Antibody 

 

BD Biosciences (555332) 

 

Sytox Dead Cell Stain 

 

1:2000 

 

Dead Cell Stain 

 

Invitrogen (S34857) 

 

AbC Anti-Mouse Beads 

 

n/a 

 

Compensation Beads 

 

Invitrogen (A10344) 

 

AbC Anti-Rat Beads 

 

n/a 

 

Compensation Beads 

 

Invitrogen (A10389) 
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3.2.1.2 Sorting of TNAP and SDC2 subpopulations 

Following the isolation of CD45
-
 BMMNC, this population was further sub-divided 

based on expression of TNAP and SDC2. A fraction of CD45- cells were set aside 

for CD45
-
 no stain and FMO controls. Compensation bead controls (Table 3.1) 

were also prepared, to account for fluorescent spill-over between laser channels, 

according to manufacturer’s instructions (Invitrogen). CD45
-
 sorted cells were 

stained with anti-human TNAP (W8B2) PE and anti-human SDC2 APC antibodies, 

carried out using methods described in section 3.2.1.1. Following staining, all 

samples were washed in FACS buffer and centrifuged at 400 x g for 5 min. 

Controls and TNAP and SDC2 stained samples, were prepared for sorting as 

outlined in section 3.2.1.1.  

 

3.2.2 Culture and sub-culturing of MSCs 

MSC populations were expanded and cultured in MSC medium (α-MEM, 10% FBS 

and 1% penicillin/streptomycin). Sub-culturing of MSC populations was carried out 

as described in section 2.2.3. At 70% confluence cells were detached with 0.25% 

trypsin/EDTA, neutralised with MSC medium, counted and plated at 3 x 10
3
/cm

2
 or 

cryopreserved at 1 x 10
6
 cells/ml. 

 

3.2.3 CFU-F enumeration 

CFU-F assays were conducted as described in section 2.2.4 to assess the clonogenic 

capacity of MSCs. In brief, cells were seeded following culture for 14 days, 

colonies were fixed in 10% neutral buffered, stained in crystal violet and 

enumerated. 

 

3.2.4 Cumulative population doublings 

CPDs were determined by methods outlined in section 2.2.5. CFU data was used to 

determine adherent CFU-Fs at initial seeding and PDs recorded to passage 5 with 

results displayed as CPDs over time.   
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3.2.5 Tri-lineage differentiation 

As described in sections 2.2.6-2.2.8, MSC subpopulations were assessed for tri-

lineage potential compared to Parent MSCs. Adipogenic potential was determined 

by lipid accumulation, stained with Oil Red O and quantified by absorbance of 

extracted lipid stain. Osteogenic differentiation was evaluated by alizarin staining of 

calcium deposits and quantification of calcium compared to standards (Stanbio kit). 

Chondrogenic potential was assessed by GAG accumulation normalised to DNA 

and verified histologically by Safranin O staining of GAGs.    

 

3.2.6 Cell surface phenotype analysis 

MSCs were analysed for cell membrane protein expression by flow cytometry using 

the ExpressPlus software on the Guava Cytosoft instrument outlined in section 

2.2.9.1 and detailed in Table 2.1. 

 

3.2.7 Immunosuppressive assay 

To assess the immuno-modulatory potential of T
+
S

-
 and T

+
S

+
 subpopulations 

compared to Parent MSCs, immunosuppressive assays were carried out as described 

previously (section 2.10). Briefly, PBMCs were isolated by density gradient 

centrifugation of anti-coagulated blood, labelled with CFSE and PBMCs stimulated 

with anti- human CD3/anti-human CD28 in T-cell medium. Various ratios of MSCs 

were then added to the stimulated PBMCs. Un-stimulated PBMCs were also 

cultured as controls. PBMCs were harvested after 4 days and labelled with T-cell 

surface marker anti-human CD4. CFSE fluorescence of T-cells (CD4
+
) was 

analysed using a FACSCanto to determine proliferation rates compared to 

stimulated PBMCs in the absence of MSC co-culture.  

 

3.2.8 Total RNA isolation 

Trizol reagent was used as described in section 2.2.11 to isolate RNA from adherent 

or pelleted cells (Table 2.2). In brief, Trizol was applied to pelleted or adherent cells 

to form a cell lysate. Chloroform was added to separate the solution into two 
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phases, the top layer of which contained the RNA. The RNA was with 100% 

isopropanol, pelleted, and washed with 75% ethanol. Ethanol was removed and the 

pellet air-dried followed by resuspension in 20-40 µl of RNase-free water. RNA 

was then incubated at 55°C for 10 min and the concentration and purity of the RNA 

was determined using the Nanodrop ND-1000 and samples stored at -80˚C until 

required for further experimentation. 

 

3.2.9 High capacity cDNA reverse transcription 

A reverse transcriptase mastermix was prepared using the TaqMan High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems) as follows: 

 

Table 3.2 Reverse Transcriptase Mix Components 

Component Mastermix 

10X RT Buffer 1 µl 

25X dNTP mix (100 mM) 0.4 µl 

10X RT Random Primers 1 µl 

Multiscribe RT enzyme (50 U/µl) 0.5 µl 

RNase-free Water 2.1 µl 

RNA (100 ng/µl) 5 µl 

 

The RNA was diluted in RNase-free water to a concentration 100 ng/µl. Five µl of 

RNA solution (500 ng) was added to 5 µl of RT Mastermix (Table 3.2) in a PCR 

tube. The solution was mixed gently and centrifuged at 200 x g for 10 sec to ensure 

all liquid was at the bottom of the tube. The solutions were kept on ice until 

transferred to the Applied Biosystems Veriti Gradient Thermal Cycler and cDNA 

synthesis conducted using the following conditions:  25°C for 10 min, 37°C for 120 

min and 85°C for 5 min.  
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3.2.10 PCR amplification cDNA 

Following reverse-transcription, the samples were diluted to 20 ng/µl with RNase-

free water and 60 ng (3 µl) transferred to assigned wells in a MicroAmp Fast 

Optical 96-Well Reaction Plate. A PCR mastermix was prepared for each RNA 

probe using TaqMan Fast Universal PCR Mix (2X) (Applied Biosystems) and 

RNase-free water and added to the samples in the 96-well plate (Table 3.3). SDC2 

(Table 3.4) was the target gene of interest and drosha (Table 2.3) was used as the 

endogenous control.  

 

Table 3.3 Real-time PCR Components 

Component Volume/20 µl reaction 

RNA-specific probe 1 µl 

2X Fast TaqMan® Gene Expression 

Master Mix 
10 µl 

RNase-free water 6 µl 

Product from RT reaction (20 ng/ µl) 3 µl 

 

 

Table 3.4 SDC2 PCR Probe  

Gene of Interest Applied Biosystems Assay ID 

SDC2 Hs00299807_m1 

 

The samples were mixed gently and centrifuged to ensure the entire sample was 

collected at the bottom of the 96-well. The real-time PCR was performed using an 

Applied Biosystems StepOne Plus Real-Time PCR machine using the following 

conditions: 95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C for 1 min (data 

was collected at the end of this step). As per section 2.2.12, relative gene expression 

was analysed using the 2-∆∆ct method (Livak and Schmittgen, 2001, Pfaffl, 2001). In 

this case, the average Ct was calculated for the SDC2 and the normalizing 

endogenous drosha control. From this the 2
-∆∆ct

 could be determined and the levels 
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of RNA expression calculated compared to undifferentiated control cells at the 

same time point. 

 

3.2.11 Statistical analysis 

Values are displayed as the mean ± standard deviation of the mean (SD). 

Significance of datasets (minimum of n = 3 donors) were analyzed using one-way 

or two-way ANOVA and Bonferroni’s multiple comparison post-test as required. A 

value of p ≤ 0.05 was considered statistically significant and was marked with a “¤”, 

“*” or “†” symbol. 
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3.3 Results 

3.3.1 TNAP and SDC2 are co-expressed on a subpopulation of 

human BMMNCs 

To determine whether SDC2 was co-expressed with TNAP on BMMNC, sequential 

FACS was conducted. Firstly CD45
-
CD235

-
 cells were sorted to enrich for the MSC 

population and remove contaminating cells, including red blood cells (RBCs). This 

isolation was followed by dual sorting of cells based on their expression of TNAP 

and SDC2.  

 

3.3.1.1 Isolation of CD45
-
 MSCs

 

Forward and side scatter gating enabled the elimination of cell debris and cell 

doublets. Following the initial gating, PI, the membrane impermeable nuclear DNA 

stain which therefore stains only dead or dying cells whose membranes have been 

damaged, was added to all cell fractions to allow for removal of dead cells from 

analysis (Figure 3.1 A).  

 

CD45 single stain (Figure 3.1 B) denoted CD45+ and CD45- populations following 

initial gating prior to staining with the RBC marker CD235a which revealed that 

within the CD45
-
 fraction two distinct cell populations were present. The removal 

of RBCs by the addition of anti-human CD235a antibody resulted in the removal of 

the second population of CD45
-
 cells (Figure 3.1 B). The purity of both CD45

+ 
and 

CD45- cell populations was assessed following sorting, which demonstrated the 

isolation of two pure populations based on CD45 expression (Figure 3.1 C).  
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A 

 

B 

 

C 

 

 

Figure 3.1 FACS gating strategy for isolation of CD45- BMMNCs. CD45
-
CD235

-
 cells were 

sorted to enrich for the MSC population and remove contaminating cells, including RBCs. (A) A 

gating strategy was implemented to exclude cell debris and doublets. (B) Selection of the MSC 

population within the BMMNCs was conducted by staining with anti-human CD45 antibody and 

anti-human CD235a antibody for depletion. (C) The purity of the CD45 sort was assessed for both 

the CD45
+
 and CD45

-
 cell populations following FACS. Results showed the depletion of RBCs by 

CD235a selection removed excess contaminating cells from the CD45
-
 cell population, allowing for 

isolation of a pure CD45
- 
population. Data is representative of 4 BMMNC sorts.  
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3.3.1.2 Sorting of TNAP and SDC2 subpopulations
 

Following initial CD45 sorting, CD45
- 
sorted cells were further sub-divided based 

on expression of TNAP and SDC2. The CD45- cells were labelled with anti-human 

TNAP (W8B2) PE and anti-human SDC2 APC antibodies and sorted as described 

in section 3.2.1.2. 

 

Figures 3.2 (donor 1) and 3.3 (donor 2) depict the sort strategy for two 

representative donors based on TNAP (W8B2) and SDC2 expression on the MSC 

surface and the purity of the FMO controls. The resultant expression patterns from 

the dual stained sort sample allowed for the isolation of four cell subpopulations; T
-

S
-
, T

+
S

+
, T

+
S

-
 and T

-
S

+
 (Figure 3.2 A and 3.3 A). The average (3 donors) abundance 

of these cells within the viable MNC and CD45
-
 cell fractions are listed in Table 

3.5. These findings showed that T+S+, T+S- and T-S+ cell subpopulations represent 

small fractions of both BMMNC and CD45
-
 cell populations (Figures 3.2 A and 3.3 

A). 

 

 

Table 3.5 Average incidence of subpopulations within total viable and CD45
-
 populations 
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The FMO controls confirmed that expression of both antibodies was detected only 

in the appropriate PE or APC channel ensuring expression for sorting was accurate 

(Figures 3.2 A and 3.3 A).  Following sorting, T+S- and T-S+ samples were assessed 

for purity of TNAP- (W8B2) and SDC2-expressing cells [Figures 3.2 B (donor 1) 

and 3.3 B (donor 2)]. Purity was determined based on the number of TNAP- or 

SDC2-expressing cells recorded in the T
-
S

-
 cells as a percentage of total cells 

recorded based on the applied sort gate strategy below (Figures 3.2 B and 3.3 B). 

TNAP displayed a high level of approximately 87% purity (average of 3 donors) in 

the T
+
S

-
 cell population. The level of SDC2 purity however was quite variable 

ranging from approximately 10-76%.  
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A 

 

B 

 

 

Figure 3.2 Representative donor gating strategy for sorting of TNAP- and SDC2-expressing 

cells (donor 1). To further subdivide CD45
-
 sorted MNCs, cells were stained with anti-human 

TNAP (W8B2) and SDC2 antibodies and sorted by FACS. (A) Representative gating strategy for 

dual antibody sorting illustrating sub-division of CD45
-
 MNCs into four fractions T

-
S

-
, T

+
S

+
, T

+
S

-
 

and T
-
S

+
. FMO controls confirmed PE and APC expression was retained in separate channels 

ensuring sort accuracy. (B) Representative gating strategy to assess sort purity of T
+
S

-
 and T

-
S

+
 

demonstrated that while the TNAP fraction maintained 87.1% purity, SDC2 displayed a slightly 

lower level of 76% purity (Representative plots, purity was determined based on the number of 

TNAP- or SDC2-expressing cells recorded in the T
-
S

-
 cells as a percentage of total cells recorded 

based on the applied sort gate strategy). 
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A 

 

B 

 

 

Figure 3.3 Representative donor gating strategy for sorting of TNAP- and SDC2-expressing 

cells (donor 2). As described in Figure 3.2, to further subdivide CD45
-
 sorted MNCs, cells were 

stained with anti-human TNAP (W8B2) and SDC2 antibodies and sorted by FACS. (A) 

Representative gating strategy for dual antibody sorting illustrating sub-division of CD45
-
 MNCs 

into four fractions T
-
S

-
, T

+
S

+
, T

+
S

-
 and T

-
S

+
. FMO controls confirmed PE and APC expression was 

retained in separate channels ensuring sort accuracy. (B) Representative gating strategy to assess sort 

purity of T
+
S

-
 and T

-
S

+
 demonstrated that while the TNAP fraction maintained 87% purity, SDC2 

displayed a low level of approximately 10% purity (Representative plots, purity was determined 

based on the number of TNAP- or SDC2-expressing cells recorded in the T
-
S

-
 cells as a percentage 

of total cells recorded based on the applied sort gate strategy). 
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3.3.2 T+S- and T+S+ subpopulations contained all CFUs 

CFU potential of T
-
S

-
, T

+
S

+
, T

+
S

-
 and T

-
S

+
 subpopulations isolated by FACS were 

determined by crystal violet staining of CFU-Fs and compared to Parent MSCs. 

Colonies were identified only in T
+
 cell subpopulations (T

+
S

+
, T

+
S

-
) while T

-
 (T

-
S

+
 

and T-S-) cell fractions displayed no CFU-F presence (Figure 3.4 A). Quantification 

of crystal violet stained colonies, displayed as fold change normalized to Parent 

MSCs, demonstrated a significant enrichment of CFU-F in T
+
S

-
 subpopulation of 

approximately 200-fold compared to Parent MSCs. The T
+
S

+
 cell fraction revealed 

a further enrichment for CFU-Fs of approximately 500-fold relative to Parent MSCs 

(Figure 3.4 B). The ratio of CFU-F:MNC was also determined for T+S+ and T+S- 

and recorded as 1:24 and 1:70, respectively. 
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A 

 

B 

 
 

 

Figure 3.4 T+S- and T+S+ cell fractions selected CFU-Fs from BMMNC. CFU-F assays were 

conducted to assess the clonogenic capacity of T
-
S

-
, T

+
S

+
, T

+
S

-
 and T

-
S

+
 subpopulations compared to 

Parent MSCs. (A) Crystal violet staining revealed only T
+
cell subpopulations formed colonies. (B) 

Quantitative analysis of CFU-F formed in T
+
S

-
, T

+
S

+
 cell populations was displayed as fold change 

normalized to Parent MSCs. Enumeration of colonies showed a significant 200-fold enrichment for 

CFU-F in T
+
S

-
-expressing cells and 500-fold enrichment in the  T

+
S

+
 cell subpopulation. Results are 

presented as the mean ± SD of 4 biological replicates, * = p ≤ 0.05 as determined using one-way 

ANOVA and Bonferroni’s multiple comparisons post-test. 
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3.3.3 TNAP-expressing MSCs displayed enhanced proliferation 

rate  

PDs for all cell populations were determined following each passage and their 

expansion potential displayed as CPDs over time (section 2.2.4). Results 

demonstrated T
+
-expressing cells proliferated more rapidly compared to Parent 

MSCs. Specifically, the T
+
S

-
 subpopulation recorded a significantly higher 

proliferation rate from passages 2-5 as compared to Parent MSCs (†). T+S+ cells 

were similarly proliferative through passages 1-5 at a significantly enhanced rate 

compared to Parent cells (¤). T+S+ cells also demonstrated significantly enhanced 

proliferation compared to the T
+
S

-
 population at passages 3-5 (*; Figure 3.5).  

 

 

 

 

Figure 3.5 Proliferation was enhanced in TNAP-expressing MSCs compared to Parent MSCs. 

CPDs over time of T
+
S

+
 and T

+
S

-
 subpopulations were recorded and compared to Parent MSCs. 

Results demonstrated both T
+
S

+ 
(¤) and T

+
S

-
 (†) cells had significantly higher proliferation rates 

relative to Parent MSCs. At later passages (3-5) T
+
S

+
 cells also showed enhanced proliferation 

compared to the T
+
S

-
 subpopulation (*). Results are presented as the mean ± SD of 3 biological 

replicates, ¤, *, or † = p ≤ 0.05 as determined using two-way ANOVA and Bonferroni’s multiple 

comparisons post-test. 
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3.3.4 Expression of standard MSC markers was maintained on T+S- 

and T
+
S

+
 subpopulations 

Following culture expansion of Parent and TNAP subpopulations to passage 2, 

characterisation of standard MSC markers, CD73, CD105 and CD90, was assessed 

by flow cytometry to confirm the resultant populations maintained an MSC 

phenotype. All cell populations maintained expression of markers CD73, CD105 

and CD90 (>90-100%) and showed minimal to no expression of the negative MSC 

marker HLA-DR (MHC class II cell surface receptor), required by ISCT. Unstained 

cells and isotype controls served to account for background auto-fluorescence 

(Figure 3.6). 

 

 

 

 

Figure 3.6 Parent, T
+
S

-
 and T

+
S

+
 cell populations maintained expression of standard MSC 

markers. Cell surface phenotype of Parent, T
+
S

+
 and T

+
S

-
 subpopulations was analysed by flow 

cytometry to determine if expression of traditional MSC proteins was maintained. Results 

demonstrated all cell fractions maintained expression of traditional MSCs markers CD73, CD105 

and CD90 and remained minimal for HLA-DR. Levels of expression were normalised to unstained 

cells and isotype controls. Results are presented as the mean ± SD of 3 biological replicates. 
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3.3.5 Immunosuppressive potential was maintained in T+S- and 

T
+
S

+
 populations 

To demonstrate the immunosuppressive nature of Parent, T
+
S

-
 and T

+
S

+
 cells, 

stimulated PBMCs were labelled with CFSE and co-cultured with various ratios of 

MSCs for 4 days. Proliferation of the T-cell (CD4
+
) fraction of PBMCs was 

measured by flow cytometric analysis of CFSE expression which is progressively 

halved with daughter cells following each cell division. Immunosuppression of the 

stimulated T-cells results in inhibition of proliferation (Figure 3.7). The percentage 

proliferation over 3 generations, using 1:100 MSC:PBMC ratio demonstrated that 

T
+
S

-
 and T

+
S

+
 MSC cell subpopulations were capable of significantly inhibiting 

proliferation of stimulated T-cells with a capacity comparable to Parent MSCs. 

Similar results were obtained using 1:10, 1:50, 1:200 and 1:400 ratios (data not 

shown).  
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Figure 3.7 T
+
S

-
 and T

+
S

+
 cell populations maintained immunosuppressive activity of Parent 

MSCs. Immunosuppressive potential of Parent, T
+
S

-
 and T

+
S

+
 cell populations was assessed by co-

culture with stimulated T-cells and quantified by flow cytometry. Results demonstrated that all cell 

fractions were capable of suppressing proliferation of stimulated T-cells. T
+
S

-
 and T

+
S

+
 cell 

populations maintain immune potential of Parent MSCs. Results are presented as the mean ± SD of 3 

biologic replicates, co-cultured at 1:100 MSC:T-cells, * = p ≤ 0.05 as determined by one-way 

ANOVA and Bonferroni’s multiple comparisons post-test. 
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3.3.6 Differentiation potential correlated with SDC2 expression 

To assess the capacities of T
+
S

-
 and T

+
S

+
 cell populations to differentiate, 

adipogenic, osteogenic, and chondrogenic assays were conducted. Following 

culture expansion to passage 2, Parent, T
+
S

-
 and T

+
S

+
 cells populations were 

differentiated into adipogenic, osteogenic and chondrogenic lineages to assess their 

differentiation capacity in vitro. 

 

3.3.6.1 Adipogenesis 

To determine adipogenic potential, cells were induced using adipogenic induction 

medium and stained with Oil red O. Results demonstrated a significant decrease in 

lipid vacuole formation in the T
+
S

+
 cell fraction as compared to both Parent and 

T
+
S

-
 cells cultures, as indicated both visually with Oil red O staining of lipids 

(Figure 3.8 A) and following quantification by absorbance of extracted stain (Figure 

3.8 B). The T
+
S

-
 population showed a high level of adipogenic potential, although 

not significantly higher than Parent MSCs, as demonstrated both with Oil red O 

staining and in the quantified extracted stain (Figure 3.8 A and B). 
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Figure 3.8 Adipogenic potential was inversely related to SDC2 expression. (A) Representative 

phase contrast micrographs of adipogenically differentiated Parent, T
+
S

-
 and T

+
S

+
 cell populations 

after Oil red O staining of lipid vacuoles (200 µm). While T
+
S

-
 cells showed equivalent or slightly 

enhanced adipogenic potential compared to Parent MSCs, the T
+
S

+
 cells showed significantly 

reduced lipid accumulation. (B) Lipid formation was quantified by determining the absorbance of 

extracted Oil Red O stain at 490nm normalised to undifferentiated MSCs. Significantly reduced 

adipogenic potential in T
+
S

+
 compared to both Parent (*) and T

+
S

-
 (†) cells, was confirmed. 

Extraction of Oil red O from T
+
S

-
 cells revealed equivalent potential compared to Parent MSCs. 

Results are presented as the mean ± SD of 4 biological replicates, * and † = p ≤ 0.05 as determined 

using one-way ANOVA and Bonferroni’s multiple comparisons post-test.  
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3.3.7.2 Osteogenesis 

To assess the osteogenic ability of T
+
S

-
 and T

+
S

+
 cell populations when compared 

to Parent, cells were cultured in osteogenic media for 14-17 days and calcium 

deposition assessed visually by alizarin red staining and quantified using the 

Stanbio Calcium Liquicolour Kit. Results obtained from alizarin red staining 

indicated similar levels of calcium deposits were present in Parent, T
+
S

-
 and T

+
S

+
 

cell populations (Figure 3.9 A). These observations were verified by measurement 

of calcium deposits, using the Stanbio Calcium Liquicolour Kit. The data obtained 

confirmed comparable osteogenic ability in both T
+
S

-
 and T

+
S

+
 cell subpopulations, 

to Parent cells (Figure 3.9 B).  
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A 

 

B 

 

 

Figure 3.9 Osteogenic potential was maintained  in T
+
S

-
 and T

+
S

+
 cell subpopulations 

compared to Parent MSCs. (A) Representative phase contrast micrograph of osteogenically 

differentiated Parent, T
+
S

-
 and T

+
S

+
 cell subpopulations (200 µm), stained by alizarin red, indicated 

calcium deposition was maintained in both T
+
S

-
 and T

+
S

+
 cell fractions compared to Parent. (B) 

Differentiation potential was further assessed by quantification of calcium deposition and displayed 

as micrograms of calcium per cm
2
. Quantitative analysis verified the observations from alizarin 

staining and showed osteogenic capacity was maintained in both T
+
S

-
 and T

+
S

+
 cell subpopulations 

compared to Parent MSCs. Results are presented as the mean ± SD of 3 biological replicates, * = p ≤ 

0.05 as determined using one-way ANOVA and Bonferroni’s multiple comparisons post-test.  
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3.3.6.3 Chondrogenesis 

To determine the chondrogenic ability of T
+
S

-
 and T

+
S

+
 cell populations, by 

production of sulphated GAG,  Parent, T+S- and T+S+ cell fractions were cultured in 

pellet cultures for 21 days in chondrogenic medium. Parent cells isolated from the 

same BM donor and expanded with 5 ng/ml FGF-2 were included as a positive 

control. [Note: Throughout chapters 3 and 4 cells were not exposed to FGF-2 

during culture. Sacchetti et al (2007) and others have described the absence of 

hematopoietic environment formation following in vivo subcutaneous implantation 

studies as a result of exposure to FGF-2 (Sacchetti et al., 2007). As a result of plans 

to conduct similar experiments in chapter 4, cells were not cultured in FGF-2]. 

Chondrogenic differentiation was assessed histologically by Safranin O staining for 

GAG and further quantified by DMMB and PicoGreen assays displayed as µg 

GAG/µg DNA (Figure 3.10 A and B). Sectioned pellets stained with Safranin O 

showed comparable, although very low, GAG deposition in the Parent, T
+
S

-
 and 

T
+
S

+
 cell fractions. The positive control showed intense staining for GAG 

accumulation and a larger pellet size than cell populations without FGF treatment, 

indicating the validity of the assay (Figure 3.10 A). These results were confirmed 

by GAG/DNA quantification in which Parent, T+S- and T+S+ cell fractions 

displayed comparable, but low, chondrogenic potential compared to the positive 

control (Figure 3.10 B).  
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Figure 3.10 Chondrogenic potential of T
+
S

-
 and T

+
S

+
 cell subpopulations were comparable to 

Parent MSCs. A comparison of the chondrogenic potential of Parent, T
+
S

-
 and T

+
S

+
 cell 

subpopulations, compared to Parent cells, was determined by Safranin O staining of GAG deposits 

in histological pellet sections (red/pink) and verified by quantification of the GAG:DNA ratio. 

Parent cells, previously cultured in 5 ng/ml FGF were also assessed as a positive control. (A) 

Representative phase contrast micrographs of Safranin O stained pellets indicated positive staining 

for GAG in positive control cultures (500 µm). Parent, T
+
S

-
 and T

+
S

+
 cell fractions showed 

comparable, but low, staining for GAG. (B) Quantitative analysis of chondrogenic potential by 

measurement of GAG deposition after normalising to DNA, showed Parent, T
+
S

-
 and T

+
S

+
 cell 

fractions displayed similarly low levels of GAG accumulation that were significantly lower than the 

positive control. Results are presented as the mean ± SD of 3 biological replicates, * = p ≤ 0.05 as 

determined using one-way ANOVA and Bonferroni’s multiple comparisons post-test.   
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3.3.7 SDC2 expression was not regulated during adipogenic and 

osteogenic differentiation but was reduced during chondrogenesis  

As differentiation potential was shown to be related to SDC2 expression as assessed 

by in vitro differentiation assays, the regulation of SDC2 transcript expression 

during tri-lineage differentiation of BM MSCs was determined by quantitative RT-

PCR to assess potential regulation of the gene in response to differentiation. RNA 

was isolated from MSCs at several time points throughout differentiation and the 

expression of SDC2 transcripts normalised to drosha expression, was evaluated. 

 

3.3.7.1 Adipogenesis 

Quantitative RT-PCR analysis of SDC2 expression through adipogenesis was 

conducted with RNA harvested at day 4 and day 12 of differentiation. RNA from 

undifferentiated MSCs was set as a value of 1 for each individual time point (i.e. 

day 4 induced was shown as a fold change relative to day 4 undifferentiated MSCs). 

Results, displayed as average fold change in SDC2 transcript expression normalised 

to drosha endogenous control and relative to undifferentiated MSCs, showed 

expression of SDC2 transcript was unchanged through in vitro adipogenesis from 

day 4 to day 12 compared to undifferentiated MSCs (Figure 3.11).  
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Figure 3.11 Quantitative RT-PCR to assess SDC2 expression during adipogenic differentiation 

of MSCs. SDC2 transcript levels during in vitro adipogenesis of MSCs were assessed by 

quantitative RT-PCR. Analysis revealed expression of SDC2 transcript levels was unchanged during 

differentiation from day 4 to day 12. SDC2 expression was normalised to the endogenous control 

gene drosha and displayed as a fold change compared to undifferentiated MSCs at the same time 

points. Results are presented as the mean ± SD of 3 biological replicates. 

 

 

 

 

 

 

 

 

 



Chapter 3  

 

 

 

108

3.3.7.2 Osteogenesis 

SDC2 transcript expression was assessed by quantitative RT-PCR of RNA 

harvested during osteogenic differentiation of MSCs. RNA was isolated from both 

osteogenically induced and undifferentiated cells harvested at days 4, 7 and 14. 

RNA from undifferentiated MSCs was set as a value of 1 for each individual time 

point (i.e. day 4 induced was shown as a fold change relative to day 4 

undifferentiated MSCs). Results were displayed as average fold change in 

expression normalised to drosha levels and relative to undifferentiated MSCs. 

Findings demonstrated that compared to undifferentiated MSCs SDC2 was 

significantly decreased, however, consistent SDC2 transcript levels was displayed 

throughout in vitro osteogenesis from days 4-14 (Figure 3.12).  

 

 

 

Figure 3.12 SDC2 expression during osteogenic differentiation of MSCs assessed by 

quantitative RT-PCR. Quantitative RT-PCR was conducted to analyse SDC2 expression during in 

vitro osteogenesis of MSCs. Results demonstrated an initial significant decrease in SDC2 transcripts 

compared to undifferentiated MSCs followed by unchanged levels of SDC2 expression at transcript 

level throughout osteogenesis. SDC2 expression was normalised using the endogenous control 

drosha and expressed as fold change when compared to undifferentiated MSCs at the same time 

points. Results are presented as the mean ± SD of 3 biological replicates. 
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3.3.7.3 Chondrogenesis 

To assess regulation of SDC2 expression during chondrogenic differentiation, 

human MSC pellets were harvested for RNA at days 0, 7, 14 and 21. RNA from day 

0 pelleted MSCs was set as a value of 1 for all time points. Results were displayed 

as the average fold change in SDC2 transcript expression normalised to drosha 

endogenous control and relative to day 0 pellets. Quantitative RT-PCR revealed a 

reduction in SDC2 transcript expression during in vitro chondrogenic differentiation 

compared to the Day 0 control. With donor to donor variability in the quantitative 

real time RT-PCR analysis, this observation was only statistically significant at day 

14 of culture (Figure 3.13). 

 

 

 

 

Figure 3.13 Assessment of SDC2 transcript levels during chondrogenic differentiation of 

MSCs. Quantitative RT-PCR analysis of SDC2 transcript expression during in vitro chondrogenesis 

of MSCs. Drosha was used as normalising control and results displayed as fold change relative to 

day 0 pellets. Findings demonstrated a reduction in expression of SDC2 transcript during in vitro 

chondrogenic differentiation, but with donor to donor variability this was only significant at day 14 

of culture. Results are presented as the mean ± SD of 3 biological replicates, * = p ≤ 0.05 as 

determined using one-way ANOVA and Bonferroni’s multiple comparisons post-test. 
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3.4 Discussion 

Although MSCs provide an attractive cell source for regenerative medicine and 

tissue engineering (Bartholomew et al., 2002, Caplan, 1991, Friedenstein et al., 

1968, Le Blanc et al., 2003b, Pittenger et al., 1999, Prockop, 1997), the low success 

rate to extend past phase 2 and 3 trials and to display efficacy (Ankrum and Karp, 

2010) has led researchers to re-examine MSC basic biology and the differences 

between the in vivo and culture expanded MSC.  

 

The BM CFU-F population has been well documented to contain cells with mono-, 

bi-, and tri-lineage differentiation potential (Banfi et al., 2000, Muraglia et al., 2000, 

Russell et al., 2010). Isolation of cells with lineage-specific differentiation 

capacities may allow for the development of cell-based therapies for applications in 

specific disease states, such as osteoprogenitor cells for orthopaedic diseases. FACS 

allows for the specific isolation of cells based on expression of cell surface markers, 

the combination of which may provide a means to isolate pure MSC populations for 

such applications.  

 

In addition to TNAP, the transmembrane heparan sulphate proteoglycan SDC2 was 

shown to co-express with CD271 on MSCs (OrbsenTherapeuticsLtd, 2012). 

Furthermore, the expression of SDC2 has previously been reported in developing 

mesenchymal tissues, and has been demonstrated to play a role in angiogenesis 

(Essner et al., 2006, Tkachenko et al., 2005, Chen et al., 2004) and functions in left-

right axis formation (Kramer and Yost, 2002). SDC2 expression in pre-

chondrogenic and pre-osteogenic cells indicates it may have a specific role in 

osteo/chondro differentiation. Collectively, these findings emphasized the prospect 

of SDC2 as a marker of osteo/chondral precursors and a possible connection with 

the CFU-F marker TNAP. 

 

The research objective of this chapter was to optimise a procedure for isolation of 

TNAP- and SDC2-expressing BM MSCs by FACS and to characterise these 
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subpopulations for enrichment for CFU-Fs, expansion capacity, cell surface 

phenotype, and immunosuppressive and differentiation potential.  

 

To determine whether SDC2 was co-expressed with TNAP on BMMNC, sequential 

FACS was conducted by which CD45
-
CD235

-
 cells were sorted to enrich for the 

MSC population and remove contaminating cells, followed by further sub-division 

based on expression of TNAP and SDC2 proteins. Incorporation of the anti-human 

antibody CD45 has been regularly applied by other researchers for selection of 

MSCs expressing CD271, CD146, and TNAP to enhance purity of the cell 

populations (Battula et al., 2009, Jones et al., 2002, Tormin et al., 2011). Results 

demonstrated that a pure population of CD45
-
 cells was achieved following the 

initial gating strategy. It was also clearly visible that the incorporation of an anti-

human CD235a antibody into the protocol eliminated a population of CD45- cells 

ensuring the purity of the CD45
- 
population prior to TNAP and SDC2 based sorting 

of MSCs.  

 

The resultant expression patterns from dual staining with TNAP and SDC2 allowed 

for the isolation of four cell subpopulations; T-S-, T+S+, T+S- and T-S+. T+S+ and 

T
+
S

-
 cell populations represented 0.0027% and 0.011% of viable BMMNCs, 

respectively, correlating with ranges described for occurrence of MSCs in BM of 

0.001-0.01% (Pittenger et al., 1999, Castro-Malaspina et al., 1980). Results were 

similar to that recorded by Tormin et al (2011) where CD271
+
CD45

-
CD146

low
 and 

CD271+CD45-CD146+ represented 0.02% and 0.01% of the total population 

recorded, respectively. However, these findings differed from that reported by 

Gronthos and colleagues (2007) where 2.83% of the starting population expressed 

STRO-3 (Gronthos et al., 2007). This variation was likely due to the differences in 

cell isolation. Unlike the selection protocol described in this chapter, isolation of 

MSCs using an anti-human STRO-3 antibody is a two-step process incorporating 

initial MACS for STRO-1
bright

 cells followed by FACS for STRO-3
+
 cells which 

can result in excess background antibody staining. Also, possible is differences in 

affinity of TNAP (W8B2) and STRO-3 antibodies for TNAP antigen.  
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The purity of sorting within the T
+
S

-
, T

-
S

+
 sorted populations was also assessed. 

Following sorting, the T+S- cell population was assessed for purity by determining 

the percentage of TNAP-expressing cells recorded within the population. Results 

showed that T
+
S

-
 sorted cells did not contain SDC2

+
 cells and retained consistent 

purity of approximately 87%. SDC2 purity appeared to be quite variable between 

donors (10-76%) as there was regularly a shift in fluorescence from brightly 

expressed SDC2 to dim or negative expression following sorting. However, closer 

analysis of the pattern of the purified cells reflects an identical pattern to that 

observed in the initial sorted population. This demonstrated that the SDC2
+
 cells 

have undergone a reduction in fluorescence and have shifted down by a log to a dim 

expression level. Potentially this may be indicative of photobleaching by which a 

molecule is excited a specific number of times and no longer contributes to the 

fluorescence signal (van den Engh and Farmer, 1992). However, further 

unpublished work by Orbsen Therapeutics Ltd have demonstrated this same loss of 

fluorescence had not been encountered following sorting of SDC2
+
 murine MNC 

from murine tissues, including marrow (OrbsenTherapeuticsLtd, 2012), indicating 

this phenomenon was specific to human MNCs. It is possible that the human MNC 

may be internalizing the SDC2 antigen in response to antibody binding or that the 

SDC2 cell surface epitope is being shed in response to antibody binding which 

affects signal transduction (Manon-Jensen et al., 2010) and which may result in this 

shift in expression. This may be analyzed further by conducting western blot 

analysis of the populations following sorting to determine whether SDC2 is 

expressed in its shed form.  

 

Quantification of crystal violet stained colonies demonstrated a significant  200-fold 

enrichment of CFU-F in T
+
S

-
 subpopulation while T

+
S

+
 cells revealed a further 

enrichment for CFU-Fs of 500-fold, compared to Parent MSCs. Interestingly, it was 

also revealed that colonies were identified only in T
+
 cell subpopulations (T

+
S

+
, 

T
+
S

-
) revealing that the SDC2-expressing cells within the marrow consisted of both 

adherent and non-adherent cells which could be separated based on their co-
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expression of TNAP. Selection of TNAP-expressing cells from BMMNCs by 

employing this FACS strategy resulted in subpopulations highly enriched for CFUs, 

improving on the enrichment observed by MACS described in chapter 2. Expressed 

as CFU-F:MNC, T
+
S

+
 and T

+
S

-
 subpopulations recorded 1:24 and 1:70, 

respectively. The ratio of CFU-F:MNC displayed by T
+
S

+
 cells reflected closely the 

combination of STRO-1
bright

STRO-3
+
 recorded a 1:22 ratio (Gronthos et al., 2007), 

while CD271
+
CD45

-
CD146

low
 and CD271

+
CD45

-
CD146

+
 represented ratios of 

1:24 and 1:50, respectively (Tormin et al., 2011). Battula et al (2009) also reported 

the isolation of similar CFU-enriched populations by FACS of 

CD271
bright

TNAP
+
CD56

-
 (1:25), and CD271

bright
TNAP

+
CD56

+
 (1:15) populations 

(Battula et al., 2009), however isolation of a cell population based on ambiguous 

terms such as “bright” is undesirable making standardization difficult. This is also 

true for the most successful combination of STRO-1brightCD106+ by which the 

CFU-F:MNC ratio is approximately 1:3 as previously described (Gronthos et al., 

2003) and additionally STRO-1 is an IgM antibody which regularly results in 

problems associated with poor solubility, adherence to sample tubes and 

precipitation into buffers of low ionic strength.  

 

Analysis of in vitro proliferation potential demonstrated T+ expressing cells 

proliferated more rapidly than Parent MSCs and through passages 3-5 T
+
S

+
 cells 

also demonstrated significantly enhanced proliferation compared to the T
+
S

-
 

population. A similar finding was described following MACS selection of CD271
+
 

cells (Miltenyi, 2007). Following direct plating Parent MSC populations also 

contain many contaminating cells which may contribute to this suppression in 

proliferation. The correlation between expression of TNAP and enhanced stem cell 

proliferation has also been reported by Kermer et al (2010) that showed in vitro 

TNAP knockdown reduced neural stem cell proliferation (Kermer et al., 2010). 

These findings of increased proliferation are favourable as often there is a large 

margin between the number of MSCs that can be obtained from the donor site and 

the number of MSCs needed for implantation to regenerate tissue. Enhanced 
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proliferation allows for rapid culture by which cells could be easily expanded to 

obtain high cell numbers if required for clinical applications. 

 

Further characterisation of T
+
S

+
, T

+
S

-
 populations included assessment of the 

expression of the ISCT-approved markers cell surface markers CD73, CD105 and 

CD90, and negative marker HLA-DR (Dominici et al., 2006). Results demonstrated 

that all cell fractions maintained high levels of expression (>90-100%) of positive 

markers and minimal expression of the negative MSC marker HLA-DR, confirming 

the MSC phenotype. Additionally, the immunosuppressive nature of T
+
S

+
 and T

+
S

-
 

cell populations was demonstrated by suppression of stimulated T-cell proliferation, 

characteristic of MSC populations (Bartholomew et al., 2002, Le Blanc et al., 

2003b) and has also been displayed by CD271-selected MSCs (Kuci et al., 2011).  

Interestingly, Teixe et al (2008) demonstrated evidence of SDC2 up-regulation in 

human primary CD4 T-cells during in vitro activation suggesting that indeed SDC2 

may play a role in T-cell inhibition (Teixe et al., 2008).  

 

MSCs have been well documented to differentiate into several lineages in vitro 

(Bartholomew et al., 2002, Caplan, 1991, Friedenstein et al., 1968, Le Blanc et al., 

2003b, Pittenger et al., 1999, Prockop, 1997), and therefore represents one of the 

ISCT standards assays for MSC characterisation (Dominici et al., 2006). Here, tri-

lineage differentiation of Parent, T
+
S

-
 and T

+
S

+
 cells was conducted to assess 

subpopulation potency and the potential of T
+
S

+
 cells to demonstrate osteo/chondral 

characteristics. Interestingly, differentiation of T+ cells in the presence or absence of 

SDC2 directly correlated with lineage-specific potential. While both the T
+
S

-
 and 

T
+
S

+
 cell populations demonstrated comparable osteogenic and chondrogenic 

differentiation capacities to Parent MSC control, adipogenic potential was inversely 

related to SDC2 expression which correlated to chondrogenic and osteogenic 

differentiation potential. Although chondrogenic assessment of cell populations 

revealed equivalent levels of proteoglycan content, the overall levels were quite 

low. Most likely this is as a result of the deposition of proteoglycan being at early 

stages, as slight staining or proteoglycan was visible with safranin O. Future 
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methods may include staining with toluidine blue to detect earlier stages of 

chondrogenesis as it is a more sensitive stain.  Collectively, these findings revealed 

that co-expression of TNAP and SDC2 identify a progenitor population with 

osteo/chondral capacities. 

 

As differentiation potential was shown to correspond with SDC2 expression, the 

regulation of SDC2 transcript expression during differentiation was assessed by 

quantitative RT-PCR. During adipogenic differentiation SDC2 transcript was not 

significantly changed from that in the undifferentiated MSCs, correlating with the 

minimal adipogenic differentiation shown by T
+
S

+ 
cells assessed by lipid formation. 

 

During osteogenic differentiation SDC2 transcript was significantly reduced 

compared to undifferentiated MSCs and remained consistent throughout the 

process. These findings are mirrored during in vivo embryonic development, where 

SDC2 expression was demonstrated to appear during condensation and initiation of 

osteogenesis, with minimal expression on the scattered mesenchymal cells during 

intramembranous ossification (David et al., 1993). This study also revealed that 

SDC2 became more pronounced at later stages of osteogenesis, once the cells 

aggregated in the osteogenic core (David et al., 1993), which could indicate that the 

secreted protein may act as a regulator for this stage.  

 

SDC2 expression during in vitro chondrogenesis showed a slight trend in reduction 

in SDC2 expression from day 0 day to 4, which was consistent with in vivo 

generated data which demonstrated SDC2 expression to be high during 

condensation of chondroprogenitor cells and progressively reduced in the 

differentiating chondrocytes. At day 14 a significant drop in expression was 

recorded which may relate to this reduction as the cell reaches a more mature form 

(David et al., 1993). SDC2 expression was again increased at day 21 however this 

was not significant and may have resulted from high donor to donor variability 
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The in vitro osteogenic and chondrogenic potential of T
+
S

+
 can also be related to 

SDC2 in vivo studies. David et al (1993) described the regulation of SDC2 

expression during mouse embryonic development which occurred in a stage-

specific manner (David et al., 1993). Specifically, SDC2 was not expressed in the 

somite, but appeared following development into the sclerotome. Its expression was 

especially high during condensation of chondroprogenitor cells, followed by a 

progressive decrease in the differentiating chondrocytes, and persistent expression 

in the perichondrium and the newly formed periosteum with the commencement of 

osteogenesis (David et al., 1993). This study also described the expression of SDC2 

during intramembranous osteogenesis; similarly to that observed during 

endochondral ossification, SDC2 appeared at condensation and initiation of steps. 

This increase in SDC2 expression during condensation, which relies on cell-cell and 

cell-matrix interactions to initiate mesenchymal cell differentiation, strongly 

suggests its direct involvement and indicates its expression may correlate with 

processes in the initiation of differentiation. Later studies by Klass and colleagues 

(2000) described the integral role of SDC2 in ECM assembly, by which defects in 

SDC2 resulted in a loss in the ability of the cells to rearrange laminin or fibronectin 

substrates into fibrils and to bind fibronectin, central to matrix formation (Klass et 

al., 2000). This further supports the role of SDC2 in differentiation. 

 

The objective of this body of work was to optimise an efficient protocol for FACS 

of TNAP- and SDC2-expressing BM MSCs and to characterise these 

subpopulations by several in vitro assays to determine whether an osteo/chondral 

progenitor population was successfully isolated. Here, two MSC populations were 

successfully isolated by FACS which displayed high CFU forming efficiency, 

showed enhanced proliferation rates and maintained the MSC phenotype and 

immuno-modulatory characteristics. The T
+
S

-
 cell population demonstrated a 

capacity for tri-lineage differentiation and may be appropriate for use in MSC-based 

therapies. The T
+
S

+
 showed a significantly higher CFU-F:MNC ratio with 

osteo/chondral  potential associated with their previous described roles in vivo 

embryonic development. Interestingly, progenitors isolated from articular cartilage 
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display a similar phenotype with in inability to undergo adipogenic differentiation 

(Fickert et al., 2004). It would therefore be interesting to speculate on the potential 

of T+S+ cells in repair of cartilage. This cell subset contains lineage-restricted 

progenitor cells, which provide a cell population which can be applied in 

orthopaedic therapies.   
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4.1 Introduction 

The validity of anti-TNAP and -SDC2 antibodies as selective agents for MSCs from 

human BM was assessed in chapters 2 and 3. Results showed that surface 

expression of TNAP was associated with colony formation, and differentiation 

potential was related to SDC2 expression. T
+
S

-
 cells retained the tri-lineage 

potential of the Parent MSCs while the T
+
S

+
 cells showed significantly reduced 

adipogenic potential and maintained osteogenic and chondrogenic capability. These 

results showed that T+S+ selection isolated a subset of osteo/chondral progenitor 

cells that could be applied to musculoskeletal therapies.  

 

The use of in vivo subcutaneous transplantation assays conducted by implementing 

specific experimental conditions has developed into a valuable tool for delineating 

osteogenic, and often chondrogenic, potential of progenitor cell populations. 

Specifically, these assays enable the assessment of differentiation potential based on 

histological appearance, tissue or cell density and indications of hematopoiesis in 

vivo. 

 

Traditionally, implanting cells in diffusion chambers has been conducted by several 

investigators (Bab et al., 1986) to assess osteogenic and chondrogenic potential. 

This process involves the loading of cells into small plastic tubes bound with semi-

permeable membranes which are implanted intraperitoneally in immunodeficient 

mice. Following three weeks, evidence of bone and cartilage tissue are visible. The 

major advantage of this method is that donor cells are easily identified as they are 

kept separate from host cells. A limitation with diffusion chambers is that cell 

loading is difficult, making generation of reproducible results difficult and there is 

no cell-cell contact between donor and host. Additionally, they can also cause 

discomfort for the animals.  

 

An alternative method to assess the in vivo osteogenic and chondrogenic potential 

of MSCs combined MSCs with an osteo-supportive matrix followed by 
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subcutaneous implantation into immunodeficient mice. This semi-quantitative assay 

method has been successful in supporting osteogenesis in an osteo-conductive 

environment (Krebsbach et al., 1997).  

 

To date, a vast number of matrix-associated MSC-based in vivo osteogenic studies 

have been documented (Bruder et al., 1998, Dennis et al., 1998, Janicki et al., 2011, 

Krebsbach et al., 1997, Kuznetsov et al., 1997b, Mankani et al., 2007). These 

studies differ in MSC source, donor age, cell number, passage number, cell 

treatment, vehicle or scaffold composition and size, and retrieval time points 

described below, showing there are many variables to be considered and that 

comparisons between studies is very difficult.  

 

The number of cells loaded onto scaffolds for assessment of bone formation in vivo 

ranges from 1 x 10
6
 to 5 x 10

6
 MSCs per scaffold (Janicki et al., 2011, Mankani et 

al., 2001, Stenderup et al., 2004, Mankani et al., 2008, Kuznetsov et al., 1997b). 

Mankani and collaborators (2007) conducted an in vivo subcutaneous bone 

formation study assessing differences in osteogenic potential based on the number 

of cells loaded. Constructs were implanted with 3 x 104, 1 x 105, 3 x 105, 1 x 106, 

and 3 x 10
6
 MSCs per scaffold for 10 weeks. Results demonstrated that while there 

was a significant decrease in bone formation when constructs received less than 1 x 

10
6
 cells, the osteogenic potential of constructs with 3 x 10

6
 or 1 x 10

6 
was 

equivalent (Mankani et al., 2007). Stenderup et al (2004) conducted a similar study 

using 1 x 104, 7.5 x 104, 5 x 105, 1.5 x 106, and 3 x 106 MSCs per scaffold for 8 

weeks in vivo. These findings aligned with that of Mankani et al (2007) by which 

constructs receiving less than 5 x 10
5
 cells showed minimal bone formation and 

implants loaded with 5 x 10
5
, 1.5 x 10

6
, and 3 x 10

6
 cells recorded similar levels of 

bone formation (Stenderup et al., 2004). Therefore in this study, as a median value, 

constructs received 2 x 106 MSCs.  

 

The passage number also varies between studies with use of cells from passages 1 

to 5 (Janicki et al., 2011, Krebsbach et al., 1997, Kuznetsov et al., 1997b, Mankani 
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et al., 2008, Dennis et al., 1998), although, assessment by population doublings 

would give values making comparisons between studies simpler. In this study, 

constructs received MSCs which had been expanded to passage 5 to ensure the 

required study cell numbers could be attained. 

 

Additionally, a number or studies described priming the cells with osteogenic-

inductive medium, or fibronectin coating or encapsulation in a fibrin clot (Bakondi 

and Spees, 2010, Dennis et al., 1998, Janicki et al., 2011, Mankani et al., 2008) to 

aid osteogenic potential, adherence and transplantation, respectively. In this study a 

fibrin clot was applied to provide a stable structure to aid in transplantation.  

 

The most common and effective vehicle or scaffold for MSC delivery combines the 

osteo-conductive components of hydroxyapatite (HA) and tri-calcium phosphate 

(TCP), a calcium phosphate ceramic and calcium salt, respectively. While the 

majority of research groups have published data using a ratio of 60:40 HA:TCP 

(Bruder et al., 1998, Dennis et al., 1998, Mankani et al., 2001), several other groups 

have employed ratios such as 20:80 (Bakondi and Spees, 2010), or variations in 

matrix compositions such as that found in Skelite (Octane-Canada) which also uses 

silicon stabilized tri-calcium phosphate (Si-TCP) at a final ratio of 67% Si-

TCP:33% HA/TCP (Tortelli et al., 2009). These HA/TCP scaffolds have been 

utilised in both block and particle formats (Hicok et al., 2004, Mankani et al., 

2001), although studies have demonstrated that block-based transplants were shown 

to form sparse regions of bone, while particle based transplants demonstrated 

abundant bone formation throughout (Krebsbach et al., 1997). 

 

Another factor to consider is the particle size of the material. A study by Mankani et 

al (2000) assessed the level of bone formation based on the particle size of the 

HA/TCP material. The spectrum of particle sizes included: 1.0 - 2.0 mm, 0.5 - 1.0 

mm, 0.25 - 0.5 mm, 0.1 - 0.25 mm, 0.062 - 0.1 mm, 0.044 - 0.062 mm, <0.1 mm, 

and <0.044 mm. Results from this study demonstrated that transplants with the 

larger particle sizes (>0.5 mm) showed sporadic and discrete bone, and sparse 
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hematopoietic tissue. In contrast, transplants with HA/TCP particles of 0.25 - 0.5 

mm and 0.1 - 0.25 mm contained abundant bone and associated hematopoietic 

tissue, with bone occupying much of the space between particles. Transplants of 

smaller particles of <0.1 mm demonstrated abundant fibrous tissue with minimal 

bone or no bone formed (Mankani et al., 2001). For this reason the scaffold utilized 

in this study consisted of HA/TCP at a ratio of 60:40 and particle size of 0.25 - 0.5 

mm. 

   

This chapter focused on determining the in vivo osteogenic capacity of the T
+
S

-
 and 

T
+
S

+
 cell subpopulations. Here, 2 x 10

6
 MSCs were loaded onto a 60:40 HA/TCP 

scaffold particles (0.25 - 0.5 mm), encapsulated in a fibrin sealant and assessed for: 

MSC metabolic activity to ensure cells remain active following encapsulation, cell 

adherence to scaffold to show their presence and distribution throughout, and bone 

formation in vivo after 8 weeks, to assess their osteogenic potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4  

  

 

 

123

4.2 Materials and Methods 

All materials were supplied by Sigma-Aldrich unless otherwise stated. All 

procedures involving animals were performed in accordance with ethical 

regulations of the National University of Ireland Galway and Dept. of Health and 

Children. 

 

To determine the osteogenic capacity of the T
+
S

-
 and T

+
S

+
 cell subpopulations in in 

vivo subcutaneous implantation assays, several processes were performed which are 

illustrated in Figure 4.1 and described in the methods below. 

 

 

 

Figure 4.1 Flow chart of upstream and downstream processes involved in in vivo implantation 

of encapsulated constructs. To prepare cells for in vivo osteogenic assessment by subcutaneous 

implantation, cell populations were expanded, harvested and encapsulated. Following implantation, 

samples underwent preservation, decalcification, embedding, sectioning, staining and microscopy. 
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4.2.1 Preparation of transplantation vehicles 

The clinically approved HA/TCP particles, macroporous biphasic calcium 

phosphate (MBCP) were sourced from Biomatlante. The ratio of HA:TCP was 

60:40 and particle sizes ranged from 0.25 mm to 0.5 mm. Particles were sterilely 

divided into 40-50 mg fractions in 1.8 ml cryovials (Nunc). 

 

4.2.2 Loading of cells onto transplantation vehicles 

Parent, T
+
S

-
 and T

+
S

+
 MSCs were culture expanded to passage 5, in order to 

achieve sufficient cell numbers, and harvested as described in section 2.2.3. 

Following cell enumeration, 2 x 106 cells were resuspended in 400 µl culture 

medium (α-MEM, 10% FBS and 1% penicillin/streptomycin), added to the 1.8 ml 

cryovials containing MBCP particles, and mixed gently for 90 min at 37°C, while 

slowly rotating every 10 min. The cell-loaded constructs were then centrifuged at 

200 x g for 60 sec and the supernantant removed. A sample of supernatant was 

assessed for unbound cells prior to encapsulation.  

 

4.2.3 Preparation of fibrin 

Fibrin sealant (Tisseel Lyo, Baxter) was prepared according to the manufacturer's 

directions. In brief, colour-coded thrombin (500 IU/ml) and fibrinogen vials were 

heated for 3 min in a 37°C waterbath. The fibrinolysis inhibitor, aprotinin (3000 

KIU/ml), was added to the fibrinogen vial using the supplied 2 ml syringe, and 

swirled gently, followed by heating to 37°C. The vial was mixed intermittently until 

the protein was completely dissolved. The thrombin was prepared by injecting the 

contents of the calcium chloride (Ca
++

 40 µmol/ml) into the thrombin (500 IU of 

thrombin in 45-55 mg of total protein) which was then warmed in a 37°C 

waterbath. Both components were kept at 37°C prior to application. 
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4.2.4 Cell and vehicle encapsulation 

To the cryovials containing the mixture of MSCs and MBCP particles, 15 µl of 

fibrinogen, followed immediately by 15 µl of thrombin was added. The sealant was 

left to solidify for 1 h, after which the constructs were inverted 180° and a further 

10 µl of fibrinogen and 10 µl of thrombin was added and allowed to solidify for 1 h. 

Constructs were prepared from three donors and in duplicate 

 

4.2.5 Assessment of cell retention following encapsulation 

To assess the ability of the Parent, T+S- and T+S+ cells to proliferate and integrate 

into the MBCP vehicle following encapsulation, constructs were encapsulated and 

incubated at 37°C, 5% CO2, 90% humidity for 48 h, after which the number of 

unbound cells were enumerated, and cell metabolism and distribution were 

assessed. 

 

4.2.5.1 Enumeration of unbound cells following 48 h encapsulation 

To estimate the number of cells retained in the MBCP scaffold following 48 h 

encapsulation, the supernatant was removed and suspended cell number following 

encapsulation was determined as described in section 2.2.1.  

 

4.2.5.2 AlamarBlue assay 

AlamarBlue (AbD Serotec) is an indicator dye which incorporates an oxidation-

reduction indicator, resazurin, which changes colour and fluoresces in response to 

the chemical reduction of growth medium resulting from cell metabolism. 

Continued metabolic activity maintains a reduced environment (fluorescent/pink) 

while inhibition of activity maintains an oxidized environment (non-

fluorescent/blue). Data is collected using either fluorescence-based or absorbance-

based readings.  

 

Following encapsulation of the MSCs on MBCP and incubation for 48 h, the 

conditioned medium was removed from constructs and fresh medium containing 
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10% alamarBlue was added. A negative control containing medium and alamarBlue 

without cells was also prepared. Constructs were incubated at 37°C, 5% CO2, 90% 

humidity for 4.5 h after which the medium was transferred to a 96-well flat-

bottomed plate and absorbance was quantified using a Wallac Victor
3
™ 1420 

Multilabel Counter fluorescent plate reader at 550nm and 600nm.  

 

The % reduction was estimated according to AbD Serotec instructions as follows; 

 

 

(Mox600 x T550) – (Mox550 x T600) 

___________________________ 
 

(Mred550 x C600) – (Mred600 x C550) 
 

 

Mred550 = 155,677 (Molar extinction coefficient of reduced alamarBlue™ at 550 

nm) 

Mred600 = 14,652 (Molar extinction coefficient of reduced alamarBlue™ at 600 nm) 

Mox550 = 80,586 (Molar extinction coefficient of oxidized alamarBlue™ at 550 nm) 

Mox600 = 117,216 (Molar extinction coefficient of oxidized alamarBlue™ at 600 

nm) 

T550 = Absorbance of test wells at 550 nm 

T600 = Absorbance of test wells at 600 nm 

C550 = Absorbance of negative control wells which contain medium plus 

alamarBlue but to which no cells have been added at 550 nm. 

C600 = Absorbance of negative control wells which contain medium plus 

alamarBlue but to which no cells have been added at 600 nm 

 

Molar extinction co-efficient values are base-line values determined by AbD 

Serotec. 

 

 

% Reduced = [ ] x 100 
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4.2.5.3 Scanning electron microscopy (SEM) 

Cell distribution in the MBCP scaffold was qualitatively determined by SEM. 

Following 48 h of encapsulation, the constructs were gently rinsed in PBS and fixed 

in 2.5% glutaraldehyde (Agar Scientific) for 1 h. Preserved samples were washed 

twice by gentle rinsing with PBS. Constructs were then dehydrated in a gradient 

series of IMS concentrations (50%, 75%, 80%, 90%, 100% and 100%) for 5 min 

each, at 4°C, followed by treatment with 100% ethanol for 4 min. Samples were 

subjected to critical point drying with hexamethyldisilazane (HMDS) for 30 min. 

Following drying samples were cut in half, mounted with sample centre displayed, 

and then sputter coated with gold (EMScope SC500 Gold Sputter Coater) to 

enhance sample conductivity for SEM. Coated samples were imaged with a 

scanning electron microscope (Hitachi S2600N Variable Pressure Scanning 

Electron Microscope) at 10-15 kV. 

 

4.2.6 Subcutaneous transplantation of constructs 

Immunodeficient 6-8-week-old female CD1 nude mice (CD1-Foxn1
nu

, Charles 

River Laboratories) were used as subcutaneous transplant recipients. The mice were 

anesthetized by intraperitoneal injection of 200 µl ketamine (0.01 ml/g) and 100 µl 

xylazine (0.005 ml/g) per 20 g mouse. A 1 cm mid-longitudinal incision in the skin 

was made on the dorsal surface of each mouse using sterile dissection scissors, and 

subcutaneous pocket created by blunt dissection. A single transplant construct was 

placed into each pocket with a sterile surgical tweezers and suture closed. Four 

transplants were implanted per animal, illustrated in Figure 4.2.  
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Figure 4.2 Locations for positioning of transplant constructs in vivo. Immunodeficient 6-8-week-

old female CD1 nude mice were selected as transplant recipients. The position of the 4 mid-

longitudinal incisions in the dorsal surface of the skin (approximately 1 cm), are indicated by arrows.  

 

4.2.7 X-radiation imaging 

At 8 weeks post-transplantation recipient mice were humanly sacrificed by CO2 

inhalation. To better visualize implants before retrieval X-radiation (X-ray) imaging 

was conducted using an OEC 9800 C-arm (GE Healthcare) and NT system 

software. 

  

4.2.8 Transplant preservation and decalcification 

Following X-ray imaging the transplants were recovered by dissection, cut into two, 

and transferred to individual 15 ml tubes containing 5 ml of 10% formalin. 

Transplants were preserved in formalin for 2 days followed by gentle washing in 
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PBS. Fixed transplants were decalcified for approximately 14 days in 5% formic 

acid (x 20 transplant volume) and changed every 2-3 days. Total decalcification was 

determined by chemical assessment of residual calcium. Specifically, 5% stocks of 

ammonium hydroxide and ammonium oxalate were prepared using distilled water. 

To test transplant decalcification, 500 µl of the decalcifying solution containing the 

transplant was extracted and transferred to a fresh 15 ml tube. Subsequently, 1 ml of 

a 1:1 working stock of 5% ammonium hydroxide and 5% ammonium oxalate 

solutions was then added. Residual calcium was identified as a white precipitate.  

 

4.2.9 Histological preparation of transplants 

Following decalcification the transplants were gently washed in PBS and placed in 

individual tissue cassettes within the automated tissue processor (Leica ASP300S). 

Samples were dehydrated, paraffin embedded and allowed to set as described in 

section 2.2.8.3. Transplants were then sectioned at a thickness of 8 µm using the 

Leica RM2235 microtome, mounted on SuperFrost Plus microscopic slides 

(Gerhard-Menzel), and incubated at 60°C for 1 h. Mounted sections were stored at 

room temperature until required for staining. 

 

4.2.10 Hematoxylin and eosin staining 

The sections were deparaffinised in xylene (10 min, 5 min) and rehydrated in IMS 

(100%, 95% and 70%, 3 min sequentially) followed by water for 1 min.  The 

sections were then stained with Harris Haematoxylin for 10 min. Samples were 

rinsed in water (10-15 dips), dipped in acid-alcohol (3-4 times) and soaked in tap 

water for 3 min. Subsequently, sections were stained with eosin for 2 min and 

soaked in tap water for 2 min. The samples were then dehydrated through graded 

IMS for 2 min each (70%, 90%, and 100% IMS) and cleared in xylene twice for 5 

min each. The mountant DPX was applied to the slides and cover slips were placed 

on top. The slides were then left flat overnight at room temperature to dry. 

Microscopy was conducted using an Olympus BX51 Upright Fluorescent 

Microscope with imaging software and camera (Olympus cell B). 
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4.2.11 Statistical analysis 

Values are displayed as the mean ± standard deviation of the mean (SD). 

Significance of datasets (minimum of n = 3 donors for all) were analyzed using 

one-way ANOVA and Bonferroni’s multiple comparison post-test. A value of p ≤ 

0.05 was considered statistically significant and are marked with a “*” symbol. 
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4.3 Results 

4.3.1 Cells were retained in MBCP scaffolds following 

encapsulation  

To determine the number of cells retained in the MBCP scaffold, the supernatant 

was removed and the number of suspended cells was enumerated. Results, 

displayed in log scale, showed that from the 2 x 10
6
 cells encapsulated 2.5 x 10

3
 of 

cells remained in suspension following 48 h encapsulation.  

 

 

 

Figure 4.3 MSCs were retained on MBCP following 48 h encapsulation. Supernatant samples 

from encapsulated constructs following 48 h encapsulation were assessed for the number of 

suspended cells. Results were displayed as MSCs encapsulated, MSCs retained, and MSCs in 

suspension and shown in log scale. Of the 2 x 10
6
 cells encapsulated, 2.5 x 10

3
 cells were identified 

in suspension following encapsulation which demonstrated approximately 98% of cells remained 

encapsulated. Results are presented as the mean ± SD of 6 replicates. 
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4.3.2 MSCs retained metabolic activity following encapsulation  

To evaluate MSC metabolic activity following 48 h encapsulation, constructs 

composed of scaffold alone or 2 x 10
6
 cells with scaffold were assessed for cell 

activity by alamarBlue. Figure 4.4 A showed no colour change in medium with 

scaffold alone, while the medium from samples containing MSCs changed to pink 

indicating a reduction in the indicator dye and therefore metabolic activity. This 

observation was confirmed by colorimetric analysis (Figure 4.4 B) using a 

spectrophotometer by which the percentage reduction (metabolism) was calculated 

based on absorbance levels at 550 nm and 600 nm and normalised to medium alone 

control. Percentage reduction was significantly higher in the presence of MSCs 

(approximately 40%) compared to medium alone. The encapsulated scaffold 

(without cells) was also assessed as a control. While it was shown to produce a 

baseline level of reduction (approximately 12%), the presence of MSCs still showed 

a significantly higher level. Results demonstrated that when compared to negative 

controls (medium alone or medium with scaffold) MSCs remained metabolically 

active following 48 h encapsulation. 
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A 

                    

 

B 

 

 

Figure 4.4 Cells remained metabolically viable following encapsulation. AlamarBlue indicator 

dye was used to assess the metabolic activity following encapsulation. (A) Photograph of 

supernatant colour change observed following incubation of scaffolds with and without cells with 

alamarBlue, demonstrating a reduction in samples containing MSCs. (B) The percentage reduction 

of substrate following alamarBlue incubation. Results showed a significant 40% reduction of 

substrate in MSC-containing samples compared to medium alone and a 25% enhanced reduction 

compared to the medium and scaffold control. This data collectively indicated MSCs were 

metabolically active following encapsulation (Results are presented as the mean ± SD of 6 

replicates, statistically assessed using one-way ANOVA and Bonferroni’s multiple comparisons 

post-test, * = p ≤ 0.05). 
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4.3.3 MSCs distributed evenly in MBCP following encapsulation  

To evaluate distribution of the MSCs within the MBCP scaffold following 

encapsulation, constructs composed of scaffold alone or 2 x 10
6
 cells with scaffold 

were visualised by SEM. SEM demonstrated that the scaffold alone control showed 

typical scaffold topography of tiny granular particles (Figure 4.5 A) while samples 

with MSCs clearly displayed the presence and integration of MSCs into the centre 

of the construct. Even distribution of cells across surfaces of the scaffold was also 

noted. At higher magnification cells could be seen extending and flattening to 

adhere and cells had a diameter of 14 µm. 
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Magnification of Image D 

 

 

Figure 4.5 SEM revealed MSCs displayed even distribution within MBCP particles following 

encapsulation. (A) Scaffold alone controls displayed standard topography while (B-D) MSC-

containing constructs revealed even MSC distribution through MBCP scaffolds. (E) Cells were 

shown to measure approximately 14 µm in diameter. SEM revealed that following encapsulation 

MSCs were present and distributed throughout the scaffold material. Representative images of 3 

donors, 50 - 100 µm. 
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4.3.4 Implanted constructs were successfully retrieved at 8 weeks  

Following 8 weeks post-implantation, mice were sacrificed and assessed for the 

presence of implanted constructs. (Specifically, Parent, T
+
S

-
, T

+
S

+
 cell populations, 

isolated from 3 donors, implanted in duplicate, with 3-4 implants per animal). All 

four implants were clearly visible and of similar sizes in all recipients, as observed 

in the representative photograph in Figure 4.6 A. Recipients were also radiographed 

to better visualise the implanted constructs. Results confirmed both mineral content 

and the presence of all four constructs, which displayed similar size, shapes and 

densities (Figure 4.6 B).  

 

 

A                         B 

 

 

Figure 4.6 Implanted constructs were clearly visible 8 weeks following implantation. (A) 

Photograph following 8 week time point. (B) Radiographic image 8 weeks after implantation. 

Results revealed the clear presence of all four implanted constructs following 8 week transplantation 

as visualised both by photograph (A) and radiographic (B). Constructs were comparable in size, 

shape and mineral density as detected by radiography. Representative images of 9 recipients, at 8 

weeks post-transplantation. 
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4.3.5 In vivo osteogenic potential of Parent, T
+
S

-
 and T

+
S

+
 cell 

populations 

To determine if Parent, T
+
S

-
 and T

+
S

+
 cells undergo osteogenesis in subcutaneous 

implantations, MBCP constructs were explanted, decalcified and histologically 

assessed by H&E staining, the standard stain utilised in in vivo osteogenic assays 

(Kuznetsov et al., 1997b, Sacchetti et al., 2007). Prior to staining, wax embedded 

samples were cut through the middle to reveal the centre of the construct after 

which each side of the sample was completely sectioned, mounting four sections at 

every 50 µm point. However, following H&E staining and imaging, there was 

minimal indications of bone formation in any of the retrieved implants (Figures 4.7 

and 4.8). Results demonstrated that in all implants the scaffold material (s) was 

clearly evident, as was the abundant amount of fibrous tissue (f) which was 

similarly distributed between all cell populations. The cells within the fibrous tissue 

of T
+
S

+
 constructs were slightly more densely compacted (Figure 4.7 E and F). The 

implants which were loaded with Parent MSCs did display evidence of osteogenic 

potential. Figures 4.7 B and 4.8 A-C illustrate the areas which showed signs of in 

vivo osteogenesis. The flat smooth regions of newly developing bone (b), indicated 

with red arrows, were present between scaffold material and fibrous tissue, which 

was also lined in places with cube-shaped osteoblasts (ob; Figure 4.8 B), indicated 

with black arrows. These results were more clearly observed on closer analysis in 

Figure 4.8 C (magnification of marked area of image B). 

 

 

 

. 
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A                        B                                                                     

 

C              D 

 

E               F 

 
 

Figure 4.7 H&E staining of implanted MSC constructs showed minimal osteogenic potential. 

Parent, T
+
S

-
 and T

+
S

+
 8 µm sectioned constructs stained with H&E following 8 week implantation. 

Parent implants: (A) 200 µm, (B) 100 µm,  T
+
S

-
 implants: (C) 200 µm, (D) 100 µm, T

+
S

+ 
 implants: 

(E) 200 µm, (F) 100 µm. Results showed that all constructs were mostly composed of scaffold (s) 

and fibrous tissue (f) with minimal or no bone formation. All implants demonstrated similar degrees 

of fibrous tissue formation while Parent MSC displayed small regions of developing bone (b) 

indicated with red arrows (image B). Representative images of Parent, T
+
S

-
 and T

+
S

+
 implants. 
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A              B 

 

 

 

 

 

 

 

Figure 4.8 H&E staining of implanted Parent MSC constructs showed small regions of 

osteogenic potential. Eight µm sections of Parent MSC implants stained with H&E following 8 

week implantation. (A) and (B) Images of stained sections of Parent MSC constructs at 50 µm. (C) 

Magnification of marked area of image B. Results showed that Parent MSC constructs displayed 

clear areas of scaffold (s) and abundant fibrous tissue (f). Small regions of newly formed bone (b) 

were also present, indicated with red arrows, as were cube-shaped bone-lining osteoblasts (ob), 

indicated with black arrows, but were predominantly composed of fibrous tissue (f).  
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4.4 Discussion 

From chapters 2 and 3 it was demonstrated that TNAP is a marker of CFU-Fs while 

the dual expression of TNAP and SDC2 identified a progenitor population with 

osteo/chondro differentiation capacities. In this chapter the in vivo osteogenic 

potential of T
+
S

-
 and T

+
S

+
 cell subpopulations was assessed. Specifically, 60:40 

HA/TCP scaffold particles (0.25 - 0.5 mm) were loaded with 2 x 10
6
 MSCs, 

encapsulated in a fibrin sealant and assessed for cell retention, viability, and 

distribution within scaffold following encapsulation. Finally, osteogenic potential 

after in vivo implantation was determined. 

 

The standard and semi-quantitative method for in vivo osteogenic assessment of 

MSC populations incorporates an osteo-supportive matrix in combination with 

MSCs, followed by subcutaneous implantation into immunodeficient mice. Many 

variations of this method have been employed by several research groups to 

determine cell potency in vivo (Hicok et al., 2004, Janicki et al., 2011, Krebsbach et 

al., 1997, Tortelli et al., 2009).  

 

In this study, following the encapsulation of the cell/matrix constructs with fibrin 

sealant several constructs were incubated for 48 h after which a number of assays 

were conducted to assess cell retention, activity and distribution. Following 48 h the 

number of suspended cells in the medium was enumerated. Results revealed that an 

average of 2.5 x 10
3
 cells of the 2 x 10

6
 cells loaded remained in the medium and 

therefore 98% of cells were retained in the construct. This was a promising 

observation indicating cells had not migrated from the construct. Several research 

groups have also produced similar findings following encapsulation. Janicki and 

colleagues (2011) found that following loading of 1 x 10
6
 cells onto scaffold 

particles, and encapsulation in fibrin, seeding efficiency was 98-99% (Janicki et al., 

2011). Kuznetsov et al (1997, 2000) also demonstrated similar results from two 

studies showing approximately 80-90% of cells were retained following 

encapsulation (Kuznetsov et al., 1997b, Kuznetsov et al., 2000). 
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Encapsulated constructs were also assessed for cellular metabolic activity by 

alamarBlue assay. Reduction of alamarBlue dye occurs as an indication of cell 

metabolism and viability by which the blue dye turns pink. AlamarBlue has been 

employed in a number of studies to demonstrate metabolism of cell types including 

choriocarcinoma cells (Al-Nasiry et al., 2007), human smooth muscle cells (Gundy 

et al., 2008), hepatocytes (O'Brien et al., 2000), and MSCs (O'Cearbhaill et al., 

2010). Results here demonstrated that constructs containing MSCs showed 

approximately 40% reduction of substrate, significantly higher than both medium 

alone and constructs without cells (approximately 12%) which produced a base-line 

reduction. This revealed that cells remained active following encapsulation.  

 

To assess whether cell integration into HA/TCP scaffold was achieved, constructs 

containing scaffold alone and scaffold loaded with 2 x 10
6
 cells were visualised by 

SEM. SEM imaging showed that the scaffold alone control portrayed typical 

topography of granular micro-particles. Constructs encapsulated with cells showed 

cells which had integrated into the centre of the construct and distributed across 

surfaces evenly. At higher magnification cells could be seen extending and 

flattening to adhere. When measured, cells were 14 µm in diameter, within range 

for MSCs. These findings indicated cells and particles were adequately mixed 

providing a favourable environment for promoting tissue development in vivo.  

 

Throughout the 8 week implantation period and at the study end point implants 

were easily visible. Radiograph results confirmed again the presence of the 4 

implants on each mouse which displayed similar sizes, shapes and also showed 

mineral content between constructs loaded with Parent T
+
S

-
 or T

+
S

+
 which were of 

comparable densities. Although, as the scaffolds contain HA, a certain baseline 

level of mineralisation would be present in all implants. 

 

Following implant retrieval, decalcification and histological processing, Parent, 

T
+
S

-
 and T

+
S

+
 containing constructs were stained with H&E to display morphology 
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and assessed by microscopy for signs of osteogenesis. Microscopic analysis 

revealed bone formation was minimal with little indications of osteogenic potential. 

Clearly evident was the abundance of fibrous tissue which was similarly distributed 

between all cell populations. The implants containing Parent MSCs did display 

evidence of osteogenesis as indicated by regions of newly developing bone present 

between scaffold material and fibrous tissue and the presence of bone-lining, cube-

shaped osteoblasts. Additional analysis options are limited however the origin of 

the tissue present and bone formed may be determined by immunohistochemistry 

using antibodies which specifically detect human or mouse cells.  

 

The deficient levels of osteogenic potential were not expected as MSCs have been 

well documented to form bone in vivo (Hicok et al., 2004, Janicki et al., 2011, 

Krebsbach et al., 1997, Tortelli et al., 2009). Results recorded from cell retention 

assessments described above indicated that 98% of the encapsulated cells were 

retained, they displayed significant levels of metabolic activity and their integration 

into the constructs was clearly evident by SEM imaging. Therefore, at the time of 

implantation, the constructs displayed all the signs of successful implant loading. 

However, previous studies have recorded data which provide insight into the 

reasons for these findings, discussed below.  

 

Firstly, in many in vivo subcutaneous assay studies the cells were pre-exposed to a 

number of osteo-inductive factors, an element not included in this study. Here, cells 

were expanded in a standard basal culture medium (alpha-MEM) with 10% serum 

and antibiotics, which has been employed by others with success (Dennis et al., 

1998). However, additional stimulation may be required to initiate differentiation in 

the in vivo environment after extensive in vitro culture. Janicki et al (2011) cultured 

primary MSCs in osteogenic medium containing dexamethasone, ascorbic acid-2-

phosphate, insulin-transferrin-sodium selenite, epidermal growth factor, and 

platelet-derived growth factor to demonstrate in vivo osteogenesis (Janicki et al., 

2011). Similarly, Mankani, Kuznetsov, and colleagues have repeatedly 

demonstrated in vivo bone formation with MSCs pre-exposed to medium treated 
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with dexamethasone and ascorbic acid-2-phosphate (Mankani et al., 2001, Mankani 

et al., 2008, Kuznetsov et al., 2000). Additionally, Hicok and collaborators (2004) 

have described successful in vivo osteogenesis following culture of MSCs in 

medium containing dexamethasone, ascorbic acid-2-phosphate, and β-glycerol 

phosphate (Hicok et al., 2004). This particular combination of osteogenic inducers 

was also employed by Agata et al (2010) to demonstrate bone formation in vivo 

(Agata et al., 2010). Another interesting study described the exposure of human 

MSCs, seeded onto a collagen/GAG scaffold, to either osteogenic or chondrogenic 

medium containing TGFβ-2 for 5 weeks, followed by 8 week subcutaneous 

implantation. Interestingly, the results showed that MSCs subjected to chondrogenic 

priming displayed significantly better osteogenesis than those which had been 

osteogenically primed (Farrell et al., 2009). Collectively, these data demonstrated 

that in vivo differentiation require similar differentiation inductive agents to those 

used to initiate in vitro osteogenesis which are not directly available to the cells. 

Alternatively, perhaps chondrogenic induction preceding osteogenesis will provide 

an enhanced method for in vivo bone formation which should be considered for 

future applications. However, a study by De Bari and collaborators (2004) assessed 

whether in vitro pre-differentiated synovial MSCs expressed chondrocyte markers 

or form ectopic stable cartilage in vivo. They recorded that the phenotype generated 

in vitro appeared to be unstable and was not sufficient to obtain ectopic formation 

of stable cartilage in vivo (De Bari et al., 2004). 

 

A second possible reason for minimal bone formation is the extent of culture 

expansion the cells have undergone in vitro. The majority of studies assessing in 

vivo osteogenesis use MSCs ranging from passages 0-3 (Bruder et al., 1998, Dennis 

et al., 1998, Hicok et al., 2004, Janicki et al., 2011, Kuznetsov et al., 1997b, 

Mankani et al., 2008, Tortelli et al., 2009). While some studies have used cells of 

passage 5, as in this study, osteogenic priming was generally conducted before 

implanting these end stage cultures (Agata et al., 2010, Janicki et al., 2011, 

Kuznetsov et al., 2000, Mankani et al., 2001), although not in every case (Bakondi 

and Spees, 2010). A recent study by Agata and colleagues, described the osteogenic 
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potential of MSCs from passages 1-5 which were osteogenically induced 

(dexamethasone, ascorbic acid-2-phosphate, and β-glycerol phosphate) for either 1 

or 2 weeks preceding implantation (Agata et al., 2010). Analysis of implants 

following retrieval at 4 weeks revealed that the passage number and duration of 

osteogenic induction significantly affected ectopic bone formation. The implants 

which had been osteogenically induced for 2 weeks displayed an increased 

percentage of bone formation compared with the 1 week induction and also showed 

that MSCs completely lost their in vivo osteogenic ability after passage 4, regardless 

of the duration of osteogenic induction (Agata et al., 2010). These results were 

supported by Janicki et al (2011) where passage number was evaluated in relation 

to in vivo osteogenic potential of MSCs and showed that 100% of the implants 

tested had formed bone in vivo when implanted at passage 1, which reduced to 75% 

at passage 3, and 0% at passage 5 (Janicki et al., 2011). This group suggested this 

outcome indicates reduced proliferation in vivo hinders the ability to create an 

active microenvironment, or modulation of genes required for maintenance in a 3D 

structure are not initiated (Janicki et al., 2011). This effect could be compensated by 

osteogenic induction as described in studies discussed above. 

 

The purpose of this study was to assess the in vivo osteogenic potential of T
+
S

-
 and 

T
+
S

+
 cell subpopulations by conducting in vivo subcutaneous implantation assays. 

Here, cell retention within the construct following encapsulation was confirmed by 

assessment of remaining suspended un-encapsulated cells. Additionally, cell 

viability and distribution within the construct was displayed by alamarBlue and 

SEM imaging, respectively, which indicated cells were present and active at the 

time of implantation. However, following 8 weeks subcutaneous implantation, 

H&E staining revealed minimal bone formation. While this was not expected these 

findings are due to the high passage number of the implanted MSCs which require 

aid to induce osteogenesis in advance of implantation. Therefore, the in vivo 

osteogenic potential of T
+
S

-
 and T

+
S

+
 cell subpopulation remains to be elucidated 

taking into account the parameters established in this study. However, the optimised 

in vitro assays proved successful in establishing efficient parameters for cell and 
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construct preparation and assessment, and can again be employed in future studies. 

The decision to select construct components including HA/TCP particles, cell 

seeding number, and fibrin clotting was all determined based on standard protocols 

which recorded consistent in vivo bone formation (Bruder et al., 1998, Mankani et 

al., 2001, Mankani et al., 2007). This suggests that for future experimentation cell 

passage number should be reduced and cell priming techniques implemented to 

elucidate the cells in vivo potential and expand our understanding of these novel 

isolated progenitor populations. 
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5. Discussion 

In today’s medical arena regenerative medicine stands as one of the great hopes for 

renewal and repair of damaged tissues. The term “regenerative medicine" was first 

described in a publication by Leland Kaiser, in which he states, “A new branch of 

medicine will develop that attempts to change the course of chronic disease and in 

many instances will regenerate tired and failing organ systems” (Kaiser, 1992). 

Since then research into cell-based therapies has greatly expanded, with the central 

focus on human adult tissue-derived stem cells. MSCs, which act to repair or 

replenish cells of damaged tissues and maintain the natural turnover in a tissue 

(Niwa, 2010), are excellent candidates for cell therapies and are currently in clinical 

trials for treatment of several diseases including: bone and cartilage repair, liver and 

cardiac diseases, and treatment for diabetes (clinicaltrials.gov October 2012).  

 

Unfortunately, several of the fundamental clinical trials in the area have either 

failed to meet primary endpoints or have undergone early termination (Ankrum and 

Karp, 2010). There may be many factors, but it is clear there is an incomplete 

understanding of basic MSC biology. This possibly results from isolation methods 

which select a largely heterogeneous cell population, which is a major confounding 

issue (Phinney, 2012). Therefore, vital to the successful application of MSCs in the 

clinic is adherence to forthcoming EU and British regulatory guidelines requiring a 

clear definition of the MSC population (BSI and BIS, 2011, EMA, 2011). 

Identification of more clearly defined parameters for MSC selection will help to 

standardise isolation methods and aid in the conversion of these findings to GMP 

production of MSCs for clinical applications. Additionally, several single-cell 

cloning studies have revealed progenitor cells within the MSC population with 

mono-, bi- or tri-lineage potential (Russell et al., 2010, Banfi et al., 2000, Muraglia 

et al., 2000). The isolation of these progenitor sub-populations may enhance their 

therapeutic potential to be applied to lineage-specific therapies such as 

chondrogenic cells for cartilage repair. 
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The objective of this thesis was to optimise the parameters for isolation of human 

MSCs derived from BM based on cell surface marker expression. Specifically, two 

cell surface antigens, TNAP and SDC2, were selected as cell surface markers for 

MSC isolation. This selection was based on previous data which revealed their co-

expression with known selectors of CFU-Fs (Buhring et al., 2007, 

OrbsenTherapeuticsLtd, 2012) and their links with tissues of mesenchymal descent 

(Anderson et al., 2004, Chen et al., 2004, David et al., 1993, Narisawa et al., 1997). 

MACS and FACS techniques were assessed as methods for progenitor selection 

after which the selected cells were characterised by determining their ability to form 

CFUs, proliferative rates, cell surface phenotype, immunosuppressive capacities, 

and differentiation potential in vitro and in vivo. 

 

While TNAP has previously been employed as a CFU-F selection tool (Gronthos et 

al., 2007, Battula et al., 2009), extensive characterisation of primary MSCs selected 

by sole expression of TNAP had not been conducted. The objective of this study 

was to firstly assess MACS as a method for selection of TNAP-expressing MSCs 

from BM, followed by in vitro characterisation of the resultant populations. MACS 

based on TNAP expression resulted in the isolation of TNAPEnr and TNAPDep cell 

populations. It was demonstrated that TNAP
+
 cells were enriched by 114-fold in the 

TNAP
Enr

 population. While a minute percentage (0.066%) of TNAP
+
 cells were 

also recorded in the TNAP
Dep

 fraction, these cells were predominantly TNAP
-
. 

Interestingly, the TNAP
Enr

 cell fraction displayed a high level of cell death 

following selection, a result also observed by Olbrich et al (2012). This was 

possibly due to a combination of cell shearing during cell manipulation or 

adherence of dead cells to available microbead binding sites, associated with 

isolation of rare cell populations by MACS (Olbrich et al., 2012). However, 

enumeration of colonies revealed a significant 80-fold enrichment in the TNAP
Enr

 

cell fraction, in line with that observed by CD271 enrichment (Quirici et al., 2002). 

These findings also displayed that the presence of the dead cells following MACS 

had not adversely affected the cells’ ability to form colonies, however it is unknown 

if their presence may have affected the cells in another manner. A minimal number 
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of colonies were also formed in the TNAP
Dep

 cell population, although significantly 

less than Parent and TNAP
Enr

 cells. The TNAP
Dep

 cell population contained 

primarily non-adherent mononuclear cells which expressed dim levels of TNAP 

(<10
3
). Cell proliferation rates between subpopulations were also compared. 

TNAP
Enr

 cells displayed proliferative potential similar to Parent MSCs, while 

TNAP
Dep

 cells showed a significantly reduced ability to proliferate. This indicated, 

with regard to selection of CFUs and rapid expansion of cells for potential clinical, 

use that TNAPEnr cells are favourable.   

 

Further characterisation of TNAP
Enr 

and TNAP
Dep

 cell populations assessed their 

surface phenotype and immunosuppressive potential to ensure cells were of ISCT 

standard, important for both GMP manufacturing of MSCs and advancement to 

clinical trials. Both cell fractions were revealed to maintain expression of ISCT-

approved cell surface markers, which indicated TNAP
Enr 

and TNAP
Dep

 cells 

displayed an MSC phenotype and reflected that of CD271 selected MSCs (Jones et 

al., 2002, Quirici et al., 2002) and TNAP-selected jaw periosteum cells (Alexander 

et al., 2009). Additionally, TNAP
Enr 

and TNAP
Dep

 cell fractions were also 

demonstrated to significantly reduce T-cell stimulation at levels similar to Parent 

MSCs, also described by Battula and colleagues (2009) with MSC subsets 

CD271
bright

TNAP
+
CD56

-
 and CD271

bright
TNAP

+
CD56

+
 (Battula et al., 2009). These 

findings provided additional evidence to verify the cells displayed general MSC 

characteristics in vitro.  

 

The ability of the TNAP
Enr 

and TNAP
Dep

 cell populations to differentiate into 

adipogenic, osteogenic, and chondrogenic cells was also assessed. TNAP
Enr 

cells 

displayed adipogenic and osteogenic potential equivalent to Parent MSCs. While 

there was a slight reduction in chondrogenic differentiation ability, this was not 

significant and therefore results indicated TNAPEnr cells were capable of tri-lineage 

differentiation. These findings can be supported by previously described in vitro 

and in vivo studies. TNAP is central in bone mineralisation by which it maintains a 

balance between Pi and PPi (Anderson et al., 2004), correlating with its in vitro 
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osteogenic potential in this study. TNAP deficiency in humans results in 

hypophosphatasia which affects bone mineralization and can lead to rickets or 

osteomalacia (Stoll et al., 2002). Fedde et al (1999) have also described TNAP 

knockdown in a murine model which resulted in inhibition of hyaline cartilage 

growth plate development and a significant reduction in hypertrophic chondrocytes, 

which remained nested (Fedde et al., 1999), demonstrated a role for TNAP in 

chondrogenic differentiation. TNAP has also been shown to function in 

adipogenesis. In the pre-adipocyte murine cell line 3T3-L1, small molecule 

inhibitors were used to inhibit TNAP expression which resulted in a significant 

reduction in adipogenic differentiation, while TNAP-expressing controls displayed 

alkaline phosphatase localized around lipid droplets of the cells and its gene 

expression levels were increased during adipogenesis (Ali et al., 2005).  In addition, 

TNAP-targeted knockdown of TNAP in vivo induced a reduction in total body fat 

(Fedde et al., 1999, Narisawa et al., 1997). Jointly, these studies support the in vitro 

findings which demonstrated the tri-lineage differentiation potential of TNAP
+
 

MSCs and strengthen TNAP potential as a marker for BM MSC isolation. 

 

Conversely, TNAPDep cells showed depleted adipogenic and chondrogenic potential 

compared to Parent MSCs. However, TNAP
Dep

 cells were revealed to show 

enhanced osteogenic potential. These data suggested that MACS based on TNAP 

expression selected a cell type with tri-lineage potential and passively isolated an 

osteoprogenitor. The selection of an osteogenic cell by TNAP depletion was an 

unexpected finding, as TNAP has been well documented to play a role in bone 

mineralisation, described above, and is often used as a marker of osteogenesis 

(Anderson et al., 2004, McMurray et al., 2011). TNAP expression has previously 

been documented to select all CFUs from BM by both MACS and FACS (Buhring 

et al., 2009, Gronthos et al., 2007). However, a study by Olbrich et al (2012) also 

described the presence of adherent cells in the TNAP
-
 cell fraction following 

MACS of cultured JPCs. While the JPCs were capable of osteogenic differentiation 

they were less osteogenic compared to TNAP-enriched JPCs (Olbrich et al., 2012). 

This study design differs from that utilized in this thesis as the cells had been 
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cultured for 7 days prior to MACS. The adherent cells observed in the TNAP
Dep

 cell 

fraction may have been contaminating osteoblasts which have been shown to 

express TNAP (Moss, 1992). Future studies may confirm this hypothesis by flow 

cytometric analysis for the osteoblast marker osteopontin (Heinegard et al., 1989). 

A third possibility may be the selection of an adherent osteo-specific progenitor. 

Together, these findings demonstrate the negative selection of an osteoprogenitor 

by MACS removal of TNAP-expressing cells from the BM.  However, the MACS 

technique also resulted in significant cell death and low purity of the selected 

population, rendering it invalid for GMP-grade isolation of MSCs from the BM.    

 

Due to the multipotent nature of TNAP
Enr

 cells, expression of TNAP transcript was 

assessed during differentiation by quantitative RT-PCR. Results confirmed TNAP 

expression was increased during adipogenic, osteogenic differentiation, and a trend 

of an increase in chondrogenesis which was not significant. This data correlates 

with the in vitro data described in chapter 2 and in vivo results described above by 

which TNAP plays a role in bone mineralisation, hyaline cartilage development, 

and adipogenesis (Ali et al., 2005, Anderson et al., 2004, Bianco et al., 1988, Fedde 

et al., 1999). This further supported TNAP as a marker of MSCs. 

 

Expression of the transmembrane heparan sulphate proteoglycan SDC2 on MSCs 

has only recently been observed (OrbsenTherapeuticsLtd, 2012). Like TNAP, 

SDC2 co-expresses with the CFU-F marker CD271 and is linked to processes of 

early embryonic development such as left-right axis formation patterning in early 

Xenopus embryos (Kramer and Yost, 2002) and expression in sites of high 

morphogenetic activity including epithelial-mesenchymal interfaces, pre-

chondrogenic and pre-osteogenic mesenchymal condensations (David et al., 1993). 

As TNAP was demonstrated to select CFU-Fs from BM, SDC2 was assessed in 

combination with TNAP as selectors of potential subpopulations within the TNAP+ 

CFU-F population. To develop a stringent method of cell selection, FACS of 

TNAP- and SDC2-expressing BM MSCs was optimised and the resultant 

subpopulations characterised in vitro for their potential to form CFU-Fs, expansion 
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capacity, cell surface phenotype, and immunosuppressive and differentiation 

abilities.  

 

FACS of TNAP- and SDC2-expressing BMMNCs resulted in the isolation of four 

cell subpopulations; T
-
S

-
, T

+
S

+
, T

+
S

-
 and T

-
S

+
, with both T

+
S

+
 and T

+
S

-
 cell 

populations present at ranges correlating to that previously reported for MSCs from 

BM (Pittenger et al., 1999, Castro-Malaspina et al., 1980). A slight difficulty 

encountered was that there was a recurrent shift in fluorescence from brightly 

expressed SDC2 to dim or negative expression following sorting and therefore 

SDC2 purity appeared to be quite variable between donors (10-76%). However, 

closer observation of the pattern of the purified cells displayed an identical pattern 

to that observed in the initial sorted population, and importantly TNAP
+
 cells were 

not present in T-S+. This transfer in fluorescence demonstrated SDC2+ cells had 

shifted down by one log to a dim level of expression. While this could be attributed 

to photobleaching (van den Engh and Farmer, 1992), further unpublished work by 

Orbsen Therapeutics Ltd have demonstrated this same loss of fluorescence had not 

been encountered following sorting of SDC2
+
 murine MNC from murine tissues, 

including marrow (OrbsenTherapeuticsLtd, 2012). These data indicated this 

phenomenon was specific to human MNCs and is possible that the human MNC 

may be internalizing the SDC2 antigen in response to antibody binding or that the 

SDC2 cell surface epitope is being shed in response to antibody binding which 

affects signal transduction (Manon-Jensen et al., 2010). The exact phenomenon is 

unclear, however, assessment of the SDC2 antibody following sorting of MSCs 

from alternative species may aid in assessing this variability. TNAP expression 

within the T
+
S

- 
cell fraction retained consistent purity (87%) while SDC2-

expressing cells were not detected. From these findings it was evident that FACS 

provided an improved method over MACS for isolating MSCs according to EU 

guidelines. 

 

Interestingly, SDC2 was expressed on cells which were both adherent and non-

adherent and could be separated based on their co-expression of TNAP. 
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Specifically, T
+
S

+
 and T

+
S

-
 subpopulations recorded CFU:MNC ratios of 

approximately 1:24 and 1:70, respectively which demonstrated that FACS of 

TNAP-expressing cells from BMMNCs resulted in the isolation of CFU-Fs, as 

observed in chapter 2. The ratio 1:24 obtained with T
+
S

+
 cells reflected findings 

from several other studies which assessed FACS as a method to select CFU-

enriched cell populations such as STRO-1
bright

STRO-3
+
 at 1:22 ratio (Gronthos et 

al., 2007), CD271
+
CD45

-
CD146

low 
at 1:24 (Tormin et al., 2011), and 

CD271brightTNAP+CD56- at 1:25 (Battula et al., 2009). Although 

CD271
bright

TNAP
+
CD56

+
 and STRO-1

bright
CD106

+
 selected populations displayed 

improved CFU:MNC ratios of 1:15 and 1:3 (Battula et al., 2009, Gronthos et al., 

2003), respectively, the ambiguous term of “bright” is not favourable for 

developing standardised isolation protocols inline with EU regulations. The 

proliferative potential of T+S+ and T+S- subpopulations was enhanced compared to 

Parent MSCs and at later passage numbers T
+
S

+
 cells also revealed significantly 

enhanced proliferation compared to T
+
S

-
 population. With their superior 

proliferative capacity, T
+
S

+
 and T

+
S

-
 subpopulations are attractive for GMP 

expansion of MSCs for clinical application. 

 

As described for MACS selected cell populations, T
+
S

+
 and T

+
S

-
 subpopulations 

were assessed for their surface phenotype and immunosuppressive potential. Both 

cell populations displayed MSC characteristics by revealing expression of ISCT-

approved surface markers CD73, CD105 and CD90 and no expression of the 

negative marker HLA-DR. These cells were also demonstrated to reduce T-cell 

proliferation in immunosuppressive assays, at levels comparable to Parent MSCs. 

These characteristics ensured that based on ISCT standards, these populations 

displayed required traits for GMP production and clinical trials using MSCs. 

 

The ability of cells to differentiate into adipogenic, osteogenic and chondrogenic 

cells is also an ISCT requirement to identify an MSC (Dominici et al., 2006). 

However, single-cell cloning research has described the presence of lineage- 

committed progenitors within the MSC population which instead of displaying tri-
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potent qualities, show either bi- or mono-potential (Russell et al., 2010, Banfi et al., 

2000, Muraglia et al., 2000) highlighting potential for selection of lineage-specific 

progenitors. Interestingly, tri-lineage differentiation of TNAP-expressing cells in 

the presence or absence of SDC2 displayed this lineage-specific potential. Although 

both the T
+
S

-
 and T

+
S

+
 cell populations revealed comparable osteogenic and 

chondrogenic differentiation capacities compared to Parent MSCs, their adipogenic 

potential was significantly different. These findings were similar to those described 

by Battula et al (2009) by which chondrocytes were predominantly present in 

CD271
bright

MSCA-1
+
CD56

+
 cells whereas adipocytes emerged solely from 

CD271
bright

 MSCA-1
+
CD56

−
 cells (Battula et al., 2009), however this study 

displayed only non-quantitative analysis of differentiation making comparisons 

between studies difficult. 

 

As discussed in chapter 3, the ortho-specific potential of T
+
S

+
 can be connected to 

studies describing SDC2 in vivo. During embryonic development SDC2 expression 

was demonstrated to occur sequentially by which it was first detected in the 

sclerotome (David et al., 1993). In chondrogenesis the condensation of 

chondroprogenitor cells displayed the highest levels of expression which reduced 

progressively over the differentiation process. Expression was also reflected during 

intramembranous osteogenesis by which SDC2 appeared during condensation and 

initiation of osteogenesis SDC2 expression in condensing cells strongly indicated 

its role in the initiation of osteogenic differentiation (David et al., 1993). This was 

supported  by Klass et al (2000) that demonstrated SDC2 to be central in ECM 

assembly (Klass et al., 2000).  

 

The link between SDC2 expression and differentiation ability was further assessed 

during in vitro differentiation assays of BM MSCs, in which the regulation of SDC2 

transcript expression was monitored by quantitative RT-PCR. SDC2 transcript 

remained consistent during adipogenic differentiation, which suggested SDC2 does 

not play a role in in vitro adipogenesis. Quantification of lipid formation of T
+
S

+
 

cells described minimal adipogenic potential. SDC2 transcript levels during 
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osteogenesis revealed a significant decrease when compared to undifferentiated 

MSCs and stable expression throughout the process. As discussed in chapter 3, 

David et al (1993) demonstrated that during in vivo embryonic development the 

expression of SDC2 appeared during condensation and initiation of osteogenesis 

and became more distinct at later stages (David et al., 1993). In relation to SDC2 

RNA transcript levels during osteogenic differentiation this prominent expression at 

later stages of osteogenesis was not detected which could indicate at this stage the 

secreted protein may be regulated. Future studies may investigate SDC2 protein 

expression by western blot analysis to elucidate whether regulation occurs during 

differentiation at protein level. SDC2 transcript expression during in vitro 

chondrogenesis demonstrated a higher level during early condensation stages of 

chondrogenesis which was reduced by day 14 and again increased at day 21. Higher 

level of expression at day 0 correlates with the high expression of SDC2 during 

condensation while at day 14 the significant reduction in expression indicated that 

SDC2 was down-regulated as cells begin to differentiate and undergo hypertrophy 

or as the cells reached a more mature form (David et al., 1993). SDC2 expression 

was again increased at day 21 however this was not significant. 

 

To elucidate the in vivo osteogenic potential of T
+
S

-
 and T

+
S

+
 cell populations 

subcutaneous implantation assays were conducted. Specifically, T
+
S

-
, and T

+
S

+
 

cells were seeded onto osteo-conductive MBCP scaffold particles and assessed for: 

MSC metabolic activity following encapsulation, cell adherence to scaffold, and 

assess their osteogenic potential compared to Parent MSCs. Following 48 h 

encapsulation the number of cells remaining in the suspension medium was 

enumerated to determine the number of cells successfully encapsulated, which was 

revealed to be >98%. Cells were also demonstrated to induce a reduction in the 

metabolic indicator dye, alamarBlue as determined by spectrophotometry, which 

indicated that the cells remained active and viable after encapsulation. To verify cell 

attachment to the scaffold within the encapsulated construct, visualisation was 

enabled by SEM. Cells were shown to have integrated into the centre of the 

construct, distributed across surfaces evenly, and had extended and flattened to 
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adhere which indicated cells and particles were adequately mixed, providing a 

favourable environment for promoting tissue development in vivo. Collectively, 

these in vitro studies suggested that viable cells were present in sufficient numbers 

within the encapsulated HA/TCP scaffold prior to implantation.  

 

Following 8 weeks implants were successfully retrieved after which H&E staining 

of sectioned constructs revealed minimal indications of in vivo osteogenesis in 

samples with Parent MSCs with no osteogenesis evident in T+S- or T+S+ cell-loaded 

constructs. While fibrous tissue was abundant in all constructs, only Parent MSCs 

displayed any evidence of osteogenesis. This was unexpected as MSCs have been 

well documented to undergo in vivo osteogenesis (Janicki et al., 2011, Kuznetsov et 

al., 1997a, Mankani et al., 2007) and in vitro cell retention assays displayed positive 

results prior to subcutaneous implantation. However, these findings may be 

explained by variations in several other in vivo MSC studies by which cells were 

firstly osteogenically primed prior to implantation (Agata et al., 2010, Hicok et al., 

2004, Mankani et al., 2007). When returned to the in vivo environment following 

culture expansion cells require induction before implantation. A second reason for 

minimal bone formation may be that due to a limitation in cell numbers. Cultures 

were also expanded to late passages which have been demonstrated previously to 

adversely affect in vivo osteogenesis (Janicki et al., 2011). For future studies these 

possibilities must be considered so as to fully elucidate the in vivo potential of these 

cell populations. Specifically, cells at different passages should be assessed with 

and without osteogenic priming to determine the optimal process for inducing in 

vivo osteogenesis 

 

Indeed these findings advance the current state of the art regarding MSC-

subpopulation identification as the protocol for isolation incorporates only positive 

(+) and negative (-) cell surface marker expression, removing the ambiguity 

surrounding selection of CD271 or STRO-1 “bright” (Gronthos et al., 2007, Jones 

et al., 2002) and by quantitatively characterizing their differentiation potential 

(Battula et al., 2009). Finally, TNAP and SDC2 expression identify populations 
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highly enriched for CFUs, verifying their MSC-specific nature (Anderson et al., 

2004, Chen et al., 2004, David et al., 1993, Narisawa et al., 1997). This is the first 

incidence by which SDC2 has been described as a novel MSC marker with the 

ability to isolate osteochondral progenitors for applications in orthobiologic 

therapies.  

 

While the identification of these cell populations has advanced the current state-of-

the-art in MSC progenitor selection, an interesting direction to examine moving 

forward would be to determine their in situ localisation in BM. A number of studies 

have described the expression of MSC markers in BM. Sacchetti et al (2007) firstly 

demonstrated the relevance of BM MSCs in the human hematopoietic 

microenvironment (HME) by which CD146-cultured MSCs were shown to re-

establish the HME (Sacchetti et al., 2007) and expression restricted to adventitial 

reticular or sub-endothelial cells within the hematopoietic tissue. Tormin and 

colleagues (2011) described the selection of BM CFU-Fs from CD271
+
CD45

-

CD146
+
 and CD271

+
CD45

-
CD146

-/low
 cell populations and further described the 

differences in CD146 expression to correlate with specific in situ localized cell 

types. Specifically, sub-endothelial sinusoidal cells were CD271
+
CD146

+
, while 

bone-lining cells were CD271+CD146-/low (Tormin et al., 2011) correlating with 

Sacchetti (Sacchetti et al., 2007). In this thesis two separate populations of cells 

have also been isolated based on expression of surface proteins which have both 

been demonstrated to co-express with CD271
+
 MSCs. Potentially, TNAP

+
 and 

SDC2
+
 cells may also co-localise with such cell populations which would provide 

additional information regarding their roles in vivo. As TNAP+CD56+ cells isolated 

by Battula et al (2009) have demonstrated similar differentiation capacities to 

TNAP
+
SDC2

+
 MSCs an informative experiment moving forward should investigate 

the expression of TNAP, SDC2, CD271, CD146, and CD56 in transverse sections 

of human BM to establish an in situ picture of their expression patterns and function 

in the HME. Interestingly, additional data generated by Orbsen Therapeutics Ltd 

demonstrated the co-expression of SDC2 and a pericyte marker NG2 

(OrbsenTherapeuticsLtd, 2012), a trait also shared with CD146 cells (Crisan et al., 
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2008). Crisan and collaborators (2008) have previously described the isolation of 

pericytes based on positive expression of CD146, NG2, and PDGF-Rβ and 

observed that following culture expansion, perivascular cells displayed a phenotype 

and differentiation potential comparable to that of BM MSCs (Crisan et al., 2008). 

Similar to the sub-endothelial sinusoidal cells (adventitial reticular cells) of the BM, 

pericytes also reside on the surface of endothelial cells in the microvasculature of 

connective tissue (Bianco et al., 2008). Given that CD271
+
CD146

+
 are expressed on 

the BM counterparts (Tormin et al., 2011) it could be hypothesized that pericytes 

are the MSCs found in different tissues. This theory was addressed by Caplan 

(2008), following the published findings of Crisan et al (2008), in which he 

discussed the similarities and differences between the two cell types and concluded 

that there was a clear link between the MSC and the pericyte and although there 

will undoubtedly be a number of exceptions that generally speaking all MSCs were 

pericytes (Caplan, 2008). Pericytes have also been described to play a central role in 

angiogenesis (Ribatti et al., 2011), a trait also shared with SDC2 (Chen et al., 2004) 

and therefore a potential avenue of interest worth pursuing in an attempt to assess 

MSC or pericyte contribution in the formation and homeostasis of vascularised 

tissues. 

 

5.1 Advancing the state-of-the-art 

Haematopoietic stem cells (HSCs) are well-defined adult stem cells. In the 1960s 

McCulloch and colleagues proposed a hierarchal model of mammalian 

hematopoiesis which was supported by findings from mouse and human in vitro 

CFU assays and in vivo transplantation experiments. Eventually it was discovered 

that a single mouse blood cell could reconstitute the entire blood system in an 

irradiated mouse, generating proof of concept data for HSCs (Civin, 2010). To 

unravel the underlying mechanisms of this critical cell system required a means to 

identify these rare cells. Leary et al (1984) were successful in identifying the cell 

surface antigen CD34, which selected approximately 1% of the total cells in BM 

(Civin and Loken, 1987, Krause et al., 1996, Leary et al., 1984). Civin’s review of 
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the literature discusses how this marker was then utilized to trace the development 

of all major lineages of blood and immune cells including B and T lymphocytes 

which connected immunology and haematology (Civin, 2010). With CD34 as the 

anchor antigen, additional antigens were assessed to delineate immuno-phenotypes 

of the hematopoietic cells, and divide the cell population into subsets, such as 

CD34
+
/CD38

-
 engrafting human HSCs (Civin et al., 1996). 

 

This thesis focused on a similar method for identifying MSCs within the BM with 

lineage-specific potential, that if isolated could be clinically applied. Demonstrated 

for the first time here was the isolation of osteo/chondro-specific progenitors in BM 

by co-expression of the cell surface proteins TNAP and SDC2 (Figure 5.1). Figure 

5.2 displays the current-state-of the-art regarding cell surface phenotyping in BM 

MSCs. The cells of the BM are divided into two populations based on CD45 

expression. CD45
+
 expression is present on cells of the haematopoietic lineage with 

the exception of mature red blood cells and red blood cell precursors which are 

CD45
-
. The remaining CD45

-
 cells consist of mature cells (i.e. osteoblasts), the non-

adherent plasma cells and erythrocytes (identified by their CD235a expression), and 

the adherent MSCs. This study and others have demonstrated that the CFU-F 

population can be selected by expression of either TNAP
+
, CD271

Bright
, STRO-

1
Bright

CD106
+
 and resultant MSCs have tri-lineage differentiation potential (Battula 

et al., 2009, Gronthos et al., 2007, Gronthos et al., 2003, Jones et al., 2002). It was 

also shown that TNAP depletion by MACS isolated an osteo-specific cell. Whether 

this originates directly from the tri-potent or bi-potent (osteo/chondro) progenitor is 

undefined and its selection has been inconsistent between studies and therefore 

inconclusive. Advancing the current state-of-the-art, this study has identified a 

means to select ortho-specific progenitors which can be applied to ortho-specific 

clinical treatments. Like that described for development of the hierarchal model of 

immuno-phenotyped HSCs, the findings from this study enhance our knowledge of 

the current hierarchal model for MSC identification.  
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Figure 5.1 Schematic diagram of MSC differentiation potential based on surface marker 

expression. Based on the findings described in this thesis and previously published data (Battula et 

al., 2009, Jones et al., 2010)  the above schematic depicts the current state-of-the-art in the selection 

of MSC subpopulations based on cell surface protein expression. CFU-Fs can be isolated by 

selection of BMMNCs expressing TNAP or CD271
bright

 proteins. This population of cells can be 

induced to undergo adipogenesis (Adipo), osteogenesis (Osteo), and chondrogenesis (Chondro) in 

vitro. These tri-potent cells can be further subdivided into lineage-specific cell fractions based on 

presence or absence of SDC2 or CD56 expression. Images are representations only and do not 

specifically relate to the surface markers listed above. Text in greyscale indicates that data regarding 

these cell populations is based on non-quantitative assays only and therefore not conclusive.  
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Figure 5.2 Schematic diagram of the current state-of-the-art in BM MSC surface marker 

expression. The above schematic describes the current state-of-the-art in the identification of BM 

MSCs based on cell surface protein expression. Generally, the cells of the BM can be separated by 

CD45 expression. The haematopoietic lineage, with the exception of mature red cells and 

precursors*, express CD45
+
. CD45

-
 cells consist of mature cells, the non-adherent plasma cells and 

erythrocytes (CD235a
+
) and CFU-Fs. The CFU-F population can be selected by expression of 

TNAP
+
, CD271

Bright
, or STRO-1

Bright
CD106

+
and are tri-potent. Markers to select adipogenic bi-

potent or mono-potent cells are unknown. TNAP
+
 MSCs with osteo/chondro potential can be 

selected by co-expression with SDC2 or CD56. Surface proteins for selection of osteo-specific or 

chondro-specific potential remain undefined. Text in greyscale indicates that data regarding these 

cell populations is based on non-quantitative assays only. * and red arrows indicate inconsistent or 

unknown data, therefore not conclusive 
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