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ABSTRACT 
 

The emergence of cellular therapies in the last fifteen years has seen a 

paradigm shift in healthcare not only in human medicine but in veterinary medicine 

also. The use of mesenchymal stem cells (MSCs) from bone marrow, cord blood or 

adipose tissue has been used in the treatment of both equine and canine 

musculoskeletal disorders since the early 2000’s. Little is known however, about the 

therapeutic mechanisms of these treatments. This thesis documents the cell types 

and secretion capabilities of adipose-derived therapeutics. It details the evolution of a 

treatment offering for canine osteoarthritis (OA), from an autologous freshly derived 

point-of-care treatment to an allogeneic culture-expanded off-the-shelf therapeutic.   

Whilst some characterisation of canine MSCs has occurred in vitro, there is 

little known about the cell composition and secretion capabilities of the mixed cell 

population derived from adipose tissue, known as the stromal vascular fraction (SVF). 

Preliminary in vivo efficacy using the canine SVF was demonstrated in dogs suffering 

from OA. Whilst historically the differentiation capability of MSCs was thought to be 

the major driver of therapeutic efficacy, the early treatment response seen in these 

dogs was far too rapid to be due to tissue regeneration. Furthermore, it is now well 

established in the literature that the paracrine secretions of MSCs are a key 

contributing factor to therapeutic effect of these cells.  

To determine the cell types and composition of the canine SVF and the canine 

MSCs themselves, an in vitro characterisation utilising cluster differentiation 

antibodies and flow cytometry was performed. Additionally, the secretion profile of 

the cell types of the SVF in combination and the MSCs alone was carried out using a 

multi-plex cytokine analysis approach. This work demonstrated the cells of the SVF 

secreted therapeutically relevant cytokines and furthermore a correlation between 

the cells types present and the secretion profile was shown.  

To further exploit the apparent therapeutic benefit of the cellular secretions, a 

concentrated cell culture conditioned medium containing the secretions, was added 

to culture-expanded MSCs. To determine the efficacy of MSCs cryopreserved with 

cellular secretions, a mouse model of induced arthritis was utilised. The results of this 

trial showed that the addition of secretions to MSCs had a superior ability as an 
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arthritis-relieving agent to that of MSCs alone. Furthermore, the use of MSCs with 

secretions was shown to have the same clinical efficacy in canine OA as the freshly 

derived SVF therapeutic.  
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CHAPTER ONE 

Chapter 1  

Introduction 
 

This chapter provides a broad overview of regenerative medicine and an historical 

summary of the relevant types of stem cells involved in cellular regenerative medicine, 

in particular, mesenchymal stem cells (MSCs), This introduction discusses the relevant 

sources of MSCs and the therapeutic properties of these cells. As the aim of this thesis 

was to investigate the regenerative properties of adipose-derived MSCs for the 

treatment of canine osteoarthritis (OA), this introduction also outlines the current 

status of cellular therapy in veterinary medicine and the role of MSCs and their 

secretions in the treatment OA. Additionally, a review of adipose tissue and its cell types 

and secretions is provided. Furthermore this chapter discusses the advantages and 

limitations of two methods to provide an in-clinic MSC cellular therapeutic; a point-of-

care freshly derived cellular treatment and a readily available off-the-shelf 

cryopreserved therapeutic. Lastly this introduction provides an overview of the aims of 

the research undertaken in this thesis. 
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1.1. Regenerative Medicine – Cellular Therapy 

The term regenerative medicine was first used just two decades ago when 

Leland Kaiser used the term in a report written in 1992 entitled “The Future of 

Multihospital Systems [1].” He described in this report what he thought 21st century 

health care would entail. He touched on genetic engineering, nanotechnology, and a 

future of holographic imaging and artificial intelligence diagnosis. In a paragraph 

entitled “Regenerative Medicine” he stated “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” [1]. Despite Kaiser’s prescient 

terminology, the notion of treating chronic disease by repairing, regenerating or 

replacing cells, tissue or even organs through biomedicine began much earlier than 

this. The earliest example of regenerative medicine was the first successful bone 

marrow transplant (now known as a hematopoietic stem cell transplant) in 1956 to 

replace cells of the blood after myeloablation [2].  

Cellular therapy represents one arm of regenerative medicine and most 

commonly involves the use of stem cells derived from either adult tissues or embryos. 

Therapeutic applications are numerous and include cancer vaccines, immune therapy 

and treatment of pathologies such as heart disease, diabetes, and orthopedic or 

neurological conditions [3, 4]. Cellular treatments provide a therapeutic option, 

which in contrast to traditional synthetic drug therapies, do not rely on a single target 

receptor or pathway for their action. Instead, cellular therapeutics exert regenerative 

capabilities via a broad range of mechanisms including cell differentiation potential 

and secretion of soluble molecules such as growth factors and cytokines to stimulate 

repair and regeneration of damaged cells or tissues. Figure 1.1 provides a 

chronological summary of key developments in cellular therapy some of which are 

discussed in the sections below. 
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The use of stem cells as therapeutics has become one of the largest areas of 

scientific and medical research worldwide. The use of stem cells for the treatment of 

multiple diseases has become widespread. There are several different types of stem 

cells (refer to Section 1.2.1), however, the adult stem cell types, mesenchymal stem 

cells (MSCs) and hematopoietic stem cells (HSCs), are currently most commonly 

utilised as therapeutics. The regulatory framework in many jurisdictions as well as 

the ethical and safety concerns surrounding other stem cell types, such as embryonic 

stem cells (ESCs) and induced pluripotent stem cells (iPSCs), prevent their use in 

clinical applications currently. At this time, there are over 5000 clinical trials listed on 

the American government clinical trials website investigating the use of either MSCs 

or HSCs in humans for the treatment of a variety of diseases including diabetes, 

ischemic injuries, liver failure, musculoskeletal disorders, and graft-versus-host 

disease[5].  
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1.2.  Stem Cells 

Stem cells are part of the tissue repair mechanism found in all mammalian 

tissues [6]. They are unspecialised cells capable of self-renewal through division, 

sometimes after lengthy periods of inactivity [7]. Under certain physiologic or 

experimental conditions, stem cells can differentiate into tissue- or organ-specific 

cells with specialised functions, for example a muscle, blood or neural cell [8]. It is 

these characteristics that distinguish stem cells from other cell types in the body. 

There are several types of stem cells, each having key properties that dictate how it 

will develop.  

Germ cells and newly fertilized zygotes are considered to be totipotent, 

meaning they can form all cell types of the embryo, the adult, and the extra-

embryonic tissue such as the placenta [9]. If a stem cell is pluripotent, it can 

differentiate into any cell type of the three germ layers, the endoderm, ectoderm and 

mesoderm, but cannot form extra-embryonic tissue. ESCs are exclusively pluripotent, 

and thus offer a wide range of differentiation capabilities [9]. All other stem cells 

found within the specialised tissue of the fetus and adult are considered to be 

multipotent [9]. These cells have the ability to form multiple cell types but are lineage 

restricted. The remaining stem cell type is unipotent, often referred to as a progenitor 

cells. These cells possess the property of self-renewal but can only form their own cell 

type [9].   

1.2.1.  Types of Stem Cells 

1.2.1.1.  Embryonic Stem Cells 

ESCs were first harvested and culture-expanded from the mouse blastocyst as 

recently as the 1980’s [10, 11]. In 1998 James Thomson and his team were the first to 

successfully derive human ESCs from a blastocyst and develop the first embryonic 

stem cell lines [12]. A decade of excitement ensued as Thompson and his team 

demonstrated the potential of ESCs to regenerate and differentiate into specialised 

tissues. However, this discovery also initiated the ethical debate surrounding the 
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destruction of human embryos. As such, whilst ESCs are considered to be of vast 

therapeutic potential theoretically, their use is fraught with controversy due to the 

ethical, religious and legislative issues surrounding embryo-derived material. 

Furthermore, there is risk associated with the therapeutic use of ESCs due to 

immunological rejection, mutation and the formation of tumours [13, 14]. There are 

currently no approved treatments using ESCs. 

1.2.1.2.  Induced Pluripotent Stem Cells 

iPSCs, although derived from adult tissue, are not to be confused with adult 

stem cells. iPSCs are produced by inducing somatic cells to embryonic pluripotency 

through the forced expression of key transcription factors Oct4, Sox2, Klf4 and c –Myc 

or Nanog and LIN28. Cells, which only previously had multipotentiality, have much 

greater differentiation capability after the delivery of transcription factors but have 

none of the ethical concerns associated with ESCs. The discovery of iPSCs has been a 

recent one, first reported by Takahashi et al., in 2006 with a landmark publication 

demonstrating that iPSCs were created from mouse fibroblasts through altering only 

4 genes [15]. In 2007 the same research group created iPS cells from human 

fibroblasts [16] while James Thomson’s team later that year, produced iPS cells from 

human skin [17]. Despite this promising discovery, iPS cells have the propensity to 

form tumours, and thus are likely to be some time away from being a therapeutic 

reality [18].  This is in part due to the delivery methods of transcription factors into 

target cells to induce pluripotency. Initially retrovirus or lentivirus were utilised for 

transduction of target cells, leading to altered differentiation potential or malignant 

transformation. More recently adenoviral transduction has been utilised resulting in 

a reduced risk of tumorogenesis due to their transient expression of transcription 

factors [19]. Plasmid transfection also exhibits a reduced risk of tumorogenesis but 

results in a slower rate of iPSCs induction [20].   

1.2.1.3.  Adult Stem Cells 

Adult stem cells are multipotent meaning they can give rise to any cell type of 

the cell germ layer they are derived from. The use of somatic cells carry none of the 
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ethical issues associated with that of ESCs as they can be obtained from fully 

developed adult tissues. Furthermore, adult stem cells pose no tumor formation risk 

[21]. Broadly speaking adult stem cells can be divided into two groups, HSCs and 

MSCs. 

1.2.1.3.1.  Hematopoietic Stem Cells 

Alexander Maksimov, a Russian histologist, proposed the term stem cell in 

1908. Maksimov was the first to hypothesise a self-renewing HSC capable of 

transforming into different cell types [22]. More than a century later, bone marrow 

transplantation is probably the most well understood stem cell therapeutic. HSC’s 

derived from bone marrow have the capability to differentiate in vivo into all the 

cellular components of the blood. Thousands of bone marrow transplants have 

occurred in hospitals all over the world since the 1960’s. These transplants are 

primarily for cancer patients after radiotherapy or chemotherapy to replace blood 

cells lost in this process, although HSCs are also utilised for other blood or immune 

diseases. HSC treatments are performed utilising either autologous or donor matched 

allogeneic cells. HSCs can be procured directly from bone marrow, umbilical cord 

blood or from peripheral blood in a mobilised cytokine induced state [13]. In vivo 

differentiation potential of HSCs is essential to their therapeutic ability and this fact 

has contributed to the perception that differentiation potential is key to all stem cell 

therapies.   

1.2.2.  Mesenchymal Stem Cells 

1.2.2.1.  Nomenclature – A Reflection of Cell Capability 

Arnold Caplan coined the term Mesenchymal Stem Cell in 1991 when he 

proposed the mesengenic process [23]. The mesengenic process details the 

differentiation potential of MSC’s into cell lineages of the mesenchyme (Figure 1.2) 

[24]. It was largely modeled on what was known to be the crucial therapeutic 

capability of HSC’s for bone marrow transplants, being cell differentiation.  
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Although MSCs are capable of differentiating into specific cell types, namely 

adipocytes, osteoblasts and chondrocytes, this is only one arm of their therapeutic 

capacity. It is now well understood that the paracrine activities of MSCs are a major 

driver of therapeutic effect [25]. MSCs secrete cytokines, growth factors and 

chemokines; collectively know as trophic factors. These trophic factors have anti-

inflammatory, immune-modulatory, anti-apoptotic, anti-fibrotic, mitotic and 

migratory properties [26] which are outlined in the following sections.  

There have been a number of name changes proposed for the acronym MSC to 

better reflect the function of these cells. Firstly conjecture as to whether MSC’s 

actually possess what is known to be stemness exists within the research community 

[27]. In vitro, the ability of MSC’s to renew themselves and differentiate into cells of 

the mesenchyme lineage first documented by Friedenstein and colleagues [28] is 

universally recognised. However, the accepted definition of stemness, an 

“undifferentiated cell from which a variety of other cell types can develop through the 

process of cellular differentiation”, does not truly reflect the in vivo mechanism of 

action of MSCs [29]. As such, Dominici et al., (2006), proposed the name 

“Mesenchymal Stromal Cell”, which has been widely adopted by fellow researchers 

[30]. Mesenchymal stromal cell aptly describes the cell but does not provide any 

information about its functionality. In 2010, almost a decade after first naming the 

MSC, Arnold Caplan provided an alternative name that is more descriptive of 

functionality, the “Medicinal Signaling Cell” [31]. He proposed that MSCs in fact act as 

“site regulated drug stores”. Another proposed name, in line with Caplan’s suggestion 

is “Multipurpose Secreting Cells”. This more fittingly describes the multi-potential 

nature of these cells in a multitude of both acute and chronic diseases [32]. 

Regardless of which name best fits the acronym MSC, the therapeutic capabilities 

described below (Section 1.2.2.4.) demonstrate why MSCs are being pursued as 

therapeutics in the medical community and furthermore their relevance in the 

research described in this thesis.   
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Figure 1.2.  The mesengenic process 

Image taken from [24]. 

1.2.2.2.  Sources of Mesenchymal Stem Cells 

MSCs can be obtained from multiple sites including the nasal passage, 

synovium [33], cartilage, umbilical cord and dental pulp [34]. However for the 

purpose of this thesis, relating primarily to canines, only the commonly utilised 

sources of bone marrow and adipose tissue will be explained. MSCs can be readily 

harvested from these sites in adult mammals and both sites enable a reasonable 

proportion of MSCs to be harvested. However, the number of MSCs that can be 

isolated from these tissues can vary, and it should be noted that a known therapeutic 

dose of MSCs has not been yet defined for any disease in any species. 

1.2.2.2.1. Bone Marrow 

Bone marrow contains both MSCs and HSCs. HSCs are present at 1 in 10,000 

cells throughout life whereas MSC numbers are much lower and decrease with age. 

MSCs are present in bone marrow at about 1 in every 300,000 cells throughout 

adulthood [35]. With so few numbers of MSCs being readily isolated from bone 
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marrow and the difficulty associated with isolating significant amounts of bone 

marrow, an ex vivo culture step is almost always performed to amplify cell number. 

The expansion of MSCs in a tissue culture purification process means that all other 

cell types from the bone marrow, including potentially important immune cells, are 

lost during this process. 

1.2.2.2.2. Adipose Tissue 

MSCs are present in adipose tissue at approximately 500-1000 times greater 

levels than bone marrow [36]. The most likely explanation for this finding is that 

MSCs, along with other nucleated cell types, are associated with the vast network of 

dense capillary beds lining adipose tissue [37]. Cells associated with these capillary 

beds can be easily isolated from adipose tissue by enzymatic or mechanical digestion 

[8]. A pellet of cells is obtained, known as the stromal vascular fraction (SVF; see 

Section 1.5.1.), which is comprised of between 1 and 35% MSCs [38, 39]. Adipose 

tissue is easily harvested from people and companion animals such as dogs either by 

liposuction or surgical excision. 

1.2.2.3.  Characterisation of Mesenchymal Stem Cells 

The Mesenchymal and Tissue Stem Cell Committee of the International Society 

for Cellular Therapy (ISCT) released a position statement in 2006 detailing a “set of 

standards to define human MSC for both laboratory-based scientific investigations 

and for pre-clinical studies” [30]. These set criteria included, plastic adherence, 

expression of specific surface antigen markers (≥ 95%+ CD105, CD73, CD90 and ≤ 

2%+ CD45, CD34, CD14 or CD11b, CD79α or CD19, HLA-DR) and multipotent 

differentiation potential into osteoblasts, adipocytes, and chondroblasts [30]. 

Additionally in 2012 the International Federation for Adipose Therapeutics and 

Science (IFATS) and the ISCT released a supplementary position statement detailing a 

set criteria specific to adipose derived SVF and MSCs detailed in Table 1.1 [39]. 

MSCs regardless of their tissue origin possess the ability to proliferate in vitro 

under normal cell culture conditions. This is a feature, which can be exploited to 

obtain a relatively pure population of MSCs, which can be expanded to achieve a 
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desired cell number. Furthermore, MSCs can differentiate in vitro into a specific cell 

type, which is achieved by growing the cells in a chemically defined medium [40]. It is 

important to note that the criterion set was defined primarily for human MSCs and 

human SVF cells. Although canine SVF cells and MSCs meet many of criteria specified, 

some canine specific monoclonal antibodies are currently unavailable [41].  

 

Table 1.1.  Summary of criteria to identify adipose-derived SVF and culture 
expanded MSCs  

Feature Assay Cells of SVF MSCs1 

Viability Vital stain   by 
flow cytometry 
or microscopy 

>70% viable >90% viable 

Immunophenotype Flow cytometry Primary stable positive 
 markers for stromal cells: 
CD13, CD29, CD44, CD73, CD90 
(>40%), CD34 (>20%)  

Primary negative markers for 
stromal cells: CD31 (<20%), 
CD45 (<50%) 

Primary stable positive 
markers: CD13, CD29, 
CD44, CD73, CD90, CD105 
(>80%) 

Primary unstable positive 
marker: CD34 (present at 
variable levels) 

Primary negative marker: 
CD31, CD45, CD235a 
(<2%) 

Proliferation and 
frequency 

CFU-F Anticipated frequency: >1% Anticipated frequency: 
>5% 

Adipogeneic 
differentiation 

Histochemistry 

N/A Histology: oil red O, Nile 
red or stain specific for 
lipid inclusions 

Chondrogeneic 
differentiation 

N/A Histology: alcian blue or 
safranin O 

Osteogeneic 
differentiation 

N/A Histology: alizarin red or 
von Kossa 

Criteria were defined jointly by the International Society for Cellular Therapy and International 
Federation for Adipose Therapeutics and Science [39].  
1 MSCs were adipose-derived.  
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1.2.2.4  Therapeutic Properties of Mesenchymal Stem Cells 

Although MSCs can differentiate in vitro into osteoblasts, adipocytes, and 

chondroblasts, this occurs under specialised chemically induced conditions. Whilst in 

many cases the differentiated cells morphologically appear as the target cell type, this 

does not ensure the differentiated cell will be functional [40]. As such, the potential to 

use in vitro differentiated cells in people or animals suffering from disease is still far 

from being a mainstream therapeutic reality. There are many unknowns regarding 

the functionality and safety of using ex vivo expanded and differentiated cells [42-44]. 

However, the research and clinical communities are rapidly embracing the 

possibilities of MSCs beyond the historical constraints of differentiation. The trophic 

activities of MSCs through the bioactive molecules they secrete are now well 

recognised to be a major driver of their therapeutic effect [26]. Cytokines, 

chemokines and growth factors secreted by MSCs in response to their 

microenvironment have been shown to suppress inflammation and immune 

responses, promote angiogenesis and mediate apoptosis and fibrosis [26]. Trophic 

factors, produced in response to tissue injury or disease, are in turn responsible for 

the stem cell-driven repair and regeneration process. Figure 1.3 shows the trophic 

and immune-modulatory functions of MSCs, which will be discussed in turn in Section 

1.2.2.4. 

 

 

Figure 1.3.  The trophic and immune-modulatory functions of MSCs via secreted 
bioactive molecules. 

Image taken from [45].  
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1.2.2.4.1.  Immunomodulatory Properties of Mesenchymal Stem Cells 

MSCs are well recognised to be immune privileged as they lack expression of 

major histocompatibility complex (MHC) class II molecules and have limited 

expression of MHC class I molecules. This prevents their recognition by T-cells and 

thus they escape the cytotoxic effects of natural killer (NK)-cells [46]. Their 

interactions with lymphocyte cells have been demonstrated to attenuate graft-versus-

host disease [47] and autoimmune diseases via immunosuppression. As such, MSCs 

have demonstrated therapeutic relevance in many immune mediated conditions such 

as Crohn's disease [48], multiple sclerosis [49] and lung disorders, for example 

asthma [50] and cystic fibrosis [51].  

MSCs have been shown in vitro and in vivo to have an impact on both innate 

and adaptive immunity via the following: 

 

Suppression of T-cell proliferation – T-cells are responsible for destroying pathogenic 

or allogeneic stimuli. Once activated, T-cells proliferate and release inflammatory 

cytokines. Suppression of overactive proliferation of these cells is paramount in 

immune modulation. Suppression by MSCs is achieved via the secretion of soluble 

factors including, but not limited to, nitric oxide (NO) [52], prostaglandin E2 (PGE2) 

and transforming growth factor (TGF)-β which in turn inhibit the production of pro-

inflammatory cytokines tumor necrosis factor (TNF)-α and interferon (IFN)-γ thus 

promoting an anti-inflammatory environment. The inhibition of T cell proliferation 

has been observed by MSCs from both allogeneic and autologous sources [53, 54]. 

MSCs also lack the co-stimulatory molecules CD80 and CD86, another mechanism 

proposed for T cell suppression.  

 

Promotion of T-regulatory (Treg) cells – MSCs also promote the generation of 

functional CD4+ CD25+ or CD8+ Treg cells. Treg cells are anti-inflammatory and 

prevent hyper-immune responses, which is essential for the treatment of 

inflammatory or immune driven diseases [55, 56].  

 

Prevention of Dendritic Cells (DC) maturation – MSCs have been shown to interfere 

with DC proliferation, differentiation and maturation from monocytes or CD34+ 
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progenitor cells. The hampering of DC maturation prevents expression of the co-

stimulatory molecules CD40, CD80 and CD86 necessary to activate T-cells [57, 58]. 

 

Induction of immature DC phenotype – Another way MSCs manipulate the adaptive 

immune system is by inducing an immature DC phenotype, which in turn prevents T-

cell recognition. Co-culture experiments have demonstrated that MSCs down-regulate 

expression of co-stimulatory molecules CD40, CD80 and CD86 required for DC 

maturation. Consequently, this results in a reduction in the secretion of the pro-

inflammatory cytokines TNF-α, IFN-γ and interleukin (IL)-12 and up-regulated 

secretion of the anti-inflammatory cytokine IL-10 [59, 60]. 

 

Suppression of Natural Killer (NK) Cell proliferation – MSCs through secretion of PGE2 

and TGF-β have been reported to suppress gene expression of IL-2 and IL-15, which 

are required for NK cell proliferation. This in turn prevents NK cell secretion of IFN-γ 

thereby reducing NK cell cytotoxicity [55, 61]. 

 

Inhibition of activated B cells – B cells function as crucial antigen presenting cells in 

many autoimmune diseases and can secrete pro-inflammatory cytokines such as IL-6 

and IFN-γ. MSCs have been shown to regulate B-cell proliferation, migration and 

antigen production via arrest at the G0/G1 cell cycle phase [62, 63].  

 

Taken together it is clear that MSCs can suppress the function of immune cells 

of both the innate and adaptive immune system. This capability is of therapeutic 

relevance in conditions that evoke an undesired ongoing immune response such as 

rheumatoid arthritis, leukemia [64], GVHD [47, 65] and transplantation rejection 

[53]. The modulation of immune response by MSCs is achieved through a 

combination of soluble factors acting in concert to mediate the inflammatory 

environment they are introduced to, as well as via direct cell-cell signaling. Figure 1.4 

provides a schematic detailing the immune-modulatory properties of MSCs [66].  
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Figure 1.4.  Immune-modulatory properties of MSCs 

Figure taken from [66]. 

1.2.2.4.2.  Angiogenic Properties of Mesenchymal Stem Cells 

MSCs stimulate angiogenesis primarily via secretion of the growth factors, 

vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF). 

Angiogenesis is the process of forming new blood vessels from existing vasculature 

and plays an important role in ischemic conditions such as stroke, cardiac disease and 

wound healing. Secreted levels of these bioactive factors from MSCs have 

demonstrated significant improvements in tissue repair due to increased 

vascularisation and reduced ischemia-induced cell death in animal models of 

myocardial infarction [67], corneal ulcers [68] and stroke [69]. Levels of VEGF 

secreted from MSCs have shown to be regulated by their environment. For example, 

Rehman et al., (2004) demonstrated that elevated levels of VEGF are secreted by 

MSCs in hypoxic tissue culture conditions [70]. This highlights that the secretion of 

trophic factors by MSCs is a dynamic process and is governed by the 

microenvironment the cells are introduced to.  
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1.2.2.4.3.  Homing Capabilities of Mesenchymal Stem Cells 

There are numerous in vitro and in vivo studies demonstrating the ability of 

MSCs to home to sites of inflammation and injury. MSCs have the ability to exert their 

therapeutic effect through not only site directed means, but can home to sites of 

injury or disease through systemic administration. As administration of cells directly 

into organs such as the heart carries significant risks, the homing properties of MSCs 

are attractive and as such have lead researchers to explore other routes of 

administration.  

The migration of MSCs to sites of damage can be attributed to growth factor 

and chemokine receptors. An in vitro study by Rojas et al., (2005) demonstrated that 

MSC migration is driven by the pro-inflammatory cytokine TNF-α, highlighting that 

chemo-attraction could direct systemically infused MSCs to inflammatory sites [71]. 

In accordance, another in vitro assay showed MSCs home towards diseased mouse 

lung tissue but not to healthy lung cells [72]. Another factor suggested to be involved 

in the trafficking and subsequent adhesion of MSCs to sites of injury is the cell surface 

antigen CD44. CD44 is a molecule expressed on the surface of MSCs and is recognised 

to bind to hyaluronan, a major component of extra cellular matrix with increased 

expression in many diseased tissues [73]. In a mouse model of acute renal failure, 

MSCs have been shown to migrate to the injured kidney, where hyaluronic acid 

expression was increased, resulting in recovery of the kidney [74] Conversely MSCs 

derived from CD44 knockout mice did not localise to the injured kidney and did not 

induce renal recovery [74]. 

Many groups have reported the migration of intravenously administered MSCs 

to diseased sites whereby they have effectively mediated or inhibited the onset of the 

induced disease. This has been shown in models of heart disease [75, 76], stroke [77, 

78], osteogenesis imperfect [79], kidney [80], liver [81] and lung disease [82]. 

Researchers have shown that although a proportion of introduced MSCs migrate and 

infiltrate to the site of tissue injury, a proportion becomes entrapped in the lungs 

suggesting [83] that the trophic mediators expressed by MSCs can successfully 

mediate disease remotely. Shabbir et al., (2009) tested this hypothesis by injecting 

MSCs intramuscularly in a hamster heart failure model and found that not only did 

intramuscular administration of MSCs effectively rescue the failing heart, but that the 



Chapter 1. Introduction 

 17 

administration of MSC secretions alone had a similar effect [67]. These results 

highlight that the morphological and functional improvement seen in disease after 

MSC administration is related to the sophisticated cross talk of MSCs and their 

secretions rather than differentiation of introduced cells into the target tissue type.  

1.2.2.4.4.  Anti-scarring Properties of Mesenchymal Stem Cells 

The body responds to repeated injury through remodeling and fibrosis of 

damaged tissues to encapsulate the site of an injury. This mechanism is imperative to 

the repair of wounds on the bodies’ external surface. However, fibrosis of injured 

internal tissues such as the heart, liver, kidney or spinal cord, is a serious problem 

often resulting in the loss of function of whole or part of a tissue type. MSCs if 

administered before the development of scar tissue can improve the therapeutic 

outcome post-injury by promoting repair and regeneration of injured tissue and 

suppressing fibrosis.  

MSCs, via secretion of the anti-fibrotic factors, hepatocyte growth factor (HGF) 

and adrenomedullin, were shown to attenuate fibrosis in mice in a pre-clinical model 

of myocardial infarction [84]. MSC implantation also significantly decreased the 

expression of type I and type III collagen, as well as matrix metalloproteinases (MMP) 

types 2 and 9, resulting in a decrease in normal collagen degradation and improved 

heart function [84]. In another mouse model of ischemia and reperfusion injury of 

adipose tissue, MSCs were shown to secrete HGF in response to expression of bFGF 

by the injured tissue, which lead to a suppression of fibrosis. Furthermore if up-

regulation of HGF was inhibited by suppression of bFGF, or by a neutralising antibody 

against HGF, increased fibrosis of the tissue was observed [85]. 

1.2.2.4.5.  Anti-apoptotic Properties of Mesenchymal Stem Cells 

 MSCs also possess the ability, through their paracrine activity, to prevent or 

reduce apoptosis in the acute phase of tissue injury. This has been demonstrated in 

animal models of acute renal injury [86], hepatic failure [87] and hind limb ischemia 

[70]. Togel et al., (2007) in a model of acute renal failure reported that infused MSCs 

not only attached to the renal microvasculature but significantly reduced apoptosis of 
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neighboring cells. The renal protective factors recognised for decreased apoptosis 

and proliferation of surviving cells were determined to be the growth factors VEGF, 

HGF and insulin-like growth factor (IGF)-1[86]. Rehman et al., (2004) demonstrated 

that the expression of the anti-apoptotic factors VEGF, TGF-, HGF, bFGF and 

granulocyte macrophage colony stimulating factor (GM-CSF) by MSCs were up-

regulated in hypoxic conditions in vitro. Hypoxia takes place in the early stages of 

injury. Therefore it is advantageous that under hypoxic conditions MSCs respond to 

their microenvironment through increased expression of growth factors particularly 

VEGF which is capable of inducing angiogenesis and has cytoprotective effects [70]. 

Reduction in cell death was further demonstrated when MSCs cultured under hypoxic 

conditions were administered into mice subjected to hind-limb ischemia. The MSC 

treated limbs exhibited reduced necrosis and improved perfusion compared to the 

limbs of control animals [70]. In vitro co-culture experiments utilising two specific 

models of apoptosis; UV irradiated fibroblasts and incubation of epithelial cells in low 

pH hypoxic conditions, showed that secretion of stanniocalcin-1 by MSCs was 

responsible for reduced apoptosis in these models [88].  

In summary, MSCs have the ability to regulate immune responses, dampen the 

inflammatory response to injury, prevent scarring and cell death and have angiogenic 

properties. MSCs can be isolated from many mammalian tissues and can be 

administered either in a site specific or systemic fashion. Furthermore the use of 

MSCs for their trophic activity, which in turn is recognised to lead to the regeneration 

of tissue, is currently utilised clinically to provide therapeutics for both people and 

animals alike. Table 1.2 provides a summary of the regenerative capabilities of MSCs.  
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Table 1.2.  Summary of regenerative mechanisms of MSCs 

Replacement of damaged or lost cells: MSCs can differentiate into cells types 
of damaged or lost tissues. Introduced MSCs have been shown to be found in 
newly regenerated tissues [89]  Furthermore, via paracrine signally, MSCs can 
support resident cells to repair and regenerate damaged or diseased tissues [67, 
68] 

MSC migration and docking:  MSCs home to sites of inflammation and injury 
even if administered remotely [70]. Furthermore introduced cells may embed 
with host cells to enhance resident cellular function [68, 90]. 

Anti-apoptosis: The secretion of the growth factors VEGF, HGF and IGF-1 
secreted by MSCs have been shown to prevent or reduce cell death at the time of 
injury [70] . 

Anti-inflammatory effects: MSC secretions, including IL-10 and HGF, from 
introduced cells have an immediate anti-inflammatory effect suppressing 
expression of pro-inflammatory cytokines TNF-α, IL-1α and IL-1β [91]. 

Immune modulation:  MSCs are immune privileged, meaning they can avoid a 
host immune response. MSCs in response to activation by immune cell secretion 
of pro-inflammatory cytokines can suppress the local immune environment, 
reducing inflammation and blocking autoimmune responses [47, 53, 92].  

Angiogenesis: MSCs are pro-angiogenic which is mediated via secretion of MCP-
1, VEGF and bFGF [70].  

Anti-scarring: Secretion of HGF by MSCs limits fibrosis if administered in the 
acute phase of injury prior to scar tissue formation [85]. 

1.2.2.5  Mesenchymal Stem Cell Secretions 

As described in Section 1.2.2.4., the cytokines, chemokines and growth factors 

secreted by MSCs have been shown to play a crucial role in modulating disease and in 

turn switching the microenvironment from that of a destructive inflammatory 

environment to one which facilitates repair and regeneration. Consequently, the 

secretions from MSCs stimulate endogenous cells to repair and regenerate damaged 

tissue. As such, understanding the complex secretory activity of MSCs is crucial to 

understanding their role in vivo. MSCs have the capability to alter their secretion 

activities based on the environment they are introduced to. Instances of this have 

been demonstrated in vitro. An example of this was the up-regulation of growth factor 

secretions in hypoxic conditions demonstrated by Rehman et al., [70]. This result 

provides insight into how MSCs may alter their secretion profile when introduced 

into a host with an ischemic injury.  
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A number of studies investigating the therapeutic benefits of MSCs have confirmed 

that secretions are a major driver of the therapeutic effect of MSCs. In particular, 

administration of conditioned media harvested from culture-expanded MSCs has 

been demonstrated to have a therapeutic benefit similar to MSCs in induced animal 

models of corneal eye injury [68] and ischemic reperfusion injury [93]. These 

examples further emphasise the relevance of MSC secretome in mediating disease. 

However, given the short half-life of the secretions, the therapeutic effect was shorter 

than that of cellular therapy [94] and in some instances required repeat application of 

the secretions [68].  

Due to the importance of trophic factor secretions from MSCs, much of the research 

performed in this thesis focuses on investigating the cytokine, growth factor and 

chemokine profiles of the cell populations utilised. Table 1.3, adapted from [26], 

provides an overview of some of the important cytokines, growth factors and 

chemokines in relation to their trophic and immune modulatory roles. Table 1.4 

summarises the cytokines, growth factors and chemokines investigated in the 

research described in this thesis. These biomolecules are categorized into pro-and 

anti-inflammatory cytokines, dual role cytokines, growth factors and chemokines.  

 

Table 1.3.  MSC biomolecule secretions 

Functional effect Biomolecule References 

Trophic 

Anti-apoptotic VEGF, HGF, IGF-I, TGF-β, bFGF, GM-CSF [70, 86, 88] 

Angiogenic bFGF  , VEGF  ,  MCP-1,   IL-6 [93, 95] 

Stimulatory 

(Mitosis, proliferation and 
differentiation of resident 
cells). 

LIF  , IL-6  , M-CSF 

 

[96] 

Anti-fibrotic bFGF,  HGF 

 

[85] 

Migration and embedding CD44 molecule, MCP-1, MIP-1α, MIP-1β, 
RANTES, eotaxin, IL-8, IP-10 

[97] 

Immune-modulatory PGE2, TGF-β HGF, LIF 

 

[52, 55, 98, 99] 

Table modified from [26]. 
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1.2.2.6  Mesenchymal Stem Cells for the Treatment of Osteoarthritis 

Due to the ability of MSCs to both mediate an inflammatory cytokine milieu 

and to initiate endogenous tissue regenerative activities, the treatment of OA is an 

obvious therapeutic application for MSCs. MSCs not only have the ability to address 

the structural issues associated with OA but also the underlying inflammatory aspects 

of the disease (to be discussed in turn in Section 1.3.). Paracrine activities of MSCs can 

prevent chondrocyte apoptosis, attenuate progression of synovial inflammation, and 

ameliorate damage to ligaments and menisci, thereby inhibiting further joint 

destruction. Examples of MSCs for the treatment of OA have been demonstrated in 

animal models, and in human and canine case studies or clinical trials of OA.  

Table 1.4 describes several pivotal studies that utilised MSCs to treat OA in 

animal models. Table 1.5 provides a current overview of the treatment of 

musculoskeletal disorders with MSCs in people. The use of MSCs in real clinical 

disease in animals will be discussed in Section 1.4.1.    
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Table 1.5.  Pivotal studies utilising MSCs in animal models of osteoarthritis.  

Condition (n) Stem cell type Reintroduction site Outcome Ref 

Surgically induced 
partial tear of anterior 
cruciate ligament injury 
in rats (98) 

Green fluorescent 
protein (GFP) 
labeled 
allogeneic, 
cultured BM-
MSCs  

Intra-articular injection Healing tissue was 
formed in the area of 
the transected ligament 
in which introduced 
GFP labeled cells were 
detected.  

[157] 

Surgically excised 
medial meniscus and 
resected cruciate 
ligament in goats (24) 

GFP labeled 
Autologous, 
cultured BM-
MSCs  

Intra-articular injection MSCs were 
administered 6 weeks 
after the surgery to 
ensure onset of OA. 
MSCs had a protective 
effective preventing the 
onset of OA, 
additionally GFP 
labeled MSCs were 
detected in regenerated 
meniscal tissue. 

 

[89] 

Surgically induced full 
thickness defects of 
articular cartilage in 
New Zealand white 
rabbits (68) 

Autologous, 
cultured BM or 
periosteum MSCs 

Introduced into the 
medial femoral 
condoyle with collagen 
gel. 

Hyaline liked cartilage 
formed in defects. 
There was no 
significant difference 
between cells from BM 
or periosteum. 

[158] 

Arthroscopically 
induced OA in the 
middle carpal joint of 
horses (24) 

Autologous 
uncultured AD-
MSCs and 
autologous, 
cultured BM- 
MSCs 

Introduced into the OA-
affected joint 14 days 
after arthroscopy. 

No significant 
differences were seen 
between the two MSC 
sources 

[159] 

Surgically induced 
partial thickness 
cartilage defect in the 
femoral condyle of the 
mini-pig (42) 

Autologous, 
cultured BM- 
MSCs  

Intra-articular injection 
in combination with 
hyaluronic acid (HA) 

At 6 and 12 weeks post 
surgery when pigs 
were sacrificed the MSC 
treated group showed 
improved cartilage 
healing (histologically 
and morphologically) 
compared to saline and 
HA alone control 
groups.  

[160] 

Surgically induced 
anterior cruciate 
ligament transection 
injury New Zealand 
white rabbits (28) 

Allogeneic 
cultured AD- 
MSCs 

Intra-articular injection  MSCs were 
administered 12 weeks 
after the rabbit knees 
were destabilized to 
ensure onset of OA. 
Treatment with MSCs 
resulted in less 
cartilage degeneration, 
osteophyte formation, 
and subchondral 
sclerosis than the 
control group at 20 
weeks post surgery. 

[161] 
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1.3.  The Disease Osteoarthritis 

Osteoarthritis, the most common form of musculoskeletal disorder, is a 

chronic and debilitating disease. Currently it is a disease with no known cure and 

treatment options are focused mainly on managing the pain associated with the 

disease. OA is characterised not only by articular cartilage loss but also by 

inflammation of the synovium, weakening of ligaments and periarticular muscles, 

subchondral bone sclerosis with subsequent formation of osteophytes (Figure 1.5). 

The symptoms of OA can vary dramatically between individuals with some patients 

actually being asymptomatic [184]. However the classic signs of an OA-affected joint 

include pain, stiffness, joint effusion, and loss of function [184, 185].  

OA can be divided into two types, primary and secondary OA. Primary OA is 

recognised when there is no known trauma or disease process causing the OA and is 

usually associated with age related wear and tear. Secondary OA is resultant from 

either injury or illness or has a hereditary or congenital component such as mal-

alignment of the joint [186, 187]. Despite these classifications, the etiology of the 

disease remains undetermined [188]. In general, the development and progression of 

OA is thought to be due to an imbalance between the degradation and repair 

mechanisms in both the articular cartilage and subchondral bone.  
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Figure 1.5.  The manifestations of osteoarthritis in the joint. 

Osteoarthritis of a knee joint (a) normal joint and (b) osteoarthritic joint 
Image taken from [189]. 

1.3.1.  Osteoarthritis and Inflammation 

OA is classically referred to as a non-inflammatory disease in comparison to 

other inflammatory arthritic diseases including rheumatoid arthritis and 

seronegative spondyloarthropathies [190]. However, it is increasingly evident that 

inflammation plays a major role in OA disease progression [185]. Regardless of 

whether a patient presents with primary or secondary OA, the synovial membrane 

becomes inflamed in response to cartilage degradation and changes in the underlying 

bone [184]. Once the degeneration of the joint has begun, the cells of the synovial 

membrane attempt to clear the cartilage debris present in the synovial fluid. As a 

result, the synovial membrane becomes hypertrophic and hyperplasic and the 

situation turns to that of a self-sustaining cycle of low-grade inflammation [187].  

The inflammatory cycle involved in OA development and progression within a 

joint is incredibly complicated and not well understood. It appears there is a complex 

positive feedback loop involved whereby many of the cytokines are able to stimulate 
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the release of each other and themselves, which ultimately feeds the self-sustaining 

cycle of inflammation. The cytokines and growth factors considered to be involved in 

this cycle can be categorised as catabolic, anabolic, inhibitory or regulatory based on 

their roles in cartilage metabolism. The key pro-inflammatory cytokines responsible 

for the inflammation in osteoarthritic joints are IL-1 and TNF-. IL-1 is considered 

the major contributor to cartilage destruction whilst TNF- drives the inflammatory 

process. IL-4, IL-10, IL-13 and interleukin 1 receptor antagonist (IL-1Ra) mediate an 

anti-inflammatory response in OA, whereas IL-6 and IL-8 are considered regulatory 

cytokines. Growth factors such as IGF-1, TGF, bFGF and bone morphogenic proteins 

(BMP-2, 4,7,9) constitute the anabolic factors involved in OA. An imbalance of these 

cytokines and growth factors result in an increase in degradation within the joint and 

a subsequent decrease in the repair mechanisms.  

IL-1 and TNF- are among the major drivers of inflammation in an OA joint 

and the neutralisation of these cytokines are a focus of academic and commercial 

studies to find a cure or at the least, halt the progression of OA. The levels of both IL-

1 and TNF- are present in higher levels in synovial fluid, synovial membrane, 

chondrocytes, and subchondral bone in patients with OA [191]. Chondrocytes and 

synoviocytes (cells of the synovial membrane) are known to produce both of these 

pro-inflammatory cytokines [192]. Both IL-1 and TNF- have been implicated in the 

activation of proteases including MMPs responsible for cleaving collagen, MMP1, 

MMP8 and MMP13, and MMP3, which cleaves proteoglycans [193, 194]. IL-1 has 

been implicated in inhibiting the synthesis of natural MMP inhibitors known as tissue 

inhibitor of metalloproteinase (TIMP) [195]. Furthermore, IL-1 and TNF- not only 

stimulate the production of other cytokine such as IL-6 [196], IL-8 [197], LIF [198, 

199], CCL5 [200] and prostaglandin production from chondrocytes and synoviocytes, 

but can also stimulate their own production from these cells [185, 187, 195]. IL-1 

and TNF- stimulation of chondrocytes derived from human OA-affected joints 

caused an increase in chemokine expression including monocyte chemoattractant 

protein 1 (MCP-1) in vitro [201]. Yuan et al., 2001 also illustrated a 62% decrease in 

proteoglycan synthesis by OA chondrocytes in the presence of MCP-1 when compared 

to the healthy chondrocyte control. Therefore, these two cytokines directly cause 

cartilage destruction and indirectly inhibit matrix synthesis. The cumulative effect of 
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all of the above activities of these two cytokines results in a skew in the normal 

catabolic and anabolic processes in the joint to favour a more destructive 

environment. Furthermore, the combination of IL-1 and TNF- has been shown to 

induce more advanced cartilage destruction in vivo then either cytokine alone [202, 

203].  

1.3.2.  Osteoarthritis in Canines 

OA commonly affects the canine pet population. In the US it is estimated that 

one in every five dogs over the age of one year suffers from osteoarthritis [204]. With 

an estimated canine population of 72 million in the US this estimate indicates that 

over 14 million dogs are affected by OA [205]. Management of OA in dogs is 

challenging as it affects all age groups and can span the lifetime of an animal therefore 

requiring life long intervention.  

Hip and elbow dysplasia are hereditary disorders with symptoms developing 

primarily in the first 12 months of a dogs life. These disorders result in osteoarthritic 

pain and lameness commonly requiring surgical intervention and life long 

management. Canine cruciate ligament disease is the most common orthopedic injury 

in dogs and in 2003, $1.32 billion was spent in the US alone on managing cruciate 

ligament rupture in dogs [206]. Despite costly surgical intervention to repair the 

ligament, cruciate ligament rupture leads inevitably to the onset of OA, which not 

only has a huge impact on the long-term outcome of the ligament repair, but results in 

loss of function, pain and lameness. Age related primary OA in dogs is extremely 

common with over 50% of presenting OA cases being observed in dogs aged between 

8-13 years. However, age related onset is dependent on breed. In large breed dogs 

such as the Rottweiler, the mean onset age is 3.5 years whilst in dogs such as poodles, 

9.5 years is the mean [207]. Primary OA in the dog is usually multifocal with all or a 

combination of elbow, knee, hip and shoulder joints being affected.  

Many treatment options currently exist for canine OA. These include weight 

management through specialised diets, supplements such as chondroitin sulfate, non-

steroidal anti-inflammatory drugs (NSAIDs), pentosan polysulphate, other analgesic 

drugs and surgery [208]. No single treatment provides relief for all patients and many 

dogs have only a partial reduction in symptoms despite a combination of treatments.  
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It is well understood that little is to be gained by surgical intervention except in the 

case of total joint arthroplasty, which is an effective treatment for OA of the 

coxofemoral (hip) joints [209]. However, this is an invasive and technically 

demanding surgical procedure with well-recognised complications and a high 

financial cost. The multi-focal nature of OA in most patients also limits the 

effectiveness of surgical treatments. Therefore, there is a clear need for an effective, 

less invasive technique that can treat multiple affected joints in a single procedure 

but is compatible with all existing treatments. The dual abilities of MSCs to modulate 

inflammation and incite endogenous tissue regeneration via trophic activity, offer a 

promising treatment for canine OA. 

1.4.  Stem Cells in Veterinary Medicine 

The last 10 years, has seen the rise of stem cell research and regenerative 

medicine emerge in the veterinary community. As with human medicine, the 

veterinary industry is experiencing a paradigm shift in healthcare away from 

symptom relieving drug therapies towards a cellular repair and regeneration 

approach. The veterinary communities and regulatory framework that govern 

veterinary therapeutics are receptive to new technologies. As in human medicine, 

stem cell treatments are available for animal patients at a limited number of 

veterinary hospitals around the world. In particular, MSC treatments for animals are 

commercially available in the US, the UK, UAE, Europe, New Zealand and Australia. 

However, this type of medicine is not yet mainstream and there is still much to 

understand regarding the mechanisms of action of stem cells as therapeutics for them 

to become commonplace. Published literature on the clinical use of stem cells in 

veterinary medicine is limited to a small number of studies in canine and equine 

musculoskeletal and immune mediated conditions, which will be discussed in brief.  
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1.4.1.  Results of Mesenchymal Stem Cell Trials in Animals 

Published studies in animals utilising MSCs for real clinical disease have 

focused on the treatment of atopic dermatitis, tendon injury, and OA. These 

treatments have utilised either bone marrow- or adipose tissue-derived MSCs. These 

applications are discussed in turn. 

1.4.1.1.  Atopic Dermatitis 

One open, non-controlled, non-blinded pilot clinical trial has been documented 

for the treatment of canine atopic dermatitis. Canine atopic dermatitis is described as 

a genetically pre-disposed inflammatory disorder. In this trial an intravenous 

injection of 1.3 million culture-expanded autologous adipose-derived MSCs per kg 

was administered. The results showed no significant improvement in clinical signs of 

atopic dermatitis in the 5 dogs treated, however, 2 of the 5 dogs treated showed a 

trend toward sustained reduction of visual pruritus score [210]. 

1.4.1.2.  Tendon and Ligament Injury 

Three approaches have been used to treat equine tendon and ligament injury. 

The first was an intra-lesion injection of autologous adipose-derived cells, containing 

a mixed population of non-cultured cells. Anecdotal clinical results of more than 

2,500 horses demonstrated that the therapy was advantageous in horses with tendon 

and ligament injuries [211]. Smith and Webbon (2005) reported the use of in vitro 

expanded bone marrow MSCs in over 100 horses with superficial digital flexor 

tendinopathy. This approach showed rapid in-filling of the tendon lesion with no 

negative side effects [212]. Follow-up of the horses that entered full training (> 1 

year) showed a re-injury rate of 18%. The number of horses that entered full training 

was not reported but a previous study reported a 56% re-injury rate for similar 

categories of horses that did not receive stem cell treatment [213]. Del Bue et al., 

(2008) reported the treatment of tendonitis in 16 horses with culture-expanded 

adipose-derived MSCs in conjunction with platelet-rich plasma. Of the 16 horses 

treated 14 returned to their full pre-injury function [214]. 
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1.4.1.3.  Osteoarthritis 

Four reports on the use of adipose-derived MSCs for the treatment of canine 

OA have shown promising results [215-218]. Two studies involved an intra-articular 

injection of a mixed population of adipose-derived, uncultured cells. One study was a 

randomised double-blind trial of 21 dogs with OA of the coxofemoral (hip) joint. The 

dogs treated with cells had a statistically significant improvement in lameness and 

functional ability compared with the dogs that received a placebo saline injection 

[217]. The second study used the same mixed population of adipose-derived cells to 

treat dogs with arthritic humeroradial (elbow) joints [218]. Improved lameness was 

observed and this remained evident at the final follow-up time-point of 180 days 

post-treatment. Two other groups have utilised adipose-derived cultured MSCs to 

treat elbow [216] and hip OA [215] in dogs. Guercio et al., (2012) treated four dogs 

with clinically diagnosed lameness associated with OA. MSCs with either HA or PRP 

were utilised in this study and the dogs of each group demonstrated improvements in 

lameness, functional disability and pain on manipulation [216]. Vilar et al., (2013) 

objectively demonstrated, with the use of force plate analysis, that treatment of 

severe hip OA in eight dogs with culture-expanded adipose-derived MSCs and PRP 

resulted in reduced lameness [215].   

In essence only two sources for obtaining MSCs are currently applicable in 

small animal veterinary medicine, either bone marrow or adipose tissue. Due to the 

limited numbers of MSCs derived from fresh bone marrow aspirate in comparison to 

adipose tissue and the morbidity associated with collection of bone marrow in the 

dog, the research performed in this thesis has concentrated on the use adipose-

derived MSCs and their secretions.  

1.5.  Adipose Tissue 

In the late 1980’s adipose tissue was recognised to contain large numbers of 

precursor cells (now known as MSCs) that could become fibroblastic and were 

capable of differentiating into adipocytes under in vitro culture conditions [219]. 

Several other key discoveries made in the late 1980’s and 1990’s, including the 

identification of the adipokines adipsin, leptin and adiponectin and their role in 
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glucose and appetite regulation, firmly established adipose tissue as an endocrine 

organ [220-223]. In 2001 Patricia Zuk and colleagues first suggested that adipose 

tissue could provide an alternate source of adult stem cells. Their published research 

demonstrated cells derived from adipose tissue could differentiate in vitro into cells 

of the adipogeneic, chondrogeneic, myogenic, and osteogeneic lineages [8]. Far from 

hormonally inert, it is now recognised that adipose tissue secretes a variety of 

cytokines that can act on other organ systems of the body through autocrine, 

paracrine or endocrine signaling [224]. These findings, coupled with the ease of 

harvesting large quantities of adipose tissue have lead to this tissue being a desired 

regenerative cell source.  

Adipose tissue is largely comprised of adipocytes with approximately 60-85% 

of the weight of adipose tissue being the lipid contained within the adipocytes. Each 

adipocyte is filled with a single large lipid droplet, which is predominately 

triglyceride. The remaining weight is composed of water (5-30%) and protein (2-3%) 

[225]. The adipocytes are supported by richly vascularised connective tissue with 

each adipocyte being in contact with at least one capillary [226]. This dense network 

of capillaries provides, not only delivery of substrates and oxygen to the tissue, but 

also a route for the release of hormones and cytokines that act in an endocrine 

fashion. The non-adipocyte fraction of the adipose tissue is comprised of numerous 

cell types, which are collectively known as the stromal vascular fraction (SVF). Figure 

1.6 is a microscopy image of a section of collagenase digested adipose tissue that is 

stained with the nucleic acid dye Syto 11. The image shows large lipid filled 

adipocytes with their nuclei displaced to the periphery of the cell allowing space for 

triglyceride. Running through the adipose tissue are long strands of connective tissue 

with a myriad of brightly stained nuclei of the numerous cell types that comprise the 

SVF. The cell types that comprise the SVF will be discussed in Section 1.5.1.  
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Figure 1.6.  Microscopy image of collagenase digested adipose tissue stained 
with Syto11.  

Image taken by Michael Medynskyj and used with his permission.  

1.5.1.  The Stromal Vascular Fraction 

The SVF results from enzymatic digestion or mechanical disruption of adipose 

tissue. The SVF obtained from human adipose tissue is comprised of multiple cell 

types including MSCs, HSCs, endothelial cells, pre-adipocytes, smooth muscle cells 

and white blood cells (WBCs) [36, 49, 227, 228]. Although the SVF has a high 

proportion of MSCs (refer to Section 1.2.2.2.2.) that have relevance in the treatment 

OA, the therapeutic use of the entire SVF offers its own benefits. The heterogeneous 

cell population allows for immediate same day treatment, as no in vitro selection or 

expansion steps are required. Furthermore, it is likely that the non-MSC cell types in 

the SVF possess therapeutic properties and act in a concerted manner with each 

other, and the MSCs, as well as with the local cells of the environment they are 

introduced to. Consequently a therapeutic effect greater than the effect described 
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with MSC therapy alone has been reported in the treatment of multiple sclerosis [49, 

229].  

Currently characterisation of the cell types that comprise the canine SVF have 

not been detailed in the literature. Comprehensive investigations of the human SVF 

by Varma et al., (2007) and Zimmerlin et al., (2010) using CD markers and flow 

cytometry do however, offer some insight into the cell types likely to comprise all 

mammalian adipose tissue. Varma’s characterisation determined that, 34.6 ± 17.8 % 

of SVF cells were positive for MSC surface markers, 12.2 ± 9.5 % were identified as 

endothelial cells, 10.3 ± 9.9 % mural cells and 37.03 ± 9.5 % expressed cell surface 

antigen of various types of WBCs [36]. With the use of high speed flow cytometric 

sorting techniques, Zimmerlin et al., (2010) identified two individual MSC 

populations and two individual endothelial cell populations [230].  

The WBCs identified in the adipose tissue include both granulocytes and 

lymphocytes. Adipose tissue is a site of intense immune cell activation and interaction 

so it is not surprising that essentially all of the immune cells are present in the SVF. Of 

most interest are the immune regulatory macrophages and T regulatory (Treg) cells. 

Macrophages isolated from non-obese adipose tissue are recognised to exhibit an 

alternatively activated (M2) phenotype. M2 macrophages have been shown to secrete 

high levels of anti-inflammatory cytokines IL-10 and IL-1Rα [231], which are 

recognised to be very relevant as mediators of inflammation in OA as described in 

Section 1.3.1. In activated immunity, M2 macrophages along with MSCs are thought to 

prevent co-stimulatory molecule activation inducing Treg expression rather than T 

helper cell expression. The Treg cells in turn are involved in maintaining 

macrophages in an M2 phenotype rather than the pro-inflammatory M1 macrophage 

phenotype. Treg cells are the body’s most important defense against inappropriate 

immune responses and therefore SVF M2 macrophages and MSCs play an important 

role in not only transplant rejection and immune mediated conditions but also 

chronic tissue injury such as OA [232]. 

Due to the highly vascularised nature of adipose tissue it is not surprising that 

the SVF is comprised of a proportion of the endothelial cells. Endothelial cells are well 

understood to be involved in angiogenesis and have been shown to reverse induced 

hind limb ischemia and preserve the affected limb in rodent models [233]. The 

endothelial cells are likely present in the SVF due to the disruption of blood vessels 
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during the excision and digestion of adipose tissue. Koh et al., (2011) report that the 

formation of vasculature created by the SVF is due to the rapid reassembly of 

endothelial cells. This mechanism to construct a vascular network is relevant in 

wound healing, tissue graft survival and ischemic conditions [234]. Furthermore 

Trakteuv et al., (2009) have demonstrated the synergistic relationship between MSCs 

and the endothelial cells of the SVF. They identified that the combination of MSCs and 

endothelial cells provided greater neovascularisation than either cell type in isolation 

[235]. 

Varma reports approximately 10% of the SVF is made up of mural cells, being 

pericytes and vascular smooth muscle cells. These cell types are identified by positive 

cell surface antigen expression of CD146 and CD34 and are negative for CD31, which 

distinguishes this population from the endothelial cell population. Whilst vascular 

smooth muscle cells form part of the blood vessel wall, pericytes are found wrapped 

around endothelial cells. Currently the in situ niche of MSCs is not well validated, 

however based on a seminal paper by Crisan et al., (2008); many researchers now 

propose that MSCs are in fact a subset of perivascular cells. In support of this theory 

pericytes, like MSCs, are found in a multitude of organs and tissues throughout the 

body. Additionally, they express the same cell surface markers and have the ability to 

differentiate in vitro into cells of the osteogeneic, chondrogeneic, and adipogeneic 

lineages [37]. Furthermore Zimmerlin et al., (2010) reported isolated adipose tissue 

pericytes had a greater propensity for adipogeneic differentiation than the other 

characterised SVF cell populations [230].  

In summary the SVF contains numerous cell types that work in a collaborative 

manner to alter the microenvironment of a site of injury or can shift overactive 

immune responses into a regulatory immune environment.  

1.5.2.  Expansion and Cryopreservation of Mesenchymal Stem Cells 

Adipose tissue is a host tissue of MSCs, which can easily be purified by 

digestion and in turn MSCs can be isolated through adhesion to plastic in cell culture 

conditions. The culturing of MSCs prior to therapeutic use has two clear benefits. The 

cell numbers are amplified and the culturing process proportionally reduces the 

number of cells that are incapable of reproducing. To culture cells, a cell mixture, in 
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this example the SVF, is incubated in standard culture media in plastic tissue culture 

flasks and maintained at 37°C in 5% CO2. The MSCs adhere to the plastic surface of 

the flask while the non-adherent cells float and are removed. The adherent cells can 

be expanded over a period of several weeks to achieve a desired cell number. 

Although MSCs are not the only cell type of the SVF to exclusively adhere to plastic, 

the MSC portion proliferates faster eventually eliminating all other cell types. It is 

important to note that post cell culture expansion, the MSC phenotype alters when 

compared to freshly derived MSCs. Namely MSCs are often CD34+ post isolation and 

subsequently CD34- post culture [36, 230, 236]. Expansion of the MSCs from the SVF 

has the benefit of not only amplifying cell number, but can enable tissue engineering 

approaches for autologous use as seen in examples of MSCs grown on scaffolds of 

matrices [237]. Additionally, established cryopreservation techniques enable long-

term storage of culture-expanded MSCs. Cryopreservation involves the freezing of 

MSCs at sub-zero temperatures to prevent damage or death of the cells. Biological 

activity ceases in cells stored in liquid nitrogen at temperatures of -196°C enabling 

long-term storage of cells. To limit any damage to the cells during the freezing 

process itself, usually caused by the formation of ice crystals that puncture cell 

membranes, cryoprotectant agents are utilised.  

Once successfully cryopreserved, studies have shown that long-term 

cryostorage does not affect the stem cell characteristics of MSCs, being differentiation 

capability, cell surface antigen expression and among other things cell morphology, 

proliferation and senescence rates [238, 239]. There are however, risks associated 

with the cryopreservation and the thawing of cells. Most cryoprotectant agents are 

inherently toxic to cells during the thawing process and at anytime that cells are kept 

in contact with the cryopreservant pre- or post-thaw. As such, new cryopreservation 

methods, cryoprotectant agents or a combination of cryoprotectants are constantly 

being investigated [240, 241]. 
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1.5.3. Providing Adipose-derived MSC Treatment to the Veterinary Clinic: 

Autologous Freshly Isolated In-clinic Cell Therapies versus Allogeneic Off-the-

shelf Therapies 

To date, the adipose-derived treatment offerings available in veterinary 

practice have predominately been autologous in nature. Autologous treatments can 

be administered in two forms, either as a freshly derived product or as a culture 

expanded isolated MSC product.  

Freshly derived SVF cells can be isolated from adipose tissue within as little as 

an hour and contain significantly more MSCs per gram than bone marrow. As such the 

SVF is beginning to be utilised as a point-of-care cellular therapeutic for both animals 

and people alike. The heterogeneous cell population of the SVF has been 

demonstrated to be efficacious in canine OA and in human patients suffering from 

multiple sclerosis [49, 217, 218]. However, providing a freshly derived SVF treatment 

has its limitations. The process of harvesting the adipose tissue and isolating the SVF 

is time, space and labor intensive and is subject to variability. Furthermore, 

significant cost can be incurred for the surgical procedure and the process of 

preparing the SVF from the fat. Although not necessarily the case in people and 

horses, to harvest adipose tissue from a dog requires a general anesthetic. The 

anesthetic and surgical component of an SVF therapeutic for dogs therefore also 

introduces significant patient morbidity and additional financial cost.   

An allogeneic culture-expanded MSC therapeutic is an alternate cellular 

therapy option. Unlike the mixed cell population of the SVF, the immune-privileged 

nature of isolated MSCs make allogeneic stem cell therapeutics a possibility. An 

allogeneic product in-turn limits recipient patient morbidity, as a surgical procedure 

and an anesthetic episode are not required. Furthermore, adipose tissue can be 

harvested from healthy donor animals undergoing a routine procedure such as an 

ovariohysterectomy, which limits donor morbidity. The culture expansion process 

enables cells from one donor to be expanded exponentially. This in-turn supports 

consistency of a product, something that is not possible in freshly derived 

therapeutics that inevitably vary from individual to individual. Whilst the 

reproducibility and ease of availability of an off-the-shelf allogeneic therapeutic have 

clear benefits there are some limitations. To provide an immune-privileged 
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homogeneous cell population, MSCs must be selected for by plastic adherence, in-turn 

all other cells they normally reside with in vivo are lost. An in vitro study investigating 

human liposaspirate cell populations demonstrated that the secretion profile of 

isolated MSCs was very different to the secretion profile of the SVF. The MSC profile 

consisted of significantly higher concentrations of some cytokines while the secretion 

of other cytokines disappeared completely in comparison to the SVF [242]. This is 

likely due to the loss of cell signaling from the other SVF cells. It is unclear what effect 

selection of one cell population will have on normal paracrine activity when utilised 

in vivo.  

1.6.  Project Outline 

This thesis explored the therapeutic efficacy of two methods of producing 

adipose-derived cells and their secretions to provide cellular regenerative medicine 

for dogs suffering from OA. The first method was an autologous adipose-derived SVF 

treatment. This treatment utilised not only freshly derived MSCs but also all of the 

other cells that comprise the SVF. This was a personalised, point of care treatment 

option. The second method is an ‘off-the-shelf’ allogeneic MSC treatment option. This 

offering exploited the proliferation capability and immune-privileged nature of MSCs. 

The research in this thesis was performed with the overarching aim of providing safe, 

efficacious and affordable cellular therapeutics for the treatment of canine OA.  

1.61.  Thesis Aims 

The overall aims of the thesis were: 

 

Chapter 3 - To assess if freshly isolated canine SVF cells had a therapeutic benefit in 

the treatment of clinical canine OA through the follow-up of animals receiving the 

treatment. 

 

Chapter 4 - To characterise the canine SVF in terms of cell types, proportion of cell 

types, and secretion profiling. 

 



Chapter 1. Introduction 

 44 

Chapter 5 - To investigate the therapeutic effect of cryopreserved canine MSCs with 

the addition of canine adipose-derived cell secretions, versus a standard 

cryopreservant, in a standardised murine model of arthritis.  

 

Chapter 6 – To perform an in vitro analysis investigating the effects of cryopreserving 

canine MSCs, in a cryopreservant medium containing canine adipose-derived cell 

secretions versus a standard cryopreservant.   
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CHAPTER TWO 

Chapter 2  

Materials and Methods 
 

Described in this chapter are the materials, equipment and methods utilised in the 

process of performing the research described in this thesis. 
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2.1.  Materials 

The materials and equipment used in this work are presented in Table 2.1.  

 

Table 2.1.  Materials and equipment  

Materials/Equipment Company 

0.2μm Nanosep MF centrifugal Devices with Bio-

inert® membrane 

Pall Scientific, USA 

35μm nylon mesh tubes Becton Dickinson, USA 

6-well+lid Greiner CellStar cell culture plates Greiner Bio-one, Germany 

12-well+lid Greiner CellStar cell culture plates Greiner Bio-one, Germany 

Bio-Plex 200 system with version 5.0 software Bio-Rad, USA 

Bio-Plex Pro II magnetic wash station Bio-Rad, USA 

Bio-Plex Pro Mouse 23-plex assay Bio-Rad, USA 

Bio-Plex Pro Mouse 9-plex assay Bio-Rad, USA 

Carl Zeiss Primo Vert inverted microscope Carl Zeiss Pty Ltd, Germany 

Cell culture flasks (T175 cm2) Greiner Bio-one, Germany 

Cell culture flasks four-layer cell factory  Sigma-Aldrich, USA 

Cryovials  Thermo Fisher Scientific, USA 

FACScan flow cytometer Becton Dickinson, USA 

Filter 0.22μm steripak Millipore, USA 

Filter 400μm steriflip Millipore, USA 

Filter Vivaflow 200 Sartorius, Germany 

Flow cytometry tube Becton Dickinson, USA 

HEPA Forma Series II Water jacketed 37°C, 5% 

CO2 incubator 

Thermo Fisher Scientific, USA 

Mr Frosty (slow rate freezing device) Nalgene, USA 

TruCount tubes Becton Dickinson, USA 

Water bath Thermo Fisher Scientific, USA 
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Table 2.2 contains the source of the reagents and chemicals used in this work. 

 

Table 2.2.  Reagents and chemicals  

Reagent/Chemical Supplier 

3-isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich Co, USA 

1% antibiotic-antimycotic solution (ABAM) Life Technologies, USA 

ACK lysing buffer  Life Technologies, USA 

Alizarin Red S Sigma-Aldrich Co, USA 

Anti-canine CD4-FITC antibody eBiosciences, USA 

Anti-canine CD24-FITC antibody eBiosciences, USA 

Anti-canine CD34-PE antibody eBiosciences, USA 

Anti-canine CD44-FITC antibody eBiosciences, USA 

Anti-canine CD45-FITC antibody eBiosciences, USA 

Anti-canine CD90-PE antibody eBiosciences, USA 

Anti-canine CD146-FITC antibody eBiosciences, USA 

Anti- Rat IgG2b K FITC isotype control 

Anti- Rat IgG2a KFITC isotype control 

Anti- Mouse IgG1 K FITC isotype control 

Anti- Mouse IgG1 K PE isotype control 

Anti- Rat IgG2b K PE isotype control 

eBiosciences, USA 

eBiosciences, USA 

eBiosciences, USA 

eBiosciences, USA 

eBiosciences, USA 

B-glycerophosphate disodium salt hydrate Sigma-Aldrich Co, USA 

Bio-Plex sheath fluid Bio-Rad, USA 

Bovine serum albumin (BSA) Sigma-Aldrich Co, USA 

Canine serum (CS) Wongaburra Research 

Centre, Australia 

Collagenase Sigma-Aldrich, USA 

Dexamethasone Sigma-Aldrich Co, USA 

Dimethyl sulfoxide (DMSO) Life Technologies, USA 

Dulbecco’s Modified Eagle Medium (DMEM; high 

glucose (HG)) 

Life Technologies, USA 

Ethanol Sigma-Aldrich Co, USA 

ELISA, quantikine, canine VEGF  R&D Systems, USA 

ELISA quantikine, mouse, rat, porcine, canine TGF-

β1 

R&D Systems, USA 

FACS lysing solution Becton Dickinson, USA 
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Fetal Bovine Serum (FBS) Life Technologies, USA 

Flow cytometry buffer eBiosciences, USA 

Indomethacin Sigma-Aldrich Co, USA 

Insulin Life Technologies, USA 

Isoflow Becman Coulter, USA 

Isopropanol Sigma-Aldrich Co, USA 

L-Ascorbic acid 2-phosphate sesquimagnesium 

salt hydrate 

Sigma-Aldrich Co, USA 

Oil Red O Sigma-Aldrich Co, USA 

Paraformaldehyde Sigma-Aldrich Co, USA 

Phosphate buffered saline (PBS) Life Technologies, USA 

Propidium iodide Sigma-Aldrich Co, USA 

Saline Baxter, Australia 

Syto11 Life Technologies, USA 

TrypLE express Life Technologies, USA 
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The formulations of solutions used in this thesis are presented in Table 2.3. 

 

Table 2.3.  Solution formulations 

Solution (working 

concentration) 

Formulation 

Alizarin Red S solution (2%)  2% solution prepared by dissolving Alizarin Red 

powder in MilliQ water; pH adjusted to 4.2 with 5M 

NaOH; 0.2μm syringe filtered  

B-glycerophosphate disodium 

salt hydrate (173mM) 

173mM stock prepared by adding 560mg of B-

glycerophosphate disodium salt hydrate in 15mL of 

HG DMEM with 10% CS; aliquots frozen.  

Dexamethasone (1μM or 0.1μM) 5mM stock prepared by dissolving dexamethasone 

powder in 100% ethanol; aliquots frozen; diluted in 

standard cell culture media to obtain working 

concentration of 1μM or 0.1μM  

FACS Lysing solution (1x) 10x FACS Lysing solution purchased from Becton 

Dickinson; diluted in isoflow to obtain a 1x solution 

Fat digestion solution (0.05%) 25mg collagenase dissolved in 47.5mL of HG DMEM  

IBMX (0.5mM) 250mM stock prepared by dissolving IBMX powder 

in DMSO; aliquots frozen; diluted in standard cell 

culture media to obtain working concentration of 

0.5mM  

Indomethacin (200μM) 48mM stock prepared by dissolving indomethacin 

powder in DMSO; aliquots frozen; diluted in standard 

cell culture media to obtain working concentration of 

200μM  

Isopropanol (60%) 99% isopropanol diluted with MilliQ water 

L-Ascorbic acid 2-phosphate 

sesquimagnesium salt hydrate 

(50 μM) 

10mM stock prepared by dissolving L-Ascorbic acid 

2-phosphate sesquimagnesium salt hydrate powder 

in HG DMEM with 10% FBS; aliquots frozen; diluted 

in standard cell culture media to obtain working 

concentration of 50μM  

Oil Red O (0.2%) 0.3% stock prepared by dissolving Oil Red O powder 

in 99% isopropanol; diluted in MilliQ water to obtain 

0.2% solution; incubated at room temperature for 10 
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minutes; 0.2μm syringe filtered 

Paraformaldehyde (4%) Paraformaldehyde dissolved in PBS to obtain a 4% 

solution; heated to 70°C for 10 minutes; pH adjusted 

to 7 with 5M NaOH  

Propidium iodide (10 μg/mL)  Stock solution of 1mg/mL in water purchased from 

Sigma-Aldrich; diluted in Isoflow to obtain a working 

concentration of 10μg/mL 

Standard cell culture media 

(FBS) 

HG DMEM; 10% FBS; 1% ABAM 

Standard cell culture media (CS) HG DMEM; 10% CS; 1% ABAM 
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2.2.  Methods 

2.2.1.  Techniques for the Measurement of Secreted Proteins 

The ability to identify and measure the quantity of bioactive factors secreted 

by cells is an important component in understanding cell-cell communication and the 

role these bioactive factors play in the therapeutic effect of cellular therapy. Whilst 

there are new techniques such as selected reaction monitoring (SRM, also known as 

multiple reaction monitoring) being developed and validated for the quantitation of 

secreted proteins, the most commonly employed approach to measure bioactive 

factors is immunoassays such as direct enzyme-linked immunosorbent assays 

(ELISAs).  

SRM is a targeted quantitative mass spectrometry technique. In contrast to 

conventional mass spectrometry techniques designed to detect all peptides in a given 

sample, SRM aims to detect only the peptide/s of interest. The peptide mixture is 

analysed using a scanning mass spectrometer and restricting the acquisition mass 

range to the mass to charge ratio of the ion/s of interest [243]. Whilst SRM is a 

promising technique, developing these assays for target analytes requires significant 

optimisation and subsequent validation to identify suitable transitions (pairs or 

peptide precursor ion and fragment ion mass masses) unique to the peptide/protein 

of interest [243]. As this approach directly targets the protein/peptide of interest, it is 

an attractive alternative for measuring proteins for which there are no available 

antibodies or antibodies are difficult to obtain.  

Direct ELISAs rely on antibodies specific for the target analyte. In the case of a 

sandwich ELISA, the analyte is ‘sandwiched’ between a capture antibody and an 

enzyme-linked secondary antibody, which serves as the detection antibody. Addition 

of a substrate for the enzyme conjugated to the secondary antibody allows for 

quantitation of the amount of target analyte present through either colorimetric or 

fluorescent detection means. ELISAs are typically designed to measure and quantitate 

a single analyte of interest in a complex mixture of proteins. However, in the past 5 

years, multi-plex immunoassays have been developed to enable the measurement of 

multiple analytes of interest in a complex sample within a single assay. This approach 

utilises Luminex xMAP technology, which involves a set of uniquely coloured beads 
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that may also be magnetic. Each antibody to a target analyte is conjugated to unique 

fluorescently coloured beads. The beads are incubated with the sample, followed by 

biotinylated secondary antibodies and a streptavidin-phycoerythrin (PE) reporter 

complex. The levels of each analyte can be quantified using a dual-laser flow-based 

microplate reader system. Using this approach, the lasers first detect the internal 

fluorescence of the beads followed by the intensity of the fluorescence of the 

streptavidin-PE reporter, allowing quantitation of a multiple analytes in one sample. 

This approach enables up to 100 proteins to be quantified in a single sample in a 

single assay. Multiple companies now offer disease or pathway specific multi-plex 

panels. This technology therefore has many advantages over the conventional single-

plex ELISA approach. In particular, multi-plex assays allow for large numbers of 

proteins to be detected in a small sample volume (25-50L) in a more cost and time 

efficient manner. It is for these reasons that the Milliplex Map 13-plex canine 

cytokine, chemokine and growth factor panel was used extensively in this thesis to 

measure and compare secreted levels of these factors from adipose-derived SVF, 

MSCs and secretions from both cellular populations. This multi-plex approach has 

also been used in this thesis to determine if it can be used as an objective biological 

metric to determine the effect of a treatment in vivo.  

2.2.1.1.  Milliplex and Bio-Plex Protocols for Measuring Secreted Proteins 

The experiments described in this thesis used the Milliplex Map 13-plex canine 

cytokine, chemokine and growth factor kit (catalogue number CCYTMG-90K-PX13; 

Millipore, USA), the Bio-Plex Pro Mouse Cytokine 23-plex (catalogue number M60-

009RDPD) kit and the Bio-Plex Pro Mouse Cytokine 9-plex (catalogue number MD0-

00000EL) kit (Bio-Rad, USA). Regardless of the kit used, the protocol used to measure 

the bioactive factors in different sample types was essentially the same. The protocol 

was followed according to the manufacturers instructions and is described below. 

2.2.1.1.1.  Canine Milliplex 

All reagents were allowed to warm to room temperature prior to use. The 

standard was prepared by dissolving the provided standard with 250 L of deionized 
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water. Six polypropylene microfuge tubes were labeled (12,500pg/mL, 3125pg/mL, 

781pg/mL, 195pg/mL, 48.8pg/mL, 12.2pg/mL) and filled with 150L of assay buffer. 

The provided standard was vortexed and a 4-fold serial dilution was performed by 

adding 50L of the 50,000pg/mL standard to the 12,500pg/mL labeled tube and then 

50L from that tube to the subsequent tube and so forth. The assay buffer alone 

constituted the 0pg/mL standard. To each well, 200L of assay buffer was added. The 

plate was then sealed and mixed on a plate shaker for 10 minutes and the assay 

buffer subsequently decanted. Samples were filtered through 0.2m Nanosep MP 

Centrifugal Devices with Bio-Inert® Membrane (Pall Scientific, USA) for 5 minutes at 

9000xg. A volume of 25L of each standard, quality control and sample were added to 

the appropriately labeled well. An additional 25L of assay buffer and 25L of cell 

culture media were added to each well followed by 25L of vortexed pre-mixed 

beads. The plate was sealed, protected from light and incubated at room temperature 

on a shaker set at 1100rpm for 1 minute followed by 2 hours at 300rpm. The wells 

were then washed twice using the Bio-Plex Pro II magnetic wash station primed with 

the provided wash buffer. A volume of 25L of room temperature detection antibody 

was added to each well. The plate was again sealed, protected from light and 

incubated at room temperature on a shaker set at 1100rpm for 1 minute followed by 

60 minutes at 300rpm. To each well containing the detection antibody, 25L of 

Streptavidin-PE solution was added. The plate was sealed, protected from light and 

incubated at room temperature on a shaker set at 1100rpm for 1 minute followed by 

30 minutes at 300rpm. The wells were then washed twice using the Bio-Plex Pro II 

magnetic wash station primed with the provided wash buffer. A volume of 150L of 

sheath fluid was added to each well and the plate was sealed, protected from light and 

incubated at room temperature on a shaker set at 1100 rpm for 5 minutes. The plate 

was then read and the data acquired using the Bio-Plex 200 system with version 5.0 

software (Bio-Rad, USA).  
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2.2.1.1.2.  Mouse Bio-Plex 

All reagents were allowed to warm to room temperature prior to use. The 

standard was prepared by dissolving the provided lyophilised standard with 500L 

of appropriate diluent. Cell culture media was used to dilute the standards when cell 

culture supernatant samples were being analysed. The provided standard diluent was 

used when serum samples were being analysed. The standard was vortexed and 

placed on ice for 30 minutes. Following this incubation, the standards were then 

prepared by diluting 128L of the stock standard in 72L of diluent. A 1:4 dilution 

series was then performed to produce 8 standards. The concentration of each 

individual cytokine in the highest standard is provided with each kit. The 10x coupled 

beads were vortexed and subsequently prepared by diluting the beads 1:10 in assay 

diluent. To each well, 50L of the 1x coupled beads was added and washed twice 

using the Bio-Plex Pro II magnetic wash station primed with the provided wash 

buffer. Samples were filtered through 0.2m Nanosep MP Centrifugal Devices with 

Bio-Inert® Membrane (Pall Scientific, USA) for 5 minutes at 9000xg. A volume of 

50L of the standards, blanks and samples were added to each well. The plate was 

sealed, protected from light and incubated at room temperature on a shaker set at 

1100rpm for 1 minute followed by 30 minutes at 300rpm. The wells were then 

washed three times using the Bio-Plex Pro II magnetic wash station primed with the 

provided wash buffer. The 10x detection antibody was vortexed and then prepared 

by diluting 1:10 with detection antibody diluent. To each well, 25L of the 1x 

detection antibody was added. The plate was sealed, protected from light and 

incubated at room temperature on a shaker set at 1100rpm for 1 minute followed by 

30 minutes at 300rpm. The wells were then washed three times using the Bio-Plex 

Pro II magnetic wash station primed with the provided wash buffer. The 100x 

Streptavidin-PE solution was vortexed and then prepared by diluting 1:100 with 

assay buffer. To each well, 50L of the 1x Streptavidin-PE solution was added. The 

plate was sealed, protected from light and incubated at room temperature on a 

shaker set at 1100rpm for 1 minute followed by 10 minutes at 300rpm. The wells 

were then washed three times using the Bio-Plex Pro II magnetic wash station primed 

with the provided wash buffer. A volume of 125L of assay buffer was added to each 

well and the plate was sealed, protected from light and incubated at room 
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temperature on a shaker set at 1100rpm for 1 minute. The plate was then read and 

the data acquired using the Bio-Plex 200 system with version 5.0 software (Bio-Rad, 

USA).  

2.2.2.  Flow Cytometry Techniques for Cell-Surface Antigen Profiling 

Immunophenotyping is one of the major clinical applications of flow 

cytometry. It is used in the diagnosis of myelomas, lymphomas and leukemia and is 

also used to monitor disease progression and the effectiveness of medical 

interventions [244]. Flow cytometry is a key technology used in this thesis for the cell 

enumeration, viability assaying and immunophenotyping of adipose-derived SVF cells 

and MSCs.   Immunophenotyping allows an estimation of the relative percentage of 

certain cell types within a cell population by measuring expression of cell surface 

antigens. The available canine monoclonal antibodies; CD4, CD25, CD34, CD44, CD45, 

CD90, CD146 and appropriate corresponding isotype controls (eBiosciences, USA) 

were used in this thesis for cell surface antigen profiling of both freshly derived SVF 

cells and cryopreserved MSCs post-thaw. Additionally for each antibody a 

corresponding isotype was included as a control. Isotype control antibodies are 

designed to help assess the level of background staining that is inherent in cell-

antibody binding assays. In essence the same immunophenotyping protocol was 

utilised for both the SVF and MSCs however there were some differences in how the 

SVF and MSC samples were analysed on the flow cytometer due to the SVF being a 

mixed cell population.  

2.2.2.1.  SVF and MSC Immunophenotyping Sample Preparation 

The supernatant from both freshly derived SVF and post-thaw MSC cell pellets 

was discarded and cells re-suspended in 1mL of flow cytometry staining buffer 

(buffered saline solution containing FBS and sodium azide (0.09%) as a preservative; 

eBiosciences, USA) in a 15mL conical centrifuge tube. Cells were washed twice by 

centrifugation at 400xg for 5 minutes.  The supernatant was discarded and cells 

resuspended in 1mL of flow cytometry buffer. A 50L aliquot of the resuspended cells 

was added to 13 flow cytometry tubes (Becton Dickinson, USA). There was 1 flow 
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cytometry tube for each of the 7 antibodies CD45-FITC (catalogue number: 11-5450-

42), CD44-FITC (11-5440-42), CD4-FITC (11-5040-42), CD25-FITC (11-0250-42), 

CD146-FITC (14-1469-82), CD34-PE (12-0340-42) and CD90-PE (12-5900-42), as 

well as the following isotype controls, Rat IgG2b K FITC (11-4031) Rat IgG2a kappa 

FITC (11-4321) Mouse IgG1 K FITC (11-4714), Mouse IgG1 K PE (12-4714) and Rat 

IgG2b kappa PE (12-4031), and 1 tube for the unstained control. To each of the flow 

cytometry tubes (other than the unstained control), 5L of the appropriate 

conjugated antibody or corresponding isotype control was added. The samples were 

vortexed for approximately 3 seconds and tubes were placed in the dark at 4°C for 30 

minutes. After this incubation, 500L of flow cytometry staining buffer was added to 

each flow cytometry tube and centrifuged again at 400xg for 5 minutes. The 

supernatant was discarded and this washing process was repeated a second time. A 

1x solution of FACSfix lysing solution (Becton Dickinson, USA) was prepared by 

diluting FACSfix lysing solution in PBS 1:10. To each tube, 200L of the 10% FACSfix 

lysing solution was added. All tubes were run on a FACScan flow cytometer that had a 

488nm laser.   

2.2.2.2.  SVF and MSC Flow Cytometry Analysis 

Characterisation of the SVF is difficult due to the presence of cell and tissue 

debris, cell doublets, and autofluorescence. For this reason the addition of a nucleic 

acid dye (Syto11 or PI) was required to distinguish the SVF cells from the auto-

fluorescence of debris inherent in the sample. Syto11 and PI nucleic acid dyes are 

compatible with PE and FITC fluorochromes respectively, allowing cell surface 

antigen characterisation to be performed on a flow cytometer with a 488nm laser. As 

the nucleic acid dyes were required to identify the SVF cells, the samples were gated 

on forward scatter channel (FSC) and fluorescence channel (FL)-1 or FL-2 

respectively. Fluorescence compensation was not required as there was no spillover 

fluorescence of Syto11 and PI in the FL-2 and FL-1 channel respectively.  

The MSCs that underwent cryopreservation were a culture-expanded cell 

population that were not associated with any of the cell and tissue debris problems 

identified with the SVF. Therefore no nucleic acid dyes were required to identify the 
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MSC population. As such, all MSC samples were gated on FSC versus side scatter 

channel (SSC).  

For both the MSC and SVF samples, the use of an isotype gating control to help 

distinguish specific from nonspecific binding was utilised. The isotype control was 

used to determine positivity or negativity for each of the individual CD markers. 

2.2.2.3.  SVF and MSC Viability Sample Preparation and Flow Cytometry 

Analysis 

An aliquot (50μL or 200μL) of the freshly isolated SVF cells or freshly isolated 

MSCs was filtered through 35μm nylon mesh topped tubes (Becton Dickinson, 

Franklin Lakes, New Jersey, USA) and transferred into Trucount tubes (Becton 

Dickinson Franklin Lakes, New Jersey, USA) containing Isoflow (650μL), PI (200μL) 

and Syto11 (100μL).  Initially samples were gated on FSC (x-axis) versus FL-1 (y-

axis). Total cell events were gated and enumerated based on a total count of 500 

Trucount beads. The Trucount beads enabled standardization of gated events 

regardless of the sample type being analysed.  A second plot, showing total gated cell 

events, was gated on FL-1 (y-axis) versus FL-2 (x-axis). The nucleic acid dye Syto11 

permeabilizes all mammalian cell membranes whereas PI is membrane impermeant 

and is generally excluded from viable cells. As such, the number of cells PI positive 

were deemed non-viable.  The PI positive cells could be distinguished from the total 

number of Syto11 positive cells to determine viability percentage. Figure 2.1 shows 

representative dot plots of the described viability protocol.  
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Figure 2.1.  Representative flow plots of canine SVF and MSCs viability.  

(A-B) show representative flow plots of canine SVF viability. Plot (A) is gated on FL-1 versus FSC. A 
total of 500 beads were counted (shown in red). Cells were determined by their high FL-1 fluorescence 
(shown in blue and yellow gate). Plot (B) shows just the ‘Cells’ population gated on FL-1 versus FL-2. 
Cells with high FL-1 fluorescence were considered viable (shown in blue gate) and cells with high FL-2 
and low FL-1 fluorescence were considered non-viable (shown in yellow gate). (C-D) show 
representative flow plots of canine MSC viability. Plot (C) is gated on FL-1 versus FSC. A total of 500 
beads were counted (shown in red). Cells were determined by their high FL-1 fluorescence (shown in 
blue and yellow gate). Plot (D) shows just the ‘Cells’ population gated on FL-1 versus FL-2. Cells with 
high FL-1 fluorescence were considered viable (shown in blue gate) and cells with high FL-2 and low 
FL-1 fluorescence were considered non-viable (shown in yellow gate). The results are presented as 
percentage of total events. 

2.2.2.4.  Click-iT EdU Proliferation Assay 

The Click-iT EdU (Life Technologies, USA) assay was used to determine active 

cell proliferation over-time. EdU (5-ethynyl-2’-deoxyuridine) is a nucleoside analog to 

thymidine and is incorporated into newly formed DNA as cells multiply. Detection of 

the EdU is based on a copper catalysed covalent reaction between an azide and an 

alkyne (click reaction). In the Click-iT EdU assay, the alkyne is found in the ethynyl of 

the EdU while the azide is coupled to an AlexaFluor 488 dye. The addition of the 
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AlexaFluor 488 dye enabled detection of the percentage of S-phase cells through the 

use of flow cytometry.  

EdU, AlexaFluor 488 azide, DMSO, saponin-based permeabilisation wash 

reagent and the EdU buffer additive were allowed to warm to room temperature. A 

10mM solution of EdU was prepared by adding 8mL of DMSO to lyophilised EdU and 

mixing well. To prepare a working solution of AlexaFluor 488 azide, 260μL of DMSO 

was added to the dye and mixed well. A 1X working solution of saponin-based 

permeabilisation wash reagent was prepared by adding 10mL of the reagent to 90mL 

of 1% BSA in PBS. To create a 10X stock solution of EdU buffer, 2mL of deionized 

water was added to the EdU buffer additive.  

Pelleted MSCs, were resuspended in 3mL of 1% BSA in PBS and centrifuged at 

400xg for 5 minutes. The supernatant was discarded and pelleted cells were 

dislodged by adding 100μL of Click-iT fixative. Cells were incubated for 15 minutes at 

room temperature protected from light. To each tube, 3mL of 1% BSA in PBS was 

added and tubes were centrifuged at 400xg for 5 minutes. The supernatant was 

discarded and pelleted cells were resuspended in 100μL of saponin-based 

permeabilisation wash reagent. Cells were again incubated for 15 minutes at room 

temperature protected from light. To each tube, 438μL of PBS, 10μL of CuSO4, 2.5μL 

of AlexaFluor 488 azide and 50μL of EdU buffer additive was added. Cells were 

incubated for 30 minutes at room temperature protected from light. To each tube, 

3mL of the saponin-based permeabilisation wash reagent was added and tubes were 

centrifuged at 400xg for 5 minutes. The supernatant was discarded and cells were 

resuspended in 500μL of the saponin-based permeabilisation and then analysed on a 

FACScan flow cytometer with a 488nm laser.   

A control sample that was never exposed to EdU for each time-point for each 

replicate was used to determine gating. Anything above the negative cell population 

was considered to be actively proliferating. 
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Each results chapter of this thesis contains a detailed description of the 

methods used. Table 2.4 contains an index of the methodology used.  

 

Table 2.4.  Methods 

Method Refer to Section 

Adipogeneic differentiation of MSCs 6.2.2.1.2. 

Adipose tissue digestion 3.2.2, 4.2.1, 5.2.1.1, 
6.2.1.1. 

Bio-Plex analysis of mouse serum 5.2.3.2. 

CAIA mouse trial - conducted by TetraQ 5.2.2. 

CD marker characterisation of cells 4.2.4, 6.2.2.1.1. 

Cryopreservation of MSCs 5.2.1.5, 6.2.1.5 

Enumeration and viability testing of cells using flow cytometry 3.2.4, 5.2.1.3, 6.2.1.4 

Milliplex MAP analysis of canine conditioned media and serum 4.2.6, 5.2.3.1, 6.2.2.2 

MSC isolation and expansion 4.2.2, 5.2.1.2, 6.2.1.2 

Osteogeneic differentiation of MSCs 6.2.2.1.2. 

Production of secretions from SVF 4.2.5. 

Production of secretions from MSCs 5.2.1.4, 6.2.1.3 

Click-iT EdU Proliferation assay 

SVF isolation 

6.2.2.1.3. 

3.2.2, 4.2.1, 5.2.1.1, 
6.2.1.1 
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CHAPTER THREE 

Chapter 3  

Evaluation of the 
Treatment of Canine 
Osteoarthritis with 

Autologous Adipose-
derived Stromal Vascular 

Fraction Cells 
 

This chapter documents the outcomes of twenty-six dogs suffering from osteoarthritis 

that were treated within a newly developed adipose-derived cellular therapy. This is a 

preliminary chapter investigating the effects of autologous stromal vascular fraction 

(SVF) therapies. The overall aim of this chapter was determine if there was an 

efficacious response to an autologous point-of-care adipose-derived therapeutic to 

assess if further investigation into this cellular therapy for the treatment of canine 

osteoarthritis was warranted. 
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3.1.  Introduction 

OA is a debilitating and painful musculoskeletal disease traditionally 

characterised by the loss of articular cartilage. It is a multifactorial inflammatory 

disease that affects multiple joint tissues, including synovium, tendon, and ligament 

and subchondral bone. Although the onset of OA is not clearly understood, it is 

evident that pro-inflammatory cytokines, including IL-Iβ and TNF-α, perpetuate the 

degenerative process of osteoarthritis [191]. These cytokines disrupt the balance of 

the catabolic and anabolic activities of chondrocytes, eventually leading to the 

destruction of joint tissues. 

OA is the most common articular disease that affects dogs, with an estimated 

20% of dogs afflicted at any one time [204]. The current standard of care for OA is 

drug therapy, usually analgesics or non-steroidal anti-inflammatory drugs (NSAIDs). 

However, these drug therapies are symptom relieving only and do not address the 

underlying pathophysiology of the disease. Furthermore, long-term use of these 

medications has been associated with toxicity issues [245] and often do not provide 

complete pain relief [246]. As such there is a need for disease modifying treatment 

options for OA.  

Over the last decade cellular therapy has emerged in veterinary medicine in 

the form of bone marrow- or adipose-derived mesenchymal stem cells (MSCs) or 

adipose-derived stromal vascular fraction (SVF) cells. The methods currently used to 

isolate the SVF from adipose tissue are based on techniques first developed by 

Rodbell in the early 1960’s [247]. The methods involve digesting minced adipose 

tissue with collagenase and then separating the adipocytes and other nucleated cells 

that comprise the SVF by centrifugation. The SVF contains a range of nucleated cell 

types including MSCs, hematopoietic stem cells (HSCs), endothelial cells, vascular 

smooth muscle cells and leukocytes [36, 248]. MSCs are multipotent cells capable of 

differentiating into all cells of the mesenchyme lineage, namely cartilage, bone, 

tendon, ligament, muscle and adipose tissue [249]. Adipose tissue is a highly 

vascularised tissue and contains approximately 500-1000 times more MSCs per gram 

than bone marrow [250, 251]. Consequently, the use of the adipose-derived SVF 

provides a source of MSCs that requires no additional ex vivo expansion. There is now 

a plethora of literature demonstrating the therapeutic mechanisms of MSCs via in 
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vitro assays and in animal models of induced disease. It is now well recognised that 

the therapeutic effect of MSCs is driven by their paracrine activities [26]. Both MSCs 

and the SVF have been shown in vitro to secrete high quantities of therapeutically 

important cytokines [242]. These cytokines play a key role in controlling tissue-

specific repair processes and have been shown to modulate immune and 

inflammatory responses, prevent fibrosis and apoptosis and incite resident stem cells 

to proliferate [26]. Additionally, promising evidence of hyaline cartilage regeneration 

has been demonstrated utilising MSCs in acute cartilage injury models in rabbits and 

pigs [158, 160]. These studies showed superior cartilage histology and morphology of 

MSC treated groups in comparison to control groups [158, 160]. Furthermore, 

evidence of the slowing of the degenerative changes in OA and protective 

mechanisms of MSCs by intra-articular administration has been shown in 

degenerative cartilage injury models both goats and rabbits [89, 161].  

Taken together, the dual capabilities of MSCs to regenerate cartilage and 

modulate the tissue microenvironment, via paracrine activities, has lead to the use of 

MSCs and the SVF for the treatment of clinical cases of canine and equine 

musculoskeletal pathologies. A double-blind multicentre trial utilising adipose-

derived SVF for the treatment of canine OA of the coxofemoral (hip) joint showed a 

significant improvement between treated and control dogs in; lameness at walk, 

lameness at trot, pain on manipulation and range of motion, at all follow-up time-

points of 30, 60 and 90 days post-treatment [217]. A further open study detailing the 

same adipose-derived SVF treatment in canine elbow OA, demonstrated a significant 

difference in lameness at walk, lameness at trot, functional disability and joint 

stiffness in the treated dogs post-treatment [218]. Although this study did not have a 

control group, the follow-up period continued to 6 months. A single intra-articular 

injection of culture-expanded adipose-derived MSCs in conjunction with platelet rich 

plasma (PRP) has also been shown to be effective in the treatment of canine hip OA 

[215]. Vilar et al., (2013) treated eight dogs with severe hip OA and utilised force 

plate to assess therapeutic response. At 6 months post-treatment they reported a 

significant improvement in peak vertical force and vertical impulse in the treated 

dogs compared to baseline [215]. Another study investigated the effect of a single 

intra-articular injection of culture-expanded adipose-derived MSCs in conjunction 

with either PRP or hyaluronic acid (HA) in four dogs with elbow OA [216]. At 1 month 
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post injection clinical outcomes in lameness and pain on manipulation improved 

markedly according to veterinary and owner examination [216]. In horses, Smith and 

Webbon (2005) reported the use of culture-expanded bone marrow derived MSCs in 

over 100 horses with superficial digital flexor tendinopathy. This technique showed 

rapid in-fill of the tendon lesion with no negative side effects [212]. Bue et al., (2008) 

reported the treatment of tendonitis in sixteen horses with adipose-derived stem 

cells in conjunction with platelet-rich plasma. Fourteen of the sixteen horses treated 

returned to their full pre-injury function [252]. The treatment of equine joint, and 

tendon injuries with either bone marrow or cord blood-derived stem cells has been 

available in the United Kingdom since 2002 [212]. In the United States, the treatment 

of musculoskeletal disorders in horses and dogs utilising autologous adipose-derived 

stromal vascular fraction (SVF) has been available since 2003, with over four 

thousand horses and more than three thousand dogs treated [217, 253]. The use of 

adipose- or bone marrow-derived MSCs or SVF have been shown to be both safe and 

efficacious in the treatment of clinical cases of equine and canine joint or tendon 

diseases.  

3.1.2.  Chapter Aims 

This chapter describes the use of freshly isolated adipose-derived SVF cells to 

treat clinical cases of canine OA. Treatment was performed as an autologous same 

day therapeutic where isolation of the SVF was performed on-site in the veterinary 

hospital. The immediate cell processing and same day re-introduction of cells differed 

from other published studies on adipose-derived regenerative cellular therapy for 

canine OA [217, 218]. It was hypothesised that the rapid re-introduction of the SVF 

cells would ensure greater cell viability and therefore may lead to a superior 

therapeutic response than the outcomes described in other treatment regimes.  

In collaboration with the industry partner, a rapid in-house procedure to 

isolate the SVF from adipose tissue for autologous, point-of-care treatment was 

developed for use in the veterinary hospital. Twenty-six dogs were treated in the first 

year subsequent to procedure development. These dogs were client-owned pets that 

were suffering from clinically diagnosed OA. The aim of this chapter was to assess the 
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efficacy and longevity of this cellular therapy. To achieve this aim, owner 

questionnaires and veterinary examination scores were collated and analysed. 

3.2.  Methods 

3.2.1.  Patient Profile 

Twenty-six dogs were treated within the first year of the adipose-derived 

protocol development. All dogs were client-owned pets presenting to the veterinary 

hospital due to osteoarthritic signs. The two principal veterinarians of the veterinary 

hospital treated and performed all examinations for these dogs. Decision to treat was 

based on clinical presentation of OA, with radiographic or computed tomography 

(CT) imaging to confirm the diagnosis and grade of OA. OA was graded as previously 

described utilising a 0-4 scale (0 [normal joint] to 4 [severe degenerative changes]) 

[217, 218]. Routine haematology, biochemistry and urine analysis was performed for 

all dogs to ensure overall health. Dogs were excluded from treatment for any pre-

existing debilitating disease, or any suspected neurological disease. Dog owners 

signed a detailed information and consent form prior to treatment.  

3.2.2.  Adipose Tissue Harvest and Isolation of Cells 

All dogs received a general anaesthetic for adipose tissue removal. Adipose 

tissue was collected by excision under sterile surgical conditions from the inguinal fat 

pad and ranged from 10 to 40 grams depending on the size and body condition of the 

dog. The adipose tissue was processed in an onsite laboratory immediately after 

excision. The tissue was finely minced with scissors and digested with 0.05% 

Collagenase type I (Sigma Aldrich, St Louis, Missouri, USA) in saline at 37°C for sixty 

minutes with a gentle mixing by hand every 15 minutes. The digested sample was 

filtered through a sterile 400μm mesh filter (Millipore, Billerica, Massachusetts, USA) 

and then centrifuged at 500xg for ten minutes. The adipocytes and SVF were washed 

once in saline, resuspended in saline and then immediately injected into the affected 

joints.  
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3.2.3.  Intra-articular Injections  

Intra-articular injections were performed under sedation with medetomidine 

hydrochloride. Injection sites were surgically clipped and prepped in an aseptic 

manner. The joint space was confirmed by the aspiration of synovial fluid.  Depending 

on the size of the joint, between 1mL and 3mL of the cell suspension was injected into 

each joint.    

3.2.4.  Cell Analysis 

Flow cytometry was used to enumerate the SVF cells and to measure cell 

viability. An aliquot (100μL) of the cell suspension was mixed with propidium iodide 

(Sigma Aldrich, St Louis, Missouri, USA) in Isoflow (Beckman Coulter, Brea California, 

USA) at a concentration of 50μg/mL. A second 100μL aliquot was mixed with Syto11 

(Invitrogen) in Isoflow at a concentration of 50μM. Both samples were made up to 

1mL with Isoflow and transferred separately into Trucount tubes (Becton Dickinson, 

San Jose, USA). Samples were analysed using a FACScan flow cytometer (Becton 

Dickinson, San Jose, USA). 

3.2.5.  Evaluation of Dogs 

3.2.5.1.  Veterinary Assessment   

The veterinary examination consisted of a 5-point numerical rating scale 

(NRS) adapted from existing published criteria as previously described [217, 218, 

254]. The five categories for each of the nine examination questions are detailed in 

Table 3.1. As some questions were joint specific, the recorded score for the three 

questions indicated with an * was determined from the worst presenting joint of each 

dog. For consistency, the examination was performed by the same veterinarian for all 

pre- and post-treatment time-points.  
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Table 3.1.  Numerical rating scale scoring profile used for veterinary 
examination 

Question Score 

0 1 2 3 4 

Lameness 
at walk 

Undetectable Barely detectable 
lameness 

Mild lameness Moderate 
lameness 

Severe 
lameness 

Lameness 
at trot 

Undetectable Barely detectable 
lameness 

Mild lameness Moderate 
lameness 

Severe 
lameness 

Lameness 
at run 

Undetectable Barely detectable 
lameness 

Mild lameness Moderate 
lameness 

Severe 
lameness 

Functional 
disability 

 

  

Normal 
activities, no 
functional 
disability 

Slightly stiff gait or 
slight functional 
disability 

Stiff gait, 
clearly does 
not move freely 
or moderate 
functional 
disability 

Very stiff gait, 
avoids weight 
bearing on 
affected limb 
or severe 
functional 
disability 

Does not want 
to walk or is 
completely 
functionally 
disabled 

Crepitus* 

 

None  Mild Moderate Audible Extreme 

Swelling* 

 

No swelling Slight 
inflammation 

Moderate 
swelling 

Obviously 
larger limb 

Extremely 
swollen 

Jumping Jumps easily Slightly guarded 
jump 

Jumps with a 
bit of difficulty, 
or climbs up 

Jumps or 
climbs with 
great difficulty 

Will not try to 
jump or climb 
up due to 
difficulty/pain 

Stairs 

 

No difficulty 
with stairs, 
climbing or 
descending 

Slightly careful, 
uses both paws 
successively 

Clearly does 
not move 
freely, uses 
both paws at 
the same time 

Walks stairs 
with great 
difficulty 
bunny-hops 

Will not walk 
stairs due to 
difficulty or 
pain 

Pain on 
manipulati
on* 

 

No pain or 
limitation 
when joint 
manipulated 

Mild pain when 
joint manipulated 

Moderate pain 
when joint 
manipulated 

Severe pain 
when joint 
manipulated 

Pain at any 
attempt of joint 
manipulation 

A five point numerical rating scale was utilised for the veterinary examination assessment. This 
assessment questionnaire was adapted from previously developed scoring systems [217, 218, 255]. A 
score of 0 was indicative of the best possible result whilst a score of 4 indicated the worst possible 
result. 
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3.2.5.2.  Owner Assessment   

The owner-completed questionnaire was designed as a visual analogue scale 

(VAS). The owner was asked to place a vertical line along a horizontal 100mm line to 

reflect their pet’s status for each of the 19 questions. The dog owners completed this 

questionnaire at the same time-points as the veterinarians. This questionnaire was 

adapted from the following existing questionnaires: the Helsinki Chronic Pain Index 

[256, 257], the Canine brief pain inventory questionnaire [258], and the VAS designed 

questionnaire [259] which have since been validated. An example of one of the 

nineteen owner-completed questions is shown below in Figure 3.1. 

 

Respond to the question by placing a vertical mark on the corresponding horizontal line. 

 

When assessing your dog over the past month, mark down your dogs usual behaviour 

 

Rate how stiff your dog is when arising for the day 

 

 

Not stiff         Could not be more stiff 

0%                                                      50%                                                   100% 

 

 

Figure 3.1.  Example question from the owner-completed questionnaire.  

An example of one of the nineteen questions that comprised the owner completed questionnaire. A 
VAS was utilised for owner reported outcomes and was adapted from existing validated 
questionnaires [256-259]. 

3.2.5.3.  Medication Usage 

Additionally, veterinarians recorded the medication usage of the treated dogs 

during the 6 month time frame both pre- and post- adipose-derived cell therapy. The 

dogs were administered with injectable tramadol and/or an NSAID immediately after 

the adipose-derived cell therapy procedure. This formed part of the standard level of 

care after surgical fat removal and intra-articular injections. Therefore, the 

assessment of medication use after adipose-derived cell therapy started from the 10 

day post-treatment visit. Medication use was not restricted during the follow-up 
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assessment period and veterinarians assessed the dogs’ analgesia and anti-

inflammatory requirements at each follow-up visit and prescribed medication 

accordingly. 

3.2.6.  Data Analysis 

The veterinary and owner completed questionnaire scores are presented as 

the average  the standard error of the mean (SEM). Longitudinal statistical analysis 

was performed on the veterinary and owner completed questionnaire results using 

paired two-tailed t-tests. A p-value < 0.05 was considered statistically significant. The 

results of these questionnaires are also reported as a percentage change from 

baseline where the baseline score was normalised to 100%. To assess the outcome of 

the treatment described in this chapter to previously described results of adipose-

derived SVF for the treatment of canine OA related veterinary questionnaire data was 

obtained and re-produced as a percentage improvement from baseline [217, 218].   

3.3.  Results 

3.3.1.  Patient Attributes and Intervention Details 

Table 3.2 contains the patient attributes of the twenty-six dogs treated with 

adipose-derived cell therapy. The average age of the dogs was 9.4 years and ranged 

from 2 to 14 years. The average number of joints treated was 3.5 joints and ranged 

from 1 to 7 joints. Twenty-four dogs were medium-large breed dogs; the other two 

dogs were a miniature poodle and pug. Twenty-three of the dogs treated were 

geriatric dogs diagnosed with severe degenerative joint disease recognised as grade 4 

OA. Two dogs were diagnosed with developmental OA suffering from hip and elbow 

dysplasia. In one dog diagnosed with grade 3 OA of the stifle, traditional medical 

therapy was contraindicated as he suffered from gastrointestinal disease as a result 

of NSAID therapy.  
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An average of 1.98 million SVF cells was recovered per gram of adipose tissue. 

The number of cells used for treatment ranged from 14 million to 250 million with an 

average of 55 million. Cell viability ranged from 50% to 95% with an average of 73%.  

  

Table 3.2.  Patient attributes. 

Attributes 

Average dog age in years ± standard deviation 
(range). 

9.4 ± 3.5.  (2-14) 

Sex F/M 20/6 

Breed (# of dogs) Border collie (7), GSD (5), Golden Retriever 
(3), Standard Poodle (1), Labrador (2) Mix 
breed (2), Maremma (1), Samoyed (1), Rough 
collie (1), Spaniel (1), Pug (1), Miniature 
poodle (1)  

Average number of joints treated per individual 
dog ± standard deviation (range). 

 

3.5 ± 1.4.  (1-7) 

Types of joints treated (# of joints) Hip (38), Elbow (22), Stifle (20), Hock (6), 
Carpus (4) 

Grade of OA (# of dogs)  Grade 4, severe OA (23) Grade 3 moderate to 
severe OA (3) 

3.3.2.  Safety 

The treatment was well tolerated by all dogs and no serious adverse events 

were reported. One dog presented with swelling at the joint re-injection sites, which 

resolved after subcutaneous administration of an NSAID. 

3.3.3. Clinical Evaluation 

Veterinary examinations and owner questionnaires were completed when the 

dogs presented at the veterinary clinic for consultation. The follow-up assessments 

were part of the standard level of care of the veterinarians assessing the efficacy of a 

new treatment offering. The owners were encouraged, but were under no obligation, 

to return for the follow-up consultations. Therefore, some dogs were lost to follow-up 

at some time-points. Also a significant number of dogs died between the 6 month and 

final follow-up time-point assessments. These deaths were considered unrelated to 

the treatment or its effects and were largely due to the majority of the dogs being 
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geriatric and suffering from other age related diseases. The number of dogs that 

presented for data collection at each time point is detailed below (Table 3.3). 

 

Table 3.3.  Numbers of dogs with collected follow-up data at each time-point. 

Time-point Number of dogs with follow-up data  

10 days  26 

1 month 25 

2 months 22 

3 months 24 

4 months 21 

5 months 23 

6 months 26 

9 months 18 

Final follow-up time point 12-18 months 9 

3.3.3.1.  Veterinary Assessment 

Figure 3.2 shows the average result of each of the veterinary examination 

questions at each follow-up time-point. From this figure it is evident that all 

parameters measured showed a similar trend of a rapid reduction in the score within 

10 days of treatment, which was maintained to the final follow-up time-point. These 

results demonstrate a rapid improvement in lameness, function and pain. Figure 3.2J 

shows the average of all nine veterinary examination questions.  
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Figure 3.2.  Veterinary examination scores. 

(A-I) show the average veterinary examination score for each question. See Table 3.1 for the scoring 
system used. (J) shows the average of all eleven questions. The worst possible score was four and the 
best possible score was zero. Scores for (E, F and I) reflect the worst performing joint if multiple joints 
were treated. See Table 3.3 for the number of dogs with follow-up data at each time-point. The results 
are presented as the average  SEM. 
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Table 3.4 displays the average combined veterinary examination question 

score ± SEM for all follow-up time-points. A two-tailed t-test showed that the score 

obtained at all post-treatment time-points was significantly lower than the baseline 

score. 

 
Table 3.4.  Average of all veterinary examination questions for dogs treated 
with autologous adipose-derived cell therapy for OA. 

Time-point Average SEM P-value 

Baseline 1.7 0.2  

10 days 1.0 0.1 9.52E-08 

1 month 0.7 0.1 4.89E-09 

2 months 0.7 0.1 1.45E-07 

3 months 0.5 0.1 2.04E-08 

4 months 0.6 0.1 2.69E-08 

5 months 0.7 0.1 3.88E-09 

6 months 0.6 0.1 1.97E-08 

7 months 0.6 0.1 2.22E-06 

Final time-point 0.8 0.2 6.81E-03 

Scores were obtained from a 5-point NRS (0 [best] to 4 [worst]) SEM = standard error of the mean. See 
Table 3.3 for the number of dogs with follow-up data at each time-point. Paired two-tailed t-tests were 
performed to compare post-treatment scores to baseline.  

3.3.3.2.  Owner Assessment 

In comparison to the veterinary examination scoring system, the owner-

completed questionnaire focused more pointedly on the activities of daily living 

(ADL) and how pain affected these activities. It included questions about exercise, 

toileting and stiffness after rest. Figure 3.3 shows the average of each of the owner-

completed questions at each follow-up time-point. From this figure it is evident that 

an improvement in all parameters was observed from 10 days post-treatment, which 

was maintained to the final follow-up time-point. Figure 3.3T shows the average of all 

19 owner completed questions. 
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Figure 3.3.  Owner completed questionnaire scores.  

(A-S) show the average owner reported score for each question. (T) shows the average of all 19 
questions. This questionnaire utilised a 100mm VAS to determine the score (100 [worst] to 0 [best]). 
See Table 3.3 for the number of dogs with follow-up data at each time-point. The results are presented 
as the average  SEM. 
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Table 3.5 shows the average combined owner-completed questionnaire score 

± SEM for all follow-up time-points. As with the veterinary examination scores, a two-

tailed t-test showed that the scores obtained at all post-treatment time-points were 

significantly lower than the baseline score. 

 

Table 3.5.  Average of all owner-completed questions for all dogs. 

Time-point Average SEM P-value 

Baseline 52.2 3.8  

10 days 35.2 3.6 1.88E-06 

1 month 30.2 3.8 1.21E-06 

2 months 24.3 3.8 1.02E-06 

3 months 29.3 4.0 1.89E-07 

4 months 27.3 4.6 5.71E-07 

5 months 31.5 4.9 7.42E-06 

6 months 29.1 4.4 2.07E-06 

7 months 27.3 4.9 1.75E-04 

Final time-point 20.6 5.9 1.25E-02 

Scores were obtained from a 100mm VAS with 100 being the worst possible score and 0 being the best 
possible score. SEM = standard error of the mean. See Table 3.3 for the number of dogs with follow-up 
data at each time-point. Paired two-tailed t-tests were performed to compare post-treatment scores to 
baseline.  

 

At the 6 month follow-up time-point, the average improvement in the 

veterinary reported score was 67% (n=26; Figure 3.4A). At the final follow-up time-

point, veterinary examination scoring resulted in an average improvement of 47% 

from baseline (n= 9; Figure 3.4A). At both the 6 month and final follow-up time-points 

the veterinarians reported an improvement in all but two dogs. Similarly, the owner 

completed questionnaire outcome, resulted in an average improvement from baseline 

of 45% and 44% at the 6 month (n=26) and final follow-up time-points (n=9) 

respectively (Figure 3.4B). Dog owners reported an improvement in twenty-three of 

the twenty-six dogs treated at the 6 month follow-up time-point and an improvement 

in seven of nine dogs at the final follow-up time-point.  
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Figure 3.4.  Percentage improvement from baseline. 

(A) Veterinarian examination and (B) owner questionnaire reported outcomes.  

3.3.3.3.  Medication Use 

The medication usage of each dog was recorded for the 6 month time frame 

prior to adipose-derived cell therapy and during the 10 day to 6 month post-

treatment time frame. The type of medication, and how many dogs were prescribed 

each different type of medication are complied in Table 3.6. Of the twenty-six dogs 

treated, two dogs were not prescribed any OA medication in the 6 month time frame 

prior to treatment. The remaining twenty-four dogs were prescribed between one 

and three types of the medication during the pre-treatment time frame. At baseline, 

three dogs were on three types of medication; nine dogs on two types of medication 

and twelve dogs were taking a single medication, totaling thirty-nine instances of 

medication use between the twenty-six dogs (Table 3.7). At 6 months post-treatment 

the total amount of medication use had dropped from thirty-nine instances to ten. A 

total of eight dogs remained on medication, one dog remained on three types of 

medication and seven dogs were receiving one type of medication (Table 3.7). Of the 

eight dogs remaining on medication, two dogs reduced their prednisone usage by half 

at 6 months post-treatment. Of the three dogs remaining on carprofen, one dog’s 

usage doubled from sub-therapeutic levels of 12.5mg/day to a therapeutic dose of 

25mg/day. All other dose rates of medication, for the dogs that continued to be 

prescribed OA-related medication post-treatment, remained as the pre-treatment 

dose rate.  
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Table 3.6.  OA-related medication use for all dogs at baseline and 6 months post 
adipose-derived cell therapy.  

Generic medication name  

(drug type) 

Baseline* 6 months post-treatment # 

Meloxicam (NSAID) 4 1 

Carprofen (NSAID) 11 3 

Firocoxib (NSAID) 4 0 

Tramadol (Opioid) 2 1 

Prednisolone (Corticosteroid) 5 2 

Calcium Pentosan Polysulphate 
injectable (Chondromodulating 
agent) 

11 1 

Calcium Pentosan Polysulphate 
oral (Chondromodulating agent) 

2 1 

Total 39 10 

Data presented are the number of dogs on each prescribed medication.  
* Medication administered to the dogs during the 6 month time period prior to treatment.  
# Medication administered between 10 days and 6 months post-treatment. 

 

 

Table 3.7.  Number of dogs prescribed multiple, single or no OA-related 
medication at baseline and 6 months post adipose-derived cell therapy. 

 Baseline* 6 months post-treatment # 

3 types of medication 3 1 

2 types of medication 9 0 

1 type of medication 12 7 

No medication 2 18 

Total 26 26 

Data presented are the number of dogs taking multiple, single or no medication. 
* Number of dogs prescribed multiple medication types, a single medication or no medication during 
the 6 month time frame pre-treatment.  
# Number of dogs prescribed multiple medication types, a single medication or no medication between 
10 days and 6 months post-treatment.   
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3.4.  Discussion 

This chapter reports the collated veterinary and owner reported outcomes of 

twenty-six dogs treated for OA with a newly developed autologous adipose-derived 

SVF cells. Adipose tissue was harvested from the inguinal fat pad of the dogs and 

processed on-site to obtain the SVF, and re-introduced into the dogs’ osteoarthritic 

joints. Only two veterinarians performed this procedure during the 12 month time 

frame and the assessment of each dog at all time-points remained consistent to the 

individual treating veterinarian. The dogs were client-owned pets suffering from 

clinically diagnosed OA that in most circumstances were no longer effectively 

managed with traditional drug therapy and were not suitable surgical candidates. 

Most dogs were geriatric and suffering from multi-joint OA. 

3.4.1.  Autologous adipose-derived cell therapy has a beneficial effect for the 

treatment of canine osteoarthritis 

Currently, existing drug therapies for OA provide symptomatic relief from pain 

only. Medications such as carprofen, firocoxib and meloxicam have been shown to be 

very effective in moderating the signs of OA, namely associated pain [260-262]. 

However, no treatments are recognised to repair cartilage or prevent further 

destruction of the joint. Whilst pentosan polysulphate, a polysulphated 

polysaccharide, is described as a chondroprotective agent [263], there is limited 

evidence of its therapeutic effect in canine OA [264]. With no known cure for OA, 

disease modifying OA treatments are much coveted.  

The owner questionnaire and veterinary examination outcomes in this study 

showed a rapid and statistically significant improvement in pain and function within 

10 days of adipose-derived cell therapy treatment. The improvements observed in 

these dogs were sustained throughout the follow-up period. Traditionally it was 

thought that the therapeutic potential of MSCs was due to their multi-lineage 

differentiation capacity, with the thought that MSCs would differentiate into 

chondrocytes and mediate OA through this mechanism. However, while newly 

regenerated cartilage has been demonstrated in small animal models of OA post-cell 

therapy [158, 160], there is no direct evidence that the MSCs themselves are 
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differentiating into chondrocytes. In a chronic degenerative large animal model of OA, 

MSC treatment resulted in a marked reduction in degeneration of the articular 

cartilage, osteophytic remodelling, and subchondral sclerosis compared to control 

treated joints [89]. Therefore in this model, not only did the MSCs have a protective 

effective preventing the onset of OA, but introduced MSCs were detected in 

regenerated meniscal tissue. However, it is well accepted in the literature that 

regeneration of cartilage in animal models of OA takes weeks to months to achieve in 

these models [158, 160]. Therefore, the reduction in pain and increased functionality 

seen as early as ten days post-treatment in this study was unlikely to be due to tissue 

regeneration. Additionally, although no medications were restricted or prohibited by 

the treating veterinarians, Table 3.6 indicates that there was a reduction in the 

pharmaceutical requirements of all but one dog after adipose-derived cell therapy.  

More recently MSCs have been shown to have extensive paracrine activities 

which mediate their anti-apoptotic, anti-fibrotic, anti-inflammatory and immune-

modulatory capabilities [26]. In vitro, MSCs and the SVF have been shown to secrete 

high levels of therapeutically relevant growth factors and cytokines such as VEGF, IL-

7, IL-10 and IL-13 [242]. Furthermore, the co-culture of allogeneic or autologous 

adipose-derived MSCs with chondrocytes and synovicytes derived from human 

osteoarthritic joints showed that inflammatory cytokines such as IL-6, IL-Iβ and TNF-

α were all down-regulated [265]. Therefore, it is possible that the initial rapid 

improvements observed in this study could be due to the anti-inflammatory and 

immune-modulatory paracrine actions of the MSCs and other cell types of the SVF, 

rather than the regeneration of new cartilage [91, 266]. Given the promising evidence 

in the literature demonstrating that MSCs may halt or reverse destruction of tissues, 

it is anticipated that in the long-term, the cell therapy administered to the dogs in this 

study could halt the progression of OA or may even regenerate damaged tissue. 

Published studies utilising adipose-derived SVF for the treatment of canine OA 

have previously demonstrated a therapeutic benefit of SVF administration in canine 

hip and elbow OA [217, 218]. In these studies the extracted adipose tissue was 

shipped overnight to a central processing facility where the SVF was isolated and 

then shipped back to the veterinary hospital. Under a best-case scenario a 72-hour 

turn-around time from adipose-tissue harvest till SVF administration would have 

occurred. It was hypothesised, that the point-of-care immediate administration of the 
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SVF cells described in this chapter would result in an improved therapeutic outcome 

due to greater cell viability than the methods used in the Black studies. On average 

over 11 million viable SVF cells were injected per joint in this study, more than 

double the 5 million viable cells administered per joint reported by Black et.al (2007) 

[217]. To enable a comparison, the results of the consistent veterinary examination 

questions between this study and the two above mentioned studies were plotted on 

the same graph. Figure 3.5 shows the average percentage improvement from baseline 

to the final follow-up time-point for the dogs treated in this study and in the 

previously described Black studies of canine hip and elbow OA [217, 218]. 

Additionally the placebo control group from Black et al., (2007) was included [217]. 

Figure 3.5 shows that the twenty-six dogs treated described in this chapter had a 

greater percentage improvement in; lameness at walk, lameness at trot, functional 

disability and pain on manipulation than dogs treated in the Black studies. 

Furthermore, Figure 3.5 also shows that the SVF treatment in all three studies had a 

clear benefit over a placebo control (Figure 3.5). Whilst some understanding of the 

efficacy of the SVF treatment described in this chapter can be gleaned from the 

previously described control group from Black et al., (2007) the outcomes described 

in this study are from multi-joint treated OA cases rather than a controlled cohort of 

dogs where the treatment of only one consistent joint occurred [217].  
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Figure 3.5.  Comparison of veterinary examination question results from this 
study to other published studies. 

Percentage improvement from baseline for: A. Lameness at walk, B. Lameness at trot, C. Functional 
disability and D. Pain on manipulation. The average percentage improvement of all dogs as determined 
by veterinary examination questionnaires utilised in this study and in previously published studies 
[217, 218]. 
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3.4.2.  Limitations and Future Directions 

The apparent clinical improvement and reduction in medication use 

documented in this chapter and positive results from other similar studies [217, 218] 

are encouraging, but are far from conclusive. Reported in this chapter are real-world 

clinical outcomes of data collated from veterinary examination and dog owner 

questionnaires. The collection of this data was considered to be part of the standard 

level of care by the veterinarians as part of the introduction of a new treatment 

regime in their veterinary hospital. As such, there are several major limitations in the 

design of this study. The gold standard to wholly confirm the efficacy of a treatment 

involves multiple outcome measures, including objective parameters and a placebo 

control group [267].  

To fully determine the efficacy of the SVF treatment described in this chapter 

the inclusion of a control group was necessary. However, due to these dogs being true 

clinical cases of OA, and predominately suffering from multi-joint OA, it would have 

been unethical to enroll an equivalent group of dogs in a control arm. Furthermore, as 

the aim of this study was not to determine if adipose-derived SVF treatment was 

more efficacious than commonly used symptom-relieving agents, it would have been 

inappropriate to compare this group of dogs to a group receiving an OA symptom-

relieving agent such as an NSAID.  

This study would have benefited from the addition of force plate or gait 

analysis to provide an objective outcome measure to assess changes in lameness and 

gait. These quantitative assessment tools do not suffer from owner placebo and 

veterinary bias effects. However, objective gait analysis provides only an evaluation 

of a dog at one particular point in time, of which is outside of a dog’s typical 

environment and where normal behaviours are not exhibited [268, 269]. Therefore, 

owner-based assessment is recognised to be a powerful tool in assessing changes in 

an animal’s typical behaviour in their typical environment [256-259]. Despite this, a 

placebo effect has been demonstrated previously when using owner and veterinary 

questionnaires to measure treatment effect in OA in dogs [270]. Future studies 

should be designed with both subjective and objective outcome measure to ensure 

robust data capture.  
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As this chapter details the results of a real clinical treatment offering, and not a 

clinical trial, dog owners were encouraged but under no obligation to return for 

follow-up consultation. Consequently, the number of animals lost to follow-up, 

particularly at the later time-points of 9 months and 12-18 months post-treatment, 

further limits the strength of this data. Additionally, repeat radiographic or CT 

imaging was not performed on these dogs. It would have been ideal to use repeat 

imaging to determine if any structural changes were occurring in treated joints. It 

would not have been appropriate or ethical however, to anaesthetise and hospitalise 

these dogs again for repeat imaging. 

The SVF, unlike a pharmaceutical preparation, has no defined active 

ingredient. As the cell types that comprise the SVF are numerous, it is not known 

which cell type or types are responsible for the perceived efficacy. Furthermore, as 

this is a biological treatment, differences between the amounts of adipose tissue 

extracted, the cell number, cell viability and in all likelihood cell composition, make 

estimating the therapeutic outcome of a treatment offering such as this difficult. To 

understand the composition of the canine SVF, and the possible effect the 

composition may have on therapeutic potential, further characterisation is required.  

3.5.  Conclusions 

Despite the limitations of this study, both safety and preliminary efficacy were 

established. Furthermore, as hypothesised, point-of-care immediate administration of 

the SVF appeared to have greater efficacy than that of off-site cellular processing and 

delayed administration of cells. This chapter reports real-world clinical data captured 

by veterinarians and dog-owners that was collated for use in this thesis. The sole 

purpose of collating this data was to determine if further investigation into adipose-

derived cell populations and additional product development for the treatment of 

canine OA were warranted. The preliminary efficacious results demonstrated merit 

further investigation. 
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CHAPTER FOUR 

Chapter 4  

Characterisation of 
Canine Stromal Vascular 

Fraction using Flow 
Cytometry and Cell 
Secretion Profiling 

 

Cellular therapy utilising mesenchymal stem cells (MSCs) or adipose stromal vascular 

fraction (SVF) is emerging in the veterinary space. The previous chapter documented 

preliminary efficacious outcomes of twenty-six dogs treated with autologous SVF.  

Whilst canine MSCs have been characterised in vitro, there is little known about the cell 

composition and secretion capabilities of canine SVF. The aim of this study was to 

characterise the canine SVF using immunophenotyping and cell secretion profiling. Cell 

counts, viability and immunophenotyping were performed on fresh canine SVF samples. 

The conditioned media of the canine SVF was analysed using a panel of fifteen bioactive 

factors. Furthermore, a correlation was performed to assess the relationship between 

cell number, cell type and secretion profile. 
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4.1.  Introduction 

Cellular therapy for the treatment of a variety of diseases in the veterinary 

field is becoming increasingly common. Commercial stem cell derived treatments are 

available for equines and canines in the US, the UK, UAE, Europe, New Zealand and 

Australia. These cellular therapies include cultured MSCs [212, 271] and adipose-

derived uncultured SVF [217, 218, 272]. There are clinical studies published 

describing promising therapeutic outcomes from these available therapies in both 

equines and canines but little is characterised in terms of what comprises the cell 

population used in these therapies. While some studies have characterised cultured 

bone marrow or adipose-derived cells in canines, [92, 248, 273, 274] to the author’s 

knowledge there is no literature characterising freshly isolated canine adipose-

derived SVF. This is in some part due to the technical difficulties associated with 

characterising the SVF. In particular, characterisation of the SVF is difficult due to the 

presence of cell and tissue debris. Detecting and analysing the cells within this 

background of debris is challenging and complicates performing multiple antibody 

fluorochrome staining [230, 275]. 

There are benefits to utilising freshly isolated adipose-derived cells for 

therapeutics. The SVF from adipose tissue is a rich source of MSCs containing 500 

times more MSCs per gram than bone marrow [250, 251, 276] negating any need to 

expand cells in vitro and thereby enabling an in-clinic same day treatment. MSCs are 

capable of multi-lineage differentiation [30] and possess immunosuppressive 

capabilities [55]. These therapeutic properties coupled with the relative ease of 

obtaining large quantities of tissue and the ability to rapidly isolate the SVF for 

autologous use, has led to a significant increase in focus on this tissue for use in 

regenerative medicine. Traditionally MSCs were considered to exert their therapeutic 

effect through their ability to differentiate into cells of the damaged tissue type post-

implantation. Recent in vivo studies have shown that transplanted MSCs do not 

always differentiate even though regeneration of the damaged tissue has occurred 

[68, 277]. Furthermore, it has been demonstrated that the administration of MSC 

secretions alone can achieve a similar initial therapeutic response to cell therapy 

[68]. Thus, it is now considered that cellular communications via secretions at the 
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autocrine, paracrine and endocrine levels, are major drivers of the therapeutic effects 

of cell therapy.   

Despite efficacious reported clinical outcomes of treatments utilising adipose-

derived cell therapy in both people and animals [49, 163, 180, 181, 217, 218], there is 

also usually a portion of non-responding individuals. The reason for the lack of 

response may be due to various factors including; disease progression, co-

morbidities, environmental factors or could be due to composition of the cellular 

therapy used in the treatment. 

To further understand the mechanisms behind the therapeutic effect and 

therefore gain insight as to why a treatment is not always successful, further 

definition of the freshly isolated adipose-derived SVF is required. There are limited 

studies characterising human adipose-derived SVF, but these studies have shown that 

the SVF is comprised of a number of different cell types. These include white blood 

cells (WBC) such as T regulatory cells and macrophages, vascular smooth muscle 

cells, endothelial cells, pericytes and MSCs [36, 227, 228]. These human studies show 

there is high variability between individuals in the types and proportions of cell types 

seen. It is of interest to know if canine SVF is comprised of equivalent cell types and 

proportions and if there is high variability between individuals as is seen in people. 

4.1.1. Chapter Aims 

The aim of this study was firstly to characterise the cellular composition of 

freshly isolated canine SVF, using cell surface antigen expression markers, and 

secondly to assess the secretion capabilities of the SVF using a multi-plex cytokine 

analysis approach. This type of characterisation approach may be a useful tool in 

future for predicting the therapeutic outcome of SVF therapy in real clinical cases. 
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4.2.  Methods 

4.2.1.  Adipose Tissue Harvest and Isolation of Cells 

Adipose tissue was collected from the falciform ligament from eight 

approximately 6 month old female healthy dogs that were undergoing a routine desex 

procedure. The adipose tissue was washed with saline, minced with sterile scissors 

and digested with 0.05% collagenase (Sigma-Aldrich, St Louis, Missouri, USA) in 

Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies, Grand Island, New 

York, USA) in a 37°C water bath for 60 minutes. The digested sample was then passed 

through a sterile 400μm filter (Millipore, Billerica, Massachusetts, USA) and 

centrifuged at 2000xg for 5 minutes. The floating lipid, adipocytes and supernatant 

were aspirated and discarded. The pelleted SVF cells were resuspended in saline, 

centrifuged at 2000xg for 5 minutes and then resuspended in DMEM. The SVF cell 

suspension was used for flow cytometry analysis, isolation and expansion of MSCs 

and for production of conditioned media for analysis of secretions (see below). 

4.2.2.  Isolation and Culture Expansion of Adherent Cells and Preparation for 

Flow Cytometry 

To obtain adherent cells, a portion of the SVF pellet was seeded into a T75cm2 

flask containing DMEM supplemented with 10% fetal bovine serum (FBS; Life 

Technologies, Grand Island, New York, USA) and 1% antibiotic-antimycotic solution 

(Life Technologies, Grand Island, New York, USA) and incubated at 37C with 5% CO2. 

The media was changed every 3 days with the initial media change resulting in the 

removal of non-adherent cells. When the adherent cells reached 80% confluence, cells 

were liberated from the flask using TrypLE express (Life Technologies, Grand Island, 

New York, USA), and diluted in the above cell culture media. Adherent cells at passage 

2 were used for the experiments described in this study.  
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4.2.3.  Blood Collection and Preparation for Flow Cytometry 

Blood was collected from healthy dogs undergoing routine haemotology and 

biochemistry screening. Blood was collected by jugular venipuncture using a 22-

gauge needle into EDTA vacutainers (Becton Dickinson, Franklin Lakes, New Jersey, 

USA). Red blood cell lysis was performed using ACK lysing buffer according to 

manufacturers instructions (Life Technologies Grand Island, New York, USA). 

4.2.4.  Flow Cytometry  

A FACScan flow cytometer (Becton Dickinson, Franklin Lakes, New Jersey, 

USA) was used for all flow cytometry experiments in this study. An aliquot (200μL) of 

the freshly isolated SVF cells was filtered through a 35μm nylon mesh topped tubes 

(Becton Dickinson, Franklin Lakes, New Jersey, USA) and transferred into a Trucount 

tube (Becton Dickinson Franklin Lakes, New Jersey, USA) containing Isoflow, 

propidium iodide and Syto11. The total number of viable cells in each of the SVF 

samples was determined as described in section 2.2.2.3.  

Aliquots of blood, adherent cells and SVF cells were each added to 3 tubes 

containing either; a) isoflow (Beckman Coulter, Indianapolis, Indiana, USA) for 

analysis with no nucleic dye, b) isoflow with propidium iodide (10μg/mL; Sigma-

Aldrich St Louis, Missouri, USA) or c) isoflow with Syto11 (1μg/mL; Life Technologies 

Grand Island, New York, USA).  

Blood, adherent cells and SVF cells were centrifuged at 2000xg for 5 minutes. 

The resultant pelleted cells were resuspended in Flow Cytometry Staining Buffer 

(eBioscience, San Diego, California, USA). The cells were stained with the following 

antibodies according to the manufactures instructions (eBioscience, San Diego, 

California, USA): CD45-FITC (11-5450-42), CD44-FITC (11-5440-42), CD4-FITC (11-

5040-42), CD25-FITC (11-0250-42), CD146-FITC (14-1469-82), CD34-PE (12-0340-

42) and CD90-PE (12-5900-42), as well as the following isotype controls, Rat IgG2b K 

FITC (11-4031) Rat IgG2a kappa FITC (11-4321) Mouse IgG1 K FITC (11-4714), 

Mouse IgG1 K FITC (11-4714) and Rat IgG2b kappa PE (12-4031). Cells stained with 

PE or FITC conjugated antibodies were also stained with Syto11 and propidium 

iodide respectively to enable detection of the cells within the background of auto 

fluorescent debris that is present within freshly isolated SVF cells.  



Chapter 4. Characterisation of Canine SVF using Flow Cytometry and Cell Secretion Profiling 

 90 

4.2.5.  Production of Conditioned Media 

The volume of each freshly isolated SVF cell suspension required to seed 

192,000 viable cells was transferred to a single well of a 6-well plate (Greiner Bio-

one, Frickenhausen, Germany). Volumes ranged from 0.3mL to 1.6mL.  The volume in 

each well was normalised to 2.8mL with standard cell culture media consisting of 

DMEM supplemented with 10% (FBS) and 1% antibiotic-antimycotic solution. The 

samples were incubated at 37C with 5% CO2 for 72 hours without media changes. At 

72 hours all samples had reached 80% confluence. The conditioned medium was 

collected, centrifuged at 4980xg for 10 minutes and stored at -80°C.  

4.2.6.  Cytokine Analysis 

Conditioned medium samples were filtered through 0.2m Nanosep MF 

Centrifugal Devices with Bio-Inert® Membrane (Pall Scientific, Port Washington, New 

York, USA) for 5 minutes at 9000xg. A 50μL portion of each filtered sample was 

analysed using the Milliplex MAP® Canine Cytokine 13-plex assay which measures 

IFN-γ, IL-8, IL-15, IL-18, TNF-α, IL-10, IP-10, KC-like, MCP-1, GM-CSF, IL-7, IL-2 and 

IL-6 (Millipore, Billerica, Massachusetts, USA) according to the manufacturers 

instructions. The washing steps were performed on the Bio-Plex Pro II magnetic wash 

station and the data was acquired using the Bio-Plex 200 system with version 5.0 

software (Bio-Rad, Hercules, California, USA).  

A volume of 50μL or 200μL of each filtered sample were analysed using TGF-β 

and VEGF ELISAs (R&D Systems, Minneapolis, Minnesota, USA) respectively 

according to manufacturers instructions.   

4.2.7.  Statistical Analysis 

The Heat map was produced using R’s heatmap.2 function. A Kendall's rank 

correlation was performed to measure the correlation between two variables. The 

first analysis was performed on the total SVF cell counts of each dog and the number 

of cells positive for each cell surface marker for each dog. The second analysis was 

performed on the number of cells positive for each cell surface marker and the 

fluorescence intensity levels of secreted cytokines. The significance of the Kendall’s 
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rank correlation was determined by using a matrix of p-values for testing the 

hypothesis of no correlation against the alternative that there is a non-zero 

correlation. A p-value <0.1 was considered significantly different from zero.  

4.3.  Results 

To enable characterisation of the SVF, distinguishing the cells from the non-

cellular background was imperative. Without the addition of a nucleic acid dye, the 

cells in both canine blood and culture expanded canine MSCs could be clearly 

distinguished on the flow cytometer using only forward scatter and side scatter 

(Figure 4.1A and B). However, when using this approach to distinguish cells of the 

canine SVF from the background, there was no clearly distinguishable population of 

cells (Figure 4.1C). The nucleic acid dyes propidium iodide (PI) and Syto 11 were 

trialed individually in an attempt to visualise this nucleated cell population. It is 

apparent from Figures 4.1F and I that both dyes enable the nucleated cell population 

to be seen in the SVF samples. Therefore with the use of these nucleic acid dyes the 

characterisation of the SVF with monoclonal antibodies was possible. An average of 

approximately 2.3 million SVF cells were isolated per gram of adipose tissue and cell 

viability ranged from 48.6% to 75.6% (Table 4.1). 
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Figure 4.1.  Flow cytometry plots of canine bloods, MSCs and SVF. 

Canine blood, MSCs and SVF were analysed on a FACScan flow cytometer without nucleic dye (A, B & C 
respectively), and with the nucleic stain’s PI (D, E & F respectively) and Syto 11 (G, H & I respectively). 

The cellular populations are identified in the square boxes. 
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Table 4.1.  Cell count and viability from canine SVF samples.  

Dog Cells per gram of adipose tissue Viability (%) 

1 1,904,124 75.6 

2 2,552,150 72.2 

3 3,646,792 63.2 

4 1,869,780 48.6 

5 2,201,815 62.6 

6 3,953,862 60.0 

7 809,945 52.9 

8 1,151,103 63.0 

Average ± SD 2,261,196 ± 1,101,448 62 ± 9 

Cells per gram of adipose tissue and viability results from the SVF of eight dogs. The average  
standard deviation values are also shown. 

 

Cell surface antigen staining was used to characterise the cell populations in 

the canine SVF. Canine blood and MSCs were used as controls for CD marker 

characterisation prior to characterising the SVF. Consistent with the literature, canine 

blood was positive for the characteristic white blood cell markers CD4 and CD45 and 

the cell adhesion marker, CD44 (Figures 4.2 & 4.3). Canine blood was negative for 

CD25 and the stromal and endothelial cell markers CD146, CD34 and CD90 (Figure 

4.2 & 4.3). Similarly as expected, MSCs were negative for the characteristic white 

blood cell markers and positive for the stromal and endothelial cell markers (Figure 

4.2 & 4.4).  

CD marker characterisation of the SVF fraction showed varying proportions of 

cells that were positive for the white blood cell, stromal and endothelial cell markers 

assessed (Table 4.2). Figure 4.2 shows representative histograms of the positive 

populations for each marker whereas figure 4.5 shows representative dot plots with 

full gating strategy the SVF. CD146 was expressed at the highest percentage being on 

average 33% and CD4 with the lowest average percentage of 8%. From Table 4.2 it is 

evident that there is high variability between individual dogs as indicated by the large 

standard deviations. Appendix V figure 9.1 shows the SVF data from all remaining 

seven dogs of this data set. 
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Figure 4.2.  Representative phenotypical characterisation of canine blood MSCs 
and SVF using CD markers and flow cytometry. 

Canine blood (A, D, G, J, M, P, S), MSCs (B, E, H, K, N, Q, T) and SVF (C, F, I, L, O, R, U) were analysed on a 
FACScan flow cytometer for characteristic white blood cell markers, CD4-FITC (A, B & C) CD25-FITC 
(D, E & F) and CD45-FITC (G, H & I) and for characteristic stromal and endothelial cell markers CD44-
FITC (J, K & L), CD90-PE (M, N, O), CD34-PE (P, Q & R) and CD146-FITC (S, T & U). For each cell type 
and fluorescence conjugate, an unstained control (red line) was included.  The blue line represents the 
stained sample.  The percentage of positive cells is shown in each plot.  

 

 

Table 4.2.  Percentage of canine SVF cells positive for CD markers characteristic 
of white blood, stromal and endothelial cells. 

Phenotype Percentage of positive 
cells 

Characteristic cell type/s (Antibody specificity) 

CD45+ 26  6 Found on all leukocytes. 

CD44+ 20  6 
Found on immune hematopoietic cells, cell adhesion & 
migration molecule, MSC and stromal cell marker 

CD4+ 8  8 T helper cells, monocytes, macrophages and dendritic cells 

CD25+ 17  6 Immune cells of T & B cell lineages 

CD146+ 33  11 Cells of the endothelial cell lineage 

CD90+ 25  7 MSC and stromal cell marker 

CD34+ 16  11 Marker of hematopoietic progenitor and stem cells 

The percentage of positive cells is expressed as the average of eight SVF samples  the standard 
deviation. 
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Figure 4.3.  Representative phenotypical characterisation of canine blood using 
CD markers and flow cytometry. 

Canine blood was analysed on a FACScan flow cytometer for characteristic white blood cell markers, 
CD4-FITC (B) CD25-FITC (F) and CD45-FITC (J) and for characteristic stromal and endothelial cell 
markers CD44-FITC (N), CD90-PE (D), CD34-PE (H) and CD146-FITC (L). For each cell type and 
fluorescence conjugate, an unstained control (red dot plots A, C, E, G, I, K & M) was included.  The blue 
dot plot represents the stained sample.  The percentage of positive cells is shown in the top right 
quadrant of each plot.  
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Figure 4.4.  Representative phenotypical characterisation of canine MSCs using 
CD markers and flow cytometry. 

Canine MSCs were analysed on a FACScan flow cytometer for characteristic white blood cell markers, 
CD4-FITC (B) CD25-FITC (F) and CD45-FITC (J) and for characteristic stromal and endothelial cell 
markers CD44-FITC (N), CD90-PE (D), CD34-PE (H) and CD146-FITC (L). For each cell type and 
fluorescence conjugate, an unstained control (red dot plots A, C, E, G, I, K & M) was included.  The blue 
dot plot represents the stained sample.  The percentage of positive cells is shown in the top right 
quadrant of each plot.  
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Figure 4.5.  Representative phenotypical characterisation of canine SVF using 
CD markers and flow cytometry. 

Canine SVF was analysed on a FACScan flow cytometer for characteristic white blood cell markers, 
CD4-FITC (B) CD25-FITC (F) and CD45-FITC (J) and for characteristic stromal and endothelial cell 
markers CD44-FITC (N), CD90-PE (D), CD34-PE (H) and CD146-FITC (L). For each cell type and 
fluorescence conjugate, an unstained control (red dot plots A, C, E, G, I, K & M) was included.  The blue 
dot plot represents the stained sample.  The percentage of positive cells is shown in the top right 
quadrant of each plot.  
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Analysis of the conditioned media from the SVF cells for a range of cytokines 

revealed that 7 cytokines (IL-8, KC-like, MCP-1, VEGF, TGF-β and IL-6) were present 

at levels higher than 800 pg/mL, and a further 6 cytokines were detected at levels 

<100 pg/mL.  TNF-α and IP-10 were not detected (Table 4.3).   

 

 

Table 4.3.  Cytokines secreted by canine SVF in vitro.  

Functional Category Cytokine Name 
Cytokine Concentration 
(pg/mL) 

Pro-inflammatory 

IFN-γ 7 ± 6  

IL-8  18152 ± 11156 

IL-15 32 ± 9  

IL-18 16 ± 5  

TNF-α N.D 

Anti-inflammatory IL-10 116 ± 38  

Chemokines 

IP-10 N.D 

KC-like 11809 ± 4301 

MCP-1 18753 ± 669 

Growth Factors 

GM-CSF 47 ± 19  

IL-7 13 ± 8  

TGF-β 831 ± 277 

VEGF 1535 ± 597 

Dual Roles 
IL-2 22 ± 5  

IL-6 866 ± 1433  

Cytokine concentrations are expressed as the average  the standard deviation (n=8). 
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Figure 4.6.  Heat map of the relationship between CD marker expression and 
cytokine secretions from the SVF of 8 dogs.  

The relationship between the 15 cytokines, chemokines and growth factors measured (using 
fluorescence intensity) and CD marker expression profiles of the SVF were investigated using a multi-
scale bootstrapping approach. Green indicates a positive correlation whereas red indicates a negative 
correlation. The dendrogram indicates the clustering patterns of these data.  

 

A hierarchical clustering approach was applied to investigate the relationship 

between cell surface antigen expression and secreted cytokine levels (Figure 4.6). It is 

evident from the heat map (Figure 4.6) that there is a strongly positive correlation 

between CD25, CD45 and CD90 and that a positive correlation between the bioactive 

factors IL-10, GM-CSF, IL-2, MCP-1, TNF-α and VEGF exists. Interestingly the CD 

marker CD146 that is expressed at the highest proportion of all of the CD markers 

measured in this study was negatively correlated to all other CD markers and all 

cytokines. 

As a relationship between certain CD markers was observed, to further 

investigate if CD marker expression levels correlated to the cell number obtained per 
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gram of fat, a Kendalls correlation approach was used where the significance of the 

correlation was also tested. A significant correlation (p-value <0.05) between cell 

number per gram of adipose tissue and the CD markers CD25, CD45 and CD90 was 

found  (Table 4.4). Additionally a highly significant (p-value <0.01) correlation 

existed between these three markers to each other (Table 4.4). To further investigate 

this finding, the correlation between the CD markers CD25, CD45 and CD90 and 

secreted cytokines was determined (Table 4.5). There was a significant correlation 

between CD25 expression levels and secreted levels of the growth factors GM-CSF 

and TGF-β, the anti-inflammatory cytokine IL-10 and the dual role cytokine IL-2. A 

significant correlation was found between CD90 and secreted levels of IL-10 and the 

anti- and pro-inflammatory cytokine IL-6. There were a number of positive 

correlations between the CD markers and the above-mentioned cytokines that were 

close to significance with a p-value of just above 0.1 (Table 4.5). 

 

Table 4.4.  Kendall’s correlation values for cell number per gram of adipose 
tissue and cell surface antigen CD marker expression. 

CD Marker Kendall’s Correlation Value p-value 

CD4 - 0.089 0.886 

CD25 0.714 0.019 

CD34 0.500 0.108 

CD44 0.500 0.108 

CD45 0.714 0.019 

CD90 0.786 0.009 

CD146 0.286 0.386 

The CD marker expression levels were correlated to cell number per gram of adipose tissue using a 
Kendall’s correlation. The significance of the correlation was tested and correlations with a p-value 
<0.05 are indicated in bold. 
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Table 4.5.  Kendall’s correlation values of CD markers CD25, CD45 and CD90 to 
secreted cytokine levels. 

 CD25  CD45 CD90  IL-2 IL-6 IL-10 GM-CSF TGF-β 

CD25  1 
0.857 
(0.004) 

0.929 
(0.002) 

0.519 
(0.10) 

0.5 
(0.11) 

0.643 
(0.04) 

0.571 
(0.063) 

0.5 
(0.004) 

CD45 
0.857 
(0.004) 

1 
0.786 
(0.009) 

0.445 
(0.17) 

0.5 
(0.11) 

0.5 
(0.11) 

0.429 
(0.17) 

0.5 
(0.11) 

CD90 
0.929 
(0.002) 

0.786 
(0.009) 

1 
0.445 
(0.17) 

0.571 
(0.06) 

0.571 
(0.06) 

0.5 
(0.11) 

0.429 
(0.17) 

IL-2 
0.519 
(0.10) 

0.445 
(0.17) 

0.445 
(0.17) 

1 
0.519 
(0.10) 

0.815 
(0.008) 

0.889 
(0.004) 

0.519 
(0.10) 

IL-6 
0.5  

(0.11) 

0.5  

(0.11) 

0.571 
(0.06) 

0.519 
(0.10) 

1 
0.429 
(0.17) 

0.357 
(0.27) 

0.286 
(0.39) 

IL-10 
0.643 
(0.04) 

0.5 
(0.11) 

0.571 
(0.06) 

0.815 
(0.008) 

0.429 
(0.17) 

1 
0.929 
(0.002) 

0.286 
(0.39) 

GM-CSF 
0.571 
(0.06) 

0.429 
(0.17) 

0.5 
(0.11) 

0.889 
(0.004) 

0.357 
(0.26) 

0.929 
(0.002) 

1 
0.357 
(0.27) 

TGF-β 
0.5 
(0.004) 

0.5 
(0.11) 

0.429 
(0.17) 

0.519 
(0.10) 

0.286 
(0.39) 

0.286 
(0.39) 

0.357 
(0.27) 

1 

The CD marker expression levels were correlated to secreted cytokines. The Kendalls correlation 
values are shown in the table and p-values are in brackets. The correlation with a p-value <0.1 are 
indicated in bold. Only the secreted cytokines that showed a significant correlation to CD markers 
CD25, CD45 and CD90 are shown. 
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4.4.  Discussion 

4.4.1. Canine SVF contains a Large Population of Cells that Express MSC Surface 

Markers 

Characterisation of the SVF is difficult due to cell and tissue debris and the 

inherent autofluorescence of these particles. In this chapter, the addition of a nucleic 

acid dye (Syto11 or PI) was required to distinguish the SVF cells from the 

autofluorescence of debris present in the samples. Syto11 and PI nucleic acid dyes are 

compatible with PE and FITC fluorochromes respectively, allowing cell surface 

antigen characterisation to be performed on a flow cytometer with a 488nm laser. In 

this work, Syto11 could be used in conjunction with PE labeled antibodies and PI 

could be used in conjunction with FITC labeled antibodies. The inclusion of a third 

fluorochrome was not successful with either of these combinations. Therefore, multi-

fluorochrome cell surface antigen staining was not possible.  

Others have successfully performed analysis of human SVF using multi-

fluorochrome cell surface antigen staining by using a flow cytometer with a UV laser, 

which enable DAPI to be used in a distinct optical channel [230]. Flow cytometers 

fitted with UV lasers are not widely available and therefore this approach was not an 

option. Another successful approach has been the use of destiny gradient 

centrifugation to purify cells away from cell and tissue debris [36]. This approach 

requires a relatively large sample size as significant loses of cells occur during the 

processing. In this study, only small volumes of adipose tissue were harvested and 

cell numbers were too low after density gradient centrifugation to be analysed by 

flow cytometry.  

The canine SVF cells analysed in this study were positive for the stromal, 

endothelial and WBC markers, CD90, CD44, CD146, CD34, CD45, CD25 and CD4 in 

varying proportions. Several research groups have attempted to identify the location 

of MSCs within adipose tissue [37, 230, 278, 279]. The consensus between 

researchers is that MSCs in situ reside in the perivascular location. Some groups 

report this being the CD34 positive/CD31 negative phenotype [235], while others 

describe a CD146 positive population found in the perivascular region exhibiting the 

biological properties of MSCs once isolated and cultured [280]. Zimmerlin et al., 
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(2010) utilised high-speed flow cytometry sorting techniques to determine the in situ 

location of MSCs in human adipose tissue [230]. They identified three separate MSC-

like populations residing in adipose tissue. All three populations were capable of 

culture expansion and adipogeneic differentiation that was superior to that of the 

entire SVF. These three populations were identified as, pericytes, which were 

CD146+/CD90+/CD34-, outer adventitial adipose stromal cells, which were CD146-

/CD90+/CD34+ and a CD34+/CD146+ pericyte subset. Although Zimmerlin and 

others have suggested that CD34 and/or CD146 positive cells are the MSCs in the 

adipose tissue niche, it is important to note that expression of both of these surface 

markers are lost following in vitro expansion of adherent cells of the SVF [228]. An 

average of 16% and 33% of cells of the canine SVF in this study were CD34 and 

CD146 positive respectively and in-line with the literature the positive percentage of 

CD34 and CD146 expressed on canine cultured MSCs was negligible. (Figures 4.2 and 

4.4). In contrast, studies have demonstrated human and canine cultured MSCs 

express the stromal markers CD44 and CD90 [92, 228, 248]. Furthermore, these cells 

have been shown to be capable of multi-lineage differentiation, which is one of the 

three criteria set by the International Society of Cellular Therapies to define a cell as 

an MSC [30]. Consequently CD44 and CD90 are recognised as cultured adipose-

derived SVF and MSC cell surface antigen markers [39, 281]. In this study CD44 and 

CD90 were expressed on an average of 20% and 25% of freshly isolated canine SVF 

cells respectively. Taken together, our results suggest that canine SVF is comprised of 

a relatively high proportion of cells expressing markers indicative of MSCs. However, 

it is important to note that whilst MSCs may express CD44, in a mixed cell population 

such as the SVF, CD44 doesn’t necessarily define the MSC population, due to CD44 

also being present on hematopoietic immune cells.  

The proportion of SVF cells positive for the WBC markers CD45, CD25 and CD4 

was also investigated. CD45 surface antigen is expressed on all leukocytes [282], and 

in this study on average a quarter of the canine SVF was characterised as leukocytes. 

To further examine the white blood cell fraction of the SVF, the lymphocyte markers 

CD25 and CD4 were used [283, 284]. CD4 was found on 8% of canine SVF cells, whilst 

17% of the canine SVF was positive for CD25 (Table 4.2). Utilised in combination 

CD25 and CD4 are cluster differentiation markers used to identify Treg cells [284]. 

Treg cells are a prominent population found in the SVF [49] and the results presented 
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in this chapter indicate that approximately 8% of the canine SVF are Treg cells 

Interestingly the percentage of CD4 positive cells from the SVF of the 8 samples 

investigated in this study ranged from 1-25% (Appendix V). These immune 

regulatory cells play an important role in cell therapy as once activated these cell 

types secrete large amounts of TGF-β and IL-10 which have powerful 

immunosuppressant properties capable of mediating chronic inflammation [285]. 

Conversely, CD25 in isolation is found on activated T cells and B cells. Whereas, Treg 

cells limit and suppress immune responses, active T and B cells are responsible for 

cell-mediated and humoral immune responses respectively. 

Several studies have attempted to characterise the cellular composition of the 

human SVF [36, 227, 228]. Some of the proportions of the described cell types seen in 

the canine SVF in this study differ from what has been published on the cellular 

composition of human SVF. While CD146 [228] and CD45 [36, 227] are expressed in 

similar percentages to that described in human SVF, CD44, CD90 and CD34 [36, 228] 

are all expressed in lower proportions. A recent study by Feisst et al., (2014) provides 

the most in-depth characterisation of human adipose SVF [236]. They used an 11-

marker flow cytometry panel to compare SVF to dermal cells. Cell proportions, as 

either adipose stem cells (ASC) or endothelial progenitor cells (EPC), were reported 

as a percentage of the CD45- population. ASCs accounted for 80% to 93% of the 

CD45- population with EPCs between 1% and 18%. In Feisst et al., (2014) CD90 was 

positive in both ASC and EPC, and CD146 positive only in EPCs, but at low expression 

levels [236]. In contrast, the data presented in this chapter, where CD146 was found 

at 50% higher frequency than CD90, indicates that EPCs may be present at higher 

frequency than ASCs in canine SVF. Varying outcomes between cells expressing these 

CD markers between human SVF and canine SVF are likely due, but not limited to, 

differences between species, biological variation between individuals, and different 

fat procurement sites and harvest methods. Additionally complexity arises when 

trying to perform this type of characterisation in canines due to the lack of available 

suitable monoclonal antibodies [286]. 
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4.4.2.  Canine SVF Secretes Cytokines of Therapeutic Importance 

Traditionally, the main mechanism of action of MSCs was considered to be 

their ability to differentiate into cells of various lineages. However, it is now accepted 

that cellular secretions are a major driver of the therapeutic effect of cellular therapy. 

The bioactive factors secreted by MSCs have been widely researched in vitro [46, 53, 

287]. Furthermore, their role in the therapeutic effect of cellular therapy has been 

confirmed via in vivo studies demonstrating that administration of conditioned 

medium alone can achieve a similar initial effect to cell therapy [68]. However, there 

is little known about the complex in vitro secretion profile of mixed cell populations 

such as the SVF or their therapeutic effect in vivo. Once cells of the SVF are introduced 

to culture conditions to select for plastic adherent MSCs, some of the cross talk and 

feedback mechanisms arising from signals from other cells that comprise the SVF are 

lost. In vivo these feedback mechanisms govern the physiology and functionality of a 

cell and without this regulation significantly elevated levels of cytokines can be 

produced from MSCs under in vitro tissue culture conditions. Blaber et al., (2012) 

compared secretions from human SVF and MSCs and reported elevated levels of IFN-

γ VEGF, IL-6, IL-7, IL-10 and IL-13 in the conditioned medium of MSCs compared to 

the SVF [242]. To the author’s knowledge there are no reports of the secretion profile 

from the canine SVF, however Kang et al., (2008) offers some insight into 

understanding mixed cell population therapeutics in canines. Kang and co-workers 

demonstrated that co-culture of MSCs and leukocytes, compared to leukocytes alone, 

resulted in a reduction of the pro-inflammatory cytokine TNF-α, an increased 

production of IFN-γ, IL-6 and TGF-β but no difference in the production of IL-10 [92]. 

Therefore, Kang et al., (2008), consistent with Blaber et al., (2012), demonstrate that 

distinct secretion profiles, presumably arising from cross-talk and feedback 

mechanisms, are obtained from MSCs held in vitro with other cells of the SVF. As the 

SVF is a commercially available therapeutic utilising a mixed cell population, 

understanding what the SVF secretes as a whole is important. It was demonstrated 

that holding the SVF in vitro results in the secretion of high levels of the cytokines, IL-

8, IL-6, KC-like, MCP-1, VEGF and TGF-. These results were obtained from holding 

the SVF in in vitro conditions, and may not completely reflect what happens in vivo in 

a joint. The joint is a low oxygen environment, which contains synovial fluid and 



Chapter 4. Characterisation of Canine SVF using Flow Cytometry and Cell Secretion Profiling 

 107 

numerous other tissue types. In the experiments described in this chapter, cells were 

held under standard cell culture conditions (~20% oxygen) and were not exposed to 

signaling from the numerous cell types present in a joint. Regardless, the datasets 

presented in this chapter may provide some insight into the potential treatment 

effect of the SVF. In particular, it has been demonstrated that TGF- is crucial for 

prevention or repair of cartilage damage [288]. As such, secretion of a wide array of 

bioactive factors, and direct cell-cell signaling of the SVF with cells of the joint, in 

particular infiltrating T cells, may mediate the inflammatory cascade evident in 

osteoarthritis. 

4.4.3.  Therapeutic Importance 

Freshly isolated SVF cellular therapy is now a treatment option for numerous 

conditions in both people and animals. The most common diseases in dogs’ being 

treated with cellular therapeutics are musculoskeletal and immune-mediated 

disorders [289]. Although clinical results from these treatments are promising, there 

are always a proportion of non-responding patients [217, 218 and our unpublished 

data, 272]. To-date, no study has definitively determined the number of cells, from 

either isolated MSCs or from mixed cell populations, required to achieve a therapeutic 

effect. Using cellular therapeutics such as the SVF adds further complication to this 

approach because it is comprised of multiple cell types. Our study demonstrated a 

large variability between individual dog SVF profiles, which was consistent with the 

variability seen in profiling of the human SVF. The variability in the proportion of cell 

types present in the SVF, and consequently their secretion capabilities, could affect 

the clinical outcome of a cellular therapy. To gain insight into this possibility, 

understanding if a relationship exists between the number of cells isolated per gram 

of adipose tissue, their immunophenotype, and their secretion capabilities was 

important. 

Interestingly CD146 and CD34 despite being expressed on relatively high 

proportions of cells in this study were not significantly correlated with cell number or 

with any of the cytokines investigated in this work. It is possible that the panel of 

cytokines measured was too small to determine the soluble factors that have a 

relationship with these cell surface antigen types. However, this work demonstrated 
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that a correlation between cell number and the cell surface antigen markers CD90, 

CD25 and CD45 exist (Table 4.4). It was also demonstrated that these three cell 

surface antigen-expressing markers are significantly correlated to one another and a 

positive correlation between these three markers and the production of the 

therapeutically important cytokines IL-2, IL-6, IL-10, GM-CSF and TGF-β exists (Table 

4.5).  

IL-10 is a key anti-inflammatory cytokine, which plays a role in the 

differentiation and function of T-regulatory cells with its primary function being to 

regulate immune and inflammatory responses [290, 291]. In this study IL-10 was 

correlated with the recognised MSC marker CD90 (p-value <0.1) and with the 

lymphocyte marker CD25 (p-value <0.05). In vitro, expanded MSCs have been shown 

to secrete high levels of IL-10 [242] and T-regulatory cells are well understood to 

secrete IL-10 [46]. However, Kang et.al (2008) report no increased production of IL-

10 with the addition of canine MSCs to canine leukocytes. This could have been due to 

the absence of signals from other stromal vascular cells [92]. IL-2 and IL-6 can have 

either an anti- or pro-inflammatory function depending on the environment [292] IL-

6, like IL-10, is correlated with cells that have CD90 surface antigen expression (p-

value <0.1). Kang et.al (2008) shows a highly significant increase in the production of 

IL-6 with the addition of cultured MSCs to canine leukocytes [92]. Human MSCs are 

also shown to secrete high levels of this cytokine in vitro [242].  IL-2 regulates the 

activities of lymphocytes and as expected correlated (p-value <0.1) with cells 

expressing CD25. Furthermore, CD25 along with CD122 forms the heterodimer of the 

IL-2 receptor, with the binding of IL-2 to its receptor resulting in the promotion of 

lymphocyte mitosis [293]. GM-CSF and TGF-β are growth factors significantly 

correlated to CD25 in this study. GM-CSF plays a role in cell differentiation of 

granulocytes and monocytes [284]. Blaber et al., (2012) show GM-CSF is measured in 

higher levels in human SVF than MSCs [242] and no expression of GM-CSF mRNA was 

detected in canine bone marrow-derived MSCs [92]. TGF-β exerts 

immunosuppressive effects and is recognised to play a role in the proliferation and 

differentiation of mesenchymal stem cells [98]. Additionally, the combination of TGF-

β and IL-2 in-vitro directs the differentiation of T- cells into T-regulatory cells [294]. 

Collectively, these results indicate that the MSCs, leukocytes and lymphocytes present 

in the canine SVF, correlate to the number of cells harvested from an individual. 
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Furthermore, these cells have the ability to secrete levels of the therapeutically 

important cytokines IL-2, IL-6, IL-10, TGF-β and GM-CSF. Following treatment of a 

disease or condition with the SVF, it is likely that these cells initially exert a 

therapeutic response by mediating the immune processes responsible for 

inflammation through their secretions [66]. In the long-term, it is believed that MSCs 

constitute the second phase of the therapeutic response by tissue embedding and 

continuing to secrete the soluble mediators required to enable the process of tissue 

regeneration to take place [25, 82].  

Although this in vitro study offers some insight into cell types, proportions and 

the secretion profile from the canine SVF, it does not completely reflect what may 

happen in vivo in real clinical disease. To determine if cell number is definitively 

correlated to the cell surface antigens CD90, CD45 and CD25 a study involving 

significantly more biological replicates would be required. Furthermore, following in 

vivo implantation, the SVF cells are likely to alter their secretion profiles based on the 

signals they are receiving from the diseased or damaged environment. To determine 

if IL-2, IL-6, IL-10, TGF-β and GM-CSF are secreted in vivo, an analysis of tissue or fluid 

samples from the host would be required. Furthermore, identification of which cell 

types were responsible for the production of individual cytokines was not attempted. 

However, it would be interesting to know for example if CD90 positive cells are 

always responsible for the production of IL-10. To gain an understanding of this 

question, a further study where individual cells are sorted and their intracellular 

cytokine levels immediately analysed, via either cell lysis or intra-cellular cytokine 

staining, is required.  

4.5.  Conclusions 

This study is the first to characterise freshly isolated canine SVF using cell 

surface antigen immunophenotyping and cytokine secretion profiling. This study 

showed that the canine SVF profile is highly variable between individuals, a result 

that is consistent with literature profiling the human SVF. This study has also 

demonstrated the number of cells expressing certain cell surface antigens (CD25, 

CD45, CD90) were directly related to the number of cells harvested. Additionally 

these cell types were also correlated with the secreted levels of the therapeutically 
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relevant cytokines IL-2, IL-6, IL-10, TGF-β and GM-CSF. It is possible that the 

variability in the proportion of cell types present in the SVF, and consequently their 

secretion capabilities, could affect the clinical outcome of this type of cellular therapy. 

Future analysis of the canine SVF using multicolour flow cytometry, as has been 

performed on human SVF, will provide greater knowledge of the canine SVF 

composition. This will require the use of sophisticated flow cytometers and likely in-

house cell labeling with alternative fluorochromes due to the limited selection of 

canine antibodies currently available. Furthermore, future studies are required to 

investigate if a correlation exists between the cellular composition and secretion 

profile of the SVF therapeutic used and clinical outcome. 
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CHAPTER FIVE 

Chapter 5  

A Comparison of Canine 
Mesenchymal Stem Cells With and 
Without Cellular Secretions in the 

Treatment of a Mouse Model of CAIA 
 

This chapter investigated the potential of culture expanded mesenchymal stem cells 

(MSCs) with the addition of cellular secretions as an off-the-shelf therapeutic. The 

previous two chapters explored both the clinical efficacy of an autologous stromal 

vascular fraction (SVF) point-of-care therapeutic and the characterisation of the cell 

types that comprise the SVF and the secretion profile produced by these cells. To enable 

accessibility of a cellular therapeutic to more than just a few expert veterinary 

practitioners, and to provide a cellular therapeutic that could be consistently produced 

an off-the-shelf product was required. The previous two chapters highlighted that 

trophic factor secretions of the SVF are a likely driver of therapeutic benefit. In this 

chapter an investigation was performed to determine if a combination of cells and 

concentrated cellular secretions had a greater therapeutic benefit over that of just cells. 

Experiments were performed using culture expanded MSCs with SVF secretions as a 

therapeutic treatment in a mouse model of arthritis. The combination of cells and 

cellular secretions is a novel concept and to the authors knowledge has not been 

demonstrated previously.  
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5.1.  Introduction 

The previous two chapters have focused on the clinical evaluation and in vitro 

characterisation of freshly isolated adipose-derived SVF. It was demonstrated that 

canine SVF cells might have a rapid and sustained therapeutic effect in the treatment 

of canine osteoarthritis (OA). It was also hypothesised that the trophic factors 

secreted by the SVF cells may be responsible for the initial clinical response seen in 

dogs treated with freshly derived SVF. Furthermore, secretion profiling of 

conditioned medium from SVF cells demonstrated that they secrete a range of 

cytokines, growth factors and chemokines that have therapeutic capabilities.  

There are many benefits in utilising the SVF as a freshly derived point-of-care 

treatment. These include the safety associated with using autologous cells, the benefit 

of a mixed cell population and the fact that the SVF enables provision of an 

autologous same-day treatment option. However, this approach is also costly and 

requires the surgical extraction of adipose tissue and potentially up to two 

anaesthetics in a day. Surgery, which requires a general anaesthetic, is not always 

safe or appropriate in dogs that suffer from co-morbidities or that are geriatric, of 

which both are often the case in dogs diagnosed with OA.  

An alternative cell therapy approach that is less invasive and potentially less 

costly is the use of cultured allogeneic cells. Such an approach would involve 

harvesting adipose tissue from a donor animal, isolating the plastic adherent cells and 

expanding the number of cells in tissue culture. This approach would eliminate the 

need for surgical extraction of adipose tissue and a general anaesthetic for the 

recipient dog.  

It has long been established in the scientific literature that culture expanded 

MSCs derived from bone marrow [28], adipose tissue [8] or a variety of other tissue 

sources for MSCs [295] have therapeutic potential in the treatment of a range of 

diseases. MSCs have been shown to be efficacious in the treatment of immune-

mediated conditions [47, 49], ischemic injury [296, 297], wound healing [264] and in 

the context of this thesis, musculoskeletal diseases and injuries, including OA [180, 

181, 217, 218]. Until recently, the differentiation ability of MSCs was considered the 

defining characteristic by which MSCs may alter the pathology of OA, with the 

hypothesis that introduced cells would differentiate into chondrocytes and replace 
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damaged cartilage [89]. However, the reality is considerably more complex, and 

whilst MSCs have been shown to regenerate diseased joint tissues [89, 158] they also 

address the underlying immune and inflammatory responses related to OA [298] 

without undergoing differentiation.  

MSCs are recognised to be immune privileged as they lack expression of major 

histocompatibility complex (MHC)-II and co-stimulatory molecules and have only 

limited expression of MHC-1 [96, 299]. As such, this characteristic prevents their 

detection by the immune system and in turn prevents immune rejection [53, 300]. 

This is not only seen in genetically non-identical members of the same species but 

also between different species. The earliest evidence of this was seen in a xenogeneic 

model where human MSCs were transplanted, in utero into foetal sheep. Despite cells 

being transplanted after the expected development of immune-competence in the 

sheep, the transplanted human cells engrafted and survived for at least the length of 

the study; thirteen months post-transplantation [301]. This phenomenon has been 

further substantiated in numerous in vitro and in vivo studies including mouse 

models of Graft versus Host Disease (GVHD) [65] and prolonged skin graft survival in 

the baboon [53]. Furthermore, the use of allogeneic culture expanded canine MSCs 

has been shown to be not only safe but also efficacious in a canine model of segmental 

bone defects [302]. The use of human MSCs in animal models is now an accepted, and 

expected, step in the safety and efficacy trial pathway for cellular therapy. 

It is generally accepted in the scientific literature that secretions from MSCs 

have powerful therapeutic effects. In recent years the scientific community has 

focused not only on the differentiation ability of MSCs but also the regenerative 

mechanisms of MSCs achieved via secretions. The paracrine actions of MSCs have 

been shown to have angiogenic [303], anti-fibrotic [82], mitogenic [67, 98], anti-

apoptotic [88] and immune modulatory properties [26 and references therein]. It is 

understood that these paracrine actions may alter a diseased environment and 

induce regeneration of tissues via activation of resident cells [67, 68, 89]. 

Furthermore, the administration of MSC secretions alone has been shown to be 

therapeutic in animal models of corneal eye injury [68], cardiac infarction [67, 304] 

and ischemic stroke injury [305] albeit with reduced longevity of efficacy compared 

to cellular therapy. It is clear that MSCs are activated by tissue injury and respond to 
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damage signals by homing to the site of injury and altering their secretion profile. 

Increased numbers of MSCs are also found in the blood after injury [306-308]. 

Harvesting fat, isolating the SVF and subsequent culture steps are analogous to 

ischemic injury and promote increased secretion of some cytokines and alterations in 

the overall cytokine profile [309]. In addition, the administration of adipose derived 

secretions was therapeutic in a mouse model of rheumatoid arthritis [310]. Whilst 

the production of secretions from harvested tissue or cells is possible in large 

quantities, the in vitro environment is unlikely to exactly match the in vivo 

microenvironment after injury or during a disease process such as OA. This is likely 

to mean that in vitro produced secretions will be different in profile from those 

secreted by implanted cells responding to the local tissue signalling. The hypothesis 

in this chapter was that a combination of in vitro produced secretions and cells would 

be therapeutically superior to cells alone.  

Animal models of induced disease such as ischemic reperfusion injury [296, 

297] or corneal eye injury [68] have helped facilitate an understanding of the 

therapeutic capabilities of MSCs. Animal models also provide invaluable insight into 

the efficacy and safety of treatments in early stage development. One such model, 

described in the literature, is collagen antibody-induced arthritis (CAIA) [254]. This is 

a model designed to closely mimic human rheumatoid arthritis (RA). The CAIA model 

is an improved version of the original collagen-induced arthritis (CIA) model [265]. In 

the CAIA model, arthritis is induced by the administration of a cocktail of monoclonal 

antibodies, which in turn activates the innate immune system and stimulates the 

recruitment of macrophages and granulocytes to joints. The addition of antibodies 

therefore negates the need for the initial T and B-cell response necessary in CIA 

affected mice for the onset of disease [254]. The immediate activation of immune 

response leads to a rapid and yet consistent onset of disease [254]. The CAIA model 

also benefits from the addition of lipopolysaccharide (LPS), which increases disease 

incidence and severity in comparison to the CIA model [265].  

5.1.1.  Chapter Aims 

The objective of this chapter was to determine if the addition of cellular 

secretions to culture expanded adipose-derived canine MSCs had a superior clinical 
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outcome as an arthritis-relieving agent compared to culture expanded adipose-

derived canine MSCs alone. This chapter represents the first step in the development 

of a novel off-the-shelf therapy that combined concentrated cellular secretions and 

culture expanded adipose-derived MSCs. It was hypothesised that the benefit of 

cellular secretions would be twofold; an initial contribution to the therapeutic effect 

whilst also enhancing the paracrine activities of the MSCs. This combination was 

anticipated to provide a greater therapeutic benefit than that of just MSCs alone. 

To determine whether the addition of cellular secretions to culture expanded 

MSCs had an enhanced therapeutic benefit over MSCs alone, a preliminary study 

utilising the mouse model of CAIA was performed. The primary outcome of this study 

was determined by the ability of the treatment actives to ameliorate the clinical signs 

of arthritis. A secondary outcome consisted of determining whether any differences 

could be seen in serum cytokine levels between the groups treated with the two 

treatment articles.    
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5.2.  Methods 

5.2.1.  Preparation of Test Articles 

5.2.1.1.  Adipose Tissue Harvest and Isolation of Cells 

Adipose tissue was collected from the falciform ligament of a three-year old 

female Kelpie dog that underwent a routine desex procedure. A total of 13.8 grams of 

adipose tissue was obtained. The adipose tissue was washed with saline, minced with 

sterile scissors and digested with 0.05% collagenase (Sigma-Aldrich, St Louis, 

Missouri, USA) in Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies, 

Grand Island, New York, USA) in a 37°C water bath for 60 minutes. The digested 

sample was then passed through a 400μm filter (Millipore, Billerica, Massachusetts, 

USA) and then centrifuged at 2000xg for 5 minutes. The floating lipid, adipocytes and 

supernatant were aspirated and discarded. The pelleted SVF cells were re-suspended 

in saline, centrifuged at 2000xg for 5 minutes and then resuspended in 10mL of 

DMEM.  

5.2.1.2.  Cell Expansion 

The SVF pellet was seeded into a four-layer cell factory (Sigma-Aldrich, St 

Louis, Missouri, USA) containing 800mLs of standard cell culture media (DMEM 

supplemented with 10% canine serum (Wongaburra Research Centre, Casino, NSW) 

and 1% antibiotic-antimycotic solution (Life Technologies, Grand Island, New York, 

USA) and incubated at 37C with 5% CO2 to obtain adherent cells. After 8 days the 

adherent MSCs reached 80% confluence, at which time the MSCs were liberated from 

the flask using TrypLE express (Life Technologies, Grand Island, New York, USA), and 

diluted in the above cell culture media.  
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5.2.1.3.  Analysis of Cell Numbers and Viability by Flow Cytometry 

An aliquot (200μL) of the freshly isolated MSCs was filtered through a 35μm 

nylon mesh topped tube (Becton Dickinson, Franklin Lakes, New Jersey, USA) and 

transferred into a Trucount tube (Becton Dickinson Franklin Lakes, New Jersey, USA) 

containing isoflow (Beckman Coulter, Indianapolis, Indiana, USA), propidium iodide 

(10 μg/mL; Sigma-Aldrich St Louis, Missouri, USA) and Syto11 (1 μg/mL; Life 

Technologies Grand Island, New York, USA). The total number and percentage of 

viability of the MSCs was determined.  

5.2.1.4.  Production of Cellular Secretions 

Cellular secretions were produced from the adipose tissue from the falciform 

ligament of a 6 month old female Labrador dog that underwent a routine desex 

procedure. A total of 11.7 grams of adipose tissue was obtained. Isolation of the SVF 

and subsequent cell expansion procedures were followed as described above. When 

MSCs reached 80% confluence, the culture supernatant was aspirated and filtered 

through a steripak 0.22μm filter system (Millipore, Billerica, Massachusetts, USA). 

Once filter sterilised, the culture supernatant was concentrated 10-fold utilising the 

viva flow system (Sartorius, Goettingen, German) and again filter sterilised. The 10x 

concentrated cellular secretions were then stored at -80°C until required.  

5.2.1.5.  Cryopreservation 

MSCs were cryopreserved in 1mL cryovials (Thermo Fisher Scientific Inc. 

Waltham, Massachusetts, USA) containing approximately 200,000 (4μL) MSCs in 

either, 40μL of DMSO (Life Technologies, Grand Island, New York, USA) and 356μl of 

canine serum, or 40μl of DMSO, 178μL of canine serum and 178μL of 10x 

concentrated cellular secretions. The cryovials were stored at -80°C in a controlled 

rate freezing device (Nalgene, Mr Frosty, Sigma-Aldrich, St Louis, Missouri, USA) for 

24 hours before being transferred and stored in liquid nitrogen at -196°C. Prior to 

administration of the test articles to the mice, a further analysis of cell number and 

viability as described above was performed on thawed MSCs to ensure MSCs were 

still present and viable after cryogenic-storage. 
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5.2.2.  Collagen-Antibody Induced Arthritis – Mouse Model: 

5.2.2.1.  Test System and Environment 

Nulliparous and non-pregnant female Balb/c (BALB/cJAsmu) mice at six-eight 

weeks of age were used in this trial. The mice were housed in individually ventilated 

cages throughout the study with a maximum of ten animals in each cage. The mice 

were provided with animal bedding (Fibrecycle Pty Ltd., Australia) during 

acclimatisation. The mice had access to rat and mouse pellets (Specialty feeds, 

Australia) and water ad libitum throughout the study. The mice were also given 

chewing sticks (Able Scientific, Australia) and Alphatwists (Tecniplast, Australia) as 

environmental enrichment. The housing temperature throughout the study was 23 ± 

3°C, with a humidity of 30-70%, a twelve-hour light/dark cycle and a minimum of 

fifteen air changes per hour. The mice were allowed to acclimatise to these housing 

conditions for three days prior to commencement of the trial. Table 5.1 provides a 

summary of the trial timeline once commenced. 

 

Table 5.1.  Time-line design for trial. 

Event Day of Trial 

Clinical measurements 0 and 2-13 

Administration of antibody cocktail 0 

Administration of lipopolysaccharide 3 

Onset of clinical arthritis signs 5 

Administration of test articles 6 

Euthanasia 14 

Blood Collection  14 

5.2.2.2.  Induction of Collagen-Antibody Induced Arthritis 

At day 0, each mouse (total of 12 mice) received an intravenous injection of 

1.5mg (150μL) of an anti-type II collagen 5-clone antibody cocktail (Table 5.1). This 

cocktail contains 5 monoclonal antibodies: clone A2-10 (IgG2a), F10-21 (IgG2a), D8-6 

(IgG2a), D1-2G  (IgG2b), and D2-112 (IgG2b) recognise the conserved epitopes on 

various species of type II collagen. Clones A2-10, D1-2G, and D2-112 recognise 
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individual epitopes clustered within the 167 amino acid peptide fragment called LyC1 

(124-290) of the CB11 fragment (124-402) of type II collagen. Whereas clones F10-21 

and D8-6 recognise epitopes within the 83 amino acid peptide fragments called LyC2 

(291-374) of the CB11 fragment of type II collagen. 

On day 3, mice received an intra-peritoneal injection of 80μL (40μg/mouse) of 

lipopolysaccharide (LPS). The subsequent administration of LPS following the 

antibody cocktail not only increases the severity of the arthritis through the induction 

of pro-inflammatory cytokines, but also reduces the amount of monoclonal antibody 

required to induce the arthritis in this model.  

5.2.2.3.  Treatment Groups 

The trial design consisted of two groups, each containing six-mice (Table 5.2). 

Group 1 received cultured expanded cryopreserved canine MSCs with the addition of 

45% concentrated cellular secretions (MSCs+secretions) administered once as an 

intravenous bolus on day six of the trial. Group 2 received cultured expanded 

cryopreserved canine MSCs without the addition of cellular secretions (MSCs only) 

administered once as an intravenous bolus on day six of the trial. Serum was also 

collected from an additional six mice of the same age and body weight to that of the 

mice in the treatment groups. These animals were untreated mice and acted as a 

control group as an indicator of normal physiological serum levels of the bioactive-

factors measured.  

 

Table 5.2.  Trial design of treatment groups of mice suffering from collagen 
antibody-induce arthritis. 

Group 
(6mice/group) 

Treatment 
Route of 
Administration 

Volume 
Administered 

Treatment 
Regime 

Group 1 MSCs+secretions Intravenous 
140μl  

(70,000 MSCs) 

Administered 
on Day 6  

Group 2 MSCs only Intravenous 
140μl  

(70,000 MSCs) 

Administered 
on Day 6 
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5.2.2.4.  Behavioural Observations 

The mice were monitored throughout the trial period (2 weeks) and 

measurements were taken on days 0 and 2-13. The measurements were taken prior 

to administration of the collagen antibody cocktail (day 0) and LPS (day 3) and prior 

to administration of the test articles (MSCs+secretions or MSCs only). 

Body weight; paw volume, ankle size and clinical arthritis scores were 

measured in each mouse throughout the treatment. The paw volume of each mouse 

was measured using a plethysmometer. The paw size was measured using micro 

calipers across the hillock (ankle joint) of each hind paw. The mice were assessed for 

the severity of arthritis using the scale outlined in Table 5.3. 
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Table 5.3.  Assessment criteria for clinical arthritis score of mice suffering from 
collagen-antibody induced arthritis. 

Arthritis Score Criteria 

0 Normal 

1 Mild Redness, slight swelling of ankle or wrist, redness and swelling 
limited to individual joints 

2 Moderate swelling of ankle or wrist redness in more than one joint 

3 Severe swelling including some digits, ankle and foot 

4 Maximal swelling and inflamed involving multiple joints 

5.2.2.5.  Blood Sampling 

Following euthanasia with Lethabarb on day 14, blood was collected from all 

mice via cardiac puncture. Serum was obtained by centrifugation of the blood. Serum 

samples from age-matched naïve mice were also obtained as control samples. Serum 

samples were stored at -80°C prior to analysis using multi-plex cytokine analysis 

technology.   

5.2.3.  In vitro Analysis 

5.2.3.1.  Milliplex Analysis of Canine Cytokines and Growth Factors 

Serum samples from the mice of both treatment arms and from the naïve mice 

were filtered through 0.2m Nanosep MF Centrifugal Devices with Bio-Inert® 

Membrane (Pall Scientific, Port Washington, New York, USA) for 5 minutes at 9000 x 

g. A 25μL portion of each filtered sample was analysed using the Milliplex MAP® 

Canine Cytokine 13-plex assay which measures IFN-γ, IL-8, IL-15, IL-18, TNF-α, IL-10, 

IP-10, KC-like, MCP-1, GM-CSF, IL-7, IL-2 and L-6 (Millipore, Billerica, Massachusetts, 

USA) according to the manufacturers instructions. The washing steps were 

performed on the Bio-Plex Pro II magnetic wash station and the data were acquired 

using the Bio-Plex 200 system with version 5.0 software (Bio-Rad, Hercules, 

California, USA).  
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5.2.3.2.  Bio-Plex Analysis of Mouse Cytokines and Growth Factors 

To investigate the effect of both treatment articles in the mice, a total of thirty-

two mouse cytokines were measured in the mouse serum samples of both treatment 

arms, in the naïve mice serum samples and in the canine secretions and serum 

controls. Canine secretions, canine serum and all mouse serum samples were filtered 

through 0.2m Nanosep MF Centrifugal Devices with Bio-Inert® Membrane (Pall 

Scientific, USA) for 5 minutes at 9000xg. Samples (50μL) were analysed using the Bio-

Plex Pro Mouse Cytokine 23-plex and Bio-Plex Pro Mouse Cytokine 9-plex assays 

(Bio-Rad, USA) according to the manufacturers instructions. The washing steps were 

performed on the Bio-Plex Pro II magnetic wash station and the data were acquired 

using the Bio-Plex 200 system with version 5.0 software (Bio-Rad, USA).  

5.2.4.  Data Analysis 

5.2.4.1. Data Analysis of CAIA Primary Outcome Measurements 

The primary outcome measures; paw volume (cm3), ankle size (mm), clinical 

arthritis score and body weight (g) for both treatment groups are presented as the 

average ± standard error of the mean (SEM). To determine if there was a significant 

difference between the primary outcome measurements obtained between the two 

treatment arms, a mixed model ANOVA was used. The data were stratified into two 

timeframes. The first was days 0-5, which encompassed the induction of CAIA prior to 

treatment with the test articles. The second was days 6-13, which encompassed the 

treatment of the mice at day 6 with the test articles and their treatment outcome until 

the conclusion of data collection at day 13. The mixed model ANOVA included a fixed 

effect for treatment and a random effect for mouse. Mouse was treated as a random 

effect because daily readings were recorded for each mouse throughout the trial. The 

model, in R notation, used was: Score ~ Treatment + (1|Mouse). For this linear model, 

F-tests were calculated using a type II Wald chi-square. The statistical significance 

criterion applied was p < 0.05.  
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5.2.4.2. Data Analysis of Mouse and Canine Cytokines, Chemokines and Growth 

Factors Measured in the Mouse Serum Samples 

The mouse serum from the two treatment arms and naïve mice were run on 

the canine cytokine 13-plex and on the mouse cytokine 23-plex and 9-plex. 

Concentrations of each cytokine, chemokine or growth factor in pg/mL were obtained 

and reported as average ± SEM. Two-tailed t-tests were used to determine if the 

differences in cytokine concentrations measured in the serum between groups were 

statistically significant. A p-value < 0.05 was considered statistically significant. The 

canine serum and secretion controls were run on the mouse cytokine 23-plex and 9-

plex. Concentrations of each cytokine, chemokine or growth factor are shown in 

pg/140μL to demonstrate the amount of canine protein injected into the mice and 

reported as average ± SEM.   
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5.3.  Results 

The primary outcome measures of this study were paw volume; ankle size and 

clinical arthritis score, of the CAIA affected mice. These measurements were used to 

determine if a combination of MSCs+secretions had a superior ability to ameliorate 

the clinical signs of arthritis in comparison to culture expanded MSCs only. Secondary 

outcomes consisted of identifying differences between the two treatment arms in 

circulating serum cytokine levels. 

5.3.1.  CAIA Primary Outcome Measures 

The ankle size, paw volume and clinical arthritis score of the six mice in each 

of the two test arms were measured on days 0 and 2-13 (Table 5.1). As anticipated 

the CAIA model induced the clinical manifestations of arthritis being paw swelling 

and redness. Figures 5.2 A, C, E and G show the mean (± SEM) for ankle size (mm); 

paw volume (cm2), clinical score and body weight (g) respectively. From days 0-5, 

prior to administration of the test articles, no significant difference was seen in any of 

the four parameters between the two groups. However, from days 6-13 post 

administration of the test articles (Table 5.1), a clear reduction in the clinical signs of 

arthritis was seen in the MSCs+secretions group in comparison to the MSC only test 

group.  A mixed model ANOVA shown in Figure 5.1 showed that there was no 

significant difference between the two groups in body weight at either the 0-5 or 6-13 

day timeframes (Figure 5.1H), however, there was a highly significant difference in 

ankle size, paw volume and clinical score between the two groups between days 6-13 

(Figures 5.1 B, D and F respectively). Treatment with MSCs+secretions compared to 

MSCs only demonstrated a highly significant reduction in ankle size (p-value = 4.27E-

04; Figure 5.1B); paw volume (p-value = 1.86E-04; Figure 5.1D) and overall clinical 

score (p-value = 1.84E-05; Figure 5.1F). These results demonstrated that culture 

expanded MSCs+secretions, when administered as a single bolus intravenous dose six 

days post-CAIA induction, appeared to provide a superior reduction of the signs of 

arthritis compared to MSCs alone.  
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Figure 5.1.  Ankle size, paw volume, clinical score and body weight 
measurements of mice suffering from collagen antibody-induced arthritis 
treated with canine MSCs+secretions or MSCs only.  

Mice suffering from collagen antibody-induced arthritis were subsequently treated with canine culture 
expanded MSCs+secretions or MSCs only. The mice were assessed for ankle size (A&E) paw volume 
(B&F) clinical score (C&G) and body weight (D&H) throughout the course of the study to determine the 
effectiveness of the two treatment arms to ameliorate the signs of arthritis following CAIA induction. 
The mean ± SEM for all four clinical assessments (A-D) and the results of a mixed model ANOVA (E-H) 
are graphed. An * denotes a p-value of < 0.05 when comparing the two treatment groups. 

5.3.2.  Serum Levels of Mouse Cytokines, Chemokines and Growth Factors 

Serum was collected from the mice of both treatment arms on day 14 of the 

trial subsequent to euthanasia. Serum was also collected from an additional six naïve 

mice to serve as an indicator of normal physiological serum levels of the bioactive-

factors measured. A total of thirty-two mouse cytokines, growth factors and 

chemokines were measured to determine if any differences could be detected at a 

biological level between the two treatment arms and the naïve mice. Of these thirty-

two bioactive factors three were not detected in the mouse serum and a further eight 

were shown to have some level of cross-reactivity with the proteins present in the 

canine serum and secretions (Table 5.4). As such, these bioactive factors were not 

included in any further analysis.   
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Table 5.4.  Mouse bioactive factors not detected or that cross-reacted with 
canine serum and secretions. 

Bioactive factor  Bioactive factor family Cross-reacted Not detected 

TNF-α  Pro-inflammatory X  

IFN-γ  Pro-inflammatory  X 

IL-1β  Pro-inflammatory X  

IL-12 (p40) Pro-inflammatory X  

IL-12 (p70) Pro-inflammatory X  

MIP-1α  Chemokine  X 

MIP-1β  Chemokine X  

Eotaxin  Chemokine X  

KC  Chemokine  X 

GM-CSF  Growth factor X  

LIF  Dual role cytokine X  

Mouse bioactive factors either not detected in the mouse serum or which were shown to have some 
level of cross-reactivity with the proteins present in the canine serum and secretions. (Bioactive 
factors are measured in pg/mL).  

5.3.2.1.  Anti-Inflammatory Cytokines 

Figure 5.2 shows the levels of the anti-inflammatory cytokines IL-3, IL-4, IL-10 

and IL-13 measured in the mouse serum. A higher level of IL-13 (p-value of < 0.1) was 

seen in the MSCs only group compared to the MSCs+secretions test group. 

Additionally, the MSCs only group had significantly higher serum concentrations of 

IL-3, IL-4, IL-10 and IL-13 compared to the naïve mice (p-values < 0.05). There was 

no significant difference in the serum levels of these anti-inflammatory cytokines 

between the MSCs+secretions group and the naïve mice.  
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Figure 5.2.  Levels of anti-inflammatory cytokines measured in the serum of 
mice suffering from collagen antibody-induced arthritis following treatment 
with canine MSCs+secretions or MSCs only.  

Serum samples were collected following euthanasia of the mice in both treatment arms and from naïve 
mice at the completion of the trial. The results of the anti-inflammatory cytokines, IL-13 (A), IL-4 (B), 
IL-10 (C) and IL-13 (D) in both of the treatment arms and the naïve mice are shown as the mean ± 
SEM; (n = 6 for all groups). An * denotes a p-value of < 0.05 (students t-test) when comparing test arms 
to the naïve group. An ^ denotes a p-value of < 0.1 when comparing between the MSCs+secretions and 
MSCs only test arms.   
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5.3.2.2.  Pro-Inflammatory Cytokines 

Figure 5.3 shows the serum concentrations of the six pro-inflammatory 

cytokines measured in the mouse serum. IL-9, IL-15, IL-17 and IL-18 were detected in 

both test arms at significantly greater serum concentrations compared to serum 

levels of the naïve mice (Figures 5.3 C, D, E & F respectively). Additionally IL-1α, and 

IL-5 (Figures 5.3 A & B respectively) were expressed at a statistically higher serum 

concentration in the MSCs only group in comparison to the naïve mice. IL-9 (Figure 

5.3C) was also expressed at a significantly higher serum concentration in the MSCs 

only test group (21.1  7.3 pg/mL) compared to the MSCs+secretions group (3.3  3.3 

pg/mL). IL-9 was the only cytokine detected at a significantly different serum 

concentration between the two test arms.  
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Figure 5.3.  Levels of pro-inflammatory cytokines measured in the serum of 
mice suffering from collagen antibody-induced arthritis following treatment 
with canine MSCs+secretions or MSCs only.  

Serum samples were collected following euthanasia of the mice in both treatment arms and from naïve 
mice at the completion of the trial. The results of the pro-inflammatory cytokines, IL-1α (A), IL-5 (B), 
IL-9 (C), IL-15 (D), IL-17 (E), IL-18 (F), in both of the treatment arms and the naïve mice are shown as 
the mean ± SEM; (n = 6 for all groups). An * denotes a p-value of < 0.05 (students t-test) when the test 
arms are compared to the naïve group. An ** denotes a p-value of < 0.05 when comparing between the 
MSCs+secretions and MSCs only test arms.   
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5.3.2.3.  Dual Roles 

IL-2 and IL-6 are cytokines that have either an anti-inflammatory or pro-

inflammatory role depending on the circumstance. No statistically significant 

difference was seen in serum levels of IL-2 and IL-6 between the two test arms 

(Figures 5.4A and B). However, IL-2 was present at significantly increased levels in 

the serum of the mice in both test groups compared to the serum of the naïve mice 

(Figures 5.4A). Additionally, the MSCs only group had significantly increased serum 

levels of IL-6 (12.8  1.0 pg/mL) compared to the serum of the naïve mice (7.8  0.9 

pg/mL; Figure 5.4B).  

 

 

 

Figure 5.4.  Levels of cytokines with dual roles measured in the serum of mice 
suffering from collagen antibody-induced arthritis following treatment with 
canine MSCs+secretions or MSCs only. 

Serum samples were collected following euthanasia of the mice in both treatment arms and naïve mice 
at the completion of the trial. The results of the cytokines with dual roles, IL-2 (A) and IL-6 (B) in both 
treatment arms and the naïve mice are shown as the mean ± SEM; (n = 6 for all groups). An * denotes a 
p-value of < 0.05 (students t-test) when comparing test groups to the naïve mice group 
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5.3.2.4.  Growth Factors 

Figure 5.5 shows significantly increased concentrations in the five growth 

factors detected in the serum of the mice in one or both test groups compared to the 

naïve mice. In comparison to naïve mice, G-CSF, bFGF, M-CSF and VEGF (Figures 5.5A, 

B, C & E respectively) were measured in significantly elevated levels in the serum of 

mice treated with MSCs+secretions and MSCs only. The MSCs+secretions study arm 

also had a significantly greater serum concentration of PDGF-bb compared to the 

naïve mice (Figure 5.5D). There was no significant difference in the serum 

concentration of any of the five growth factors measured between the two test 

groups. 
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Figure 5.5.  Levels of growth factors measured in the serum of mice suffering 
from collagen antibody-induced arthritis following treatment with canine 
MSCs+secretions or MSCs only. 

Serum samples were collected following euthanasia of the mice in both treatment arms and from naïve 
mice at the completion of the trial.  The results of the growth factors, G-CSF (A), FGF-β (B), M-CSF (C), 
PDGF-ββ (D) and VEGF (E) in each of the treatment groups and the naïve mice are shown as the mean 
± SEM; (n = 6 for all groups). An * denotes a p-value of < 0.05 (students t-test) when comparing test 
groups to the naïve group.  
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5.3.2.5.  Chemokines 

The chemokines MCP-1, MIP-2, MIG and RANTES (Figures 5.6A, B, C & D) were 

all detected at significantly greater serum concentrations in both test groups 

compared to the naïve mice. RANTES (Figure 5.6D) was also detected at a higher 

serum concentration (p-value < 0.1) in the MSCs+secretions group in comparison to 

the MSCs only test group. MCP-1 (Figure 5.6A) was detected in the MSCs only test 

group at a significantly higher (p-value < 0.05) serum concentration compared to the 

naïve mice and also at a greater level (p-value < 0.1) than the MSCs+secretions test 

group.  

  



Chapter 5. A Comparison of Canine MSCs with and without secretions for CAIA 

 135 

 

Figure 5.6.  Levels of chemokines measured in the serum of mice suffering from 
collagen antibody-induced arthritis following treatment with canine 
MSCs+secretions or MSCs only. 

Serum samples were collected following euthanasia of the mice in both treatment groups and from 
naïve mice at the completion of the trial. The results of the chemokines, MCP-1 (A), MIP-2 (B) MIG (C) 
and RANTES (D) in each of the treatment groups and the naïve mice are shown as the mean ± SEM; (n 
= 6 for all groups). An * denotes a p-value of < 0.05 (students t-test) when compared to the naïve 
group. An ^ denotes a p-value of < 0.1 when comparing the two test groups. 
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5.3.2.6.  Summary of the Serum Levels of Mouse Cytokines and Growth Factors 

Thirty-two mouse cytokines, chemokines and growth factors, collectively 

known as bioactive factors, were measured in the serum of the six mice in each 

treatment group and the six naïve mice. Of these thirty-two bioactive factors, eleven 

were not included in the analysis due to either, not being detected, or showing cross-

reactivity with canine proteins (Table 5.4). A summary of the remaining twenty-one 

mouse bioactive factors is shown in Table 5.5. The summary shows the bioactive 

factors that were significantly increased in each of the two treatment groups, in 

comparison to the measured levels of bioactive factors in the naïve mice serum 

(Table 5.5). Thirteen of the measured bioactive factors were detected in statistically 

greater concentrations  (p-value < 0.05) in the canine MSCs+secretions test group 

compared to the naïve mice. Five of these were growth factors, three were 

chemokines; four were pro-inflammatory cytokines and one was the dual role 

cytokine IL-2 (Table 5.5). The growth factor PDGF-bb and chemokine RANTES were 

the only bioactive factors detected in the MSCs+secretions group, at significantly 

higher concentrations (p-value < 0.05 and 0.1 respectively) than the naïve mice, 

which were not also measured at a higher concentration in the MSCs only test group.  

Twenty of the bioactive factors were detected at a greater serum 

concentration in the MSCs only test group in comparison to the serum concentrations 

of the naïve mice. These included all four of the anti-inflammatory cytokines, both of 

the dual role cytokines IL-2 and IL-6, four growth factors, four chemokines and six 

pro-inflammatory cytokines (Table 5.5). Seven more bioactive factors were detected 

at significantly higher serum concentrations in the serum of the MSCs only test group 

compared to the naïve mice, in comparison to the MSCs+secretions group. These 

seven were the chemokine MCP-1, IL-6 a dual role cytokine, four were the anti-

inflammatory cytokines IL-3, IL-4, IL-10 and IL-13 and two were the pro-

inflammatory cytokines IL-1α and IL-5.  Additionally, in the serum of the MSCs only 

test arm, the chemokine MCP-1 (p-value < 0.1) the anti-inflammatory cytokine IL-13 

(p-value < 0.1) and pro-inflammatory cytokine IL-9 (p-value < 0.05) were detected at 

significantly greater serum concentrations in the MSC only group than that of the 

MSCs+secretions group.  
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Table 5.5. A comparison of the number of murine serum trophic factors, which 
were statistically significantly different (p-value < 0.05) between the naïve and 
the two treatment arms.  

Bioactive factor group MSCs+secretions MSCs alone 

Anti-inflammatory 0 4 

Pro-inflammatory 4 6 

Dual role cytokines 1 2 

Growth factors 5 4 

Chemokines 3 4 

Total 13 20 

Number bioactive factors measured in significantly greater levels in the serum of the CAIA affected 
mice following treatment with canine MSCs+secretions or MSCs only compared to naïve mice serum.  

5.3.3.  Detection of Canine Cytokines, Growth Factors and Chemokines in Mouse 

Serum 

An potential advantage of treating the mice suffering from CAIA with canine 

MSCs and secretions was the ability to measure, not only the murine bioactive factors 

present in the mouse serum, but also the canine proteins present in the serum of the 

mice. It was anticipated that this approach could potentially enable a distinction 

between the functionality of the MSCs+secretions and MSCs only treatment arms, as 

ascertained by the levels of secreted canine cytokines. To determine this, the serum 

samples collected from the mice of both treatment arms and the naïve mice were 

assayed using the Milliplex MAP Canine 13-plex kit. Furthermore, to determine the 

levels of canine bioactive factors that were administered to the mice via the 

cryopreservation medium of both test arms, the canine secretions and canine serum 

were also analysed on the Milliplex MAP Canine 13-plex kit. Of the thirteen cytokines 

measured, IFN-γ, IP-10 and IL-7 were not detected in the canine serum or secretions. 

Of the remaining ten cytokines, the amount administered in the 140μL injected into 

the CAIA affected mice is shown in Figure 5.7A&B. 

A significant level of cross-reactivity was present between the mouse serum 

proteins and the antibodies against seven of the canine cytokines. As the naïve mice 

never received any substances of canine origin, these bioactive factors were not 

included in any further analysis. The level of cross reactivity is shown in Table 5.6. 
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Three non-cross-reacting canine cytokines, GM-CSF, IL8 and MCP-1 were detected in 

the serum of fewer than half of the mice in the MSCs+secretions group. These 

cytokines were also present in the highest concentration in the canine secretions 

used in the MSCs+secretions group (Figure ).  

 

 

Figure 5.7.  Levels of canine bioactive factors measured in the canine secretions 
and canine serum administered to the mice suffering from collagen antibody-
induced arthritis. 

The cryopreservation media for the MSCs+secretions and MSCs only test groups were assayed on the 
Milliplex MAP Canine 13-plex kit to determine the levels of the canine cytokines, growth factors and 
chemokines in the cryopreservant medium consisting of either 90% canine serum and 10% DMSO 
(MSCs only) or 45% canine secretions, 45% canine serum and 10% DMSO (MSCs+secretions). (A) 
bioactive factors measured at <100pg/140μL. (B) bioactive factors measured at >100pg/140μL. 
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Table 5.6.  Level of cross-reactivity of mouse proteins with anti-canine 
antibodies. 

Bioactive factor  Naïve  MSCs+secretions MSCs alone 

GM-CSF 0 ± 0 0 ± 0 35 ± 26 

IFN-γ  3 ± 1 4 ± 1 3 ± 1 

IL-2  1 ± 1 0 ± 0 25 ± 25 

IL-6  1 ± 1 0 ± 0 22 ± 20 

IL-7  2 ± 2 0 ± 0 60 ± 60 

IL-8  0 ± 0 0 ± 0 149 ± 94 

IL-15  7 ± 4 5 ± 5 87 ± 84 

IP-10  87 ± 7 62 ± 1 77 ± 6 

KC-like  13 ± 2 14 ± 3 18 ± 2 

IL-10  7 ± 7 8 ± 5 180 ± 120 

IL-18  5 ± 3 0 ± 0 32 ± 26 

MCP-1  0 ± 0 0 ± 0 32 ± 32 

TNF-α  0 ± 0 61 ± 61 50 ± 39 

Cross-reactivity of mouse serum proteins with anti-canine anti-bodies measured in the serum of naïve 
mice and mice following treatment with canine MSCs+secretions or MSCs only using the canine 
Milliplex kit. Bioactive factors are measured in pg/mL. Data are presented as the mean ± SEM (n = 6 for 
all groups).  

5.4.  Discussion 

The purpose of this chapter was to determine if the addition of cellular 

secretions to MSCs had a therapeutic effect compared to MSCs alone in ameliorating 

the clinical signs of arthritis. To answer this question, a CAIA mouse model of 

rheumatoid arthritis was utilised. Two groups of six mice were used in this study. 

Each mouse received a single intravenous injection of either culture-expanded canine 

MSCs with secretions (MSCs+secretions group), or culture expanded canine MSCs 

only (MSCs only group). The primary outcome measures of the trial consisted of the 

clinical manifestations of arthritis, which were paw volume (cm3), ankle size (mm) 

and an overall clinical arthritis score. As a secondary outcome, differences in serum 

cytokine levels between both groups were investigated and compared to that of age 

matched naïve mice. Additionally the remaining circulating levels of canine cytokines 

in both test groups were investigated.  
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The aim of this trial was not to determine if MSCs in their own right would 

have a therapeutic effect in the CAIA model, but to determine if the addition of 

cellular secretions could provide an improved clinical benefit to that of just MSCs 

only.  There is a plethora of literature detailing the therapeutic ability of MSCs in 

numerous pathologies, such as cardiovascular diseases [311], spinal cord injury [312, 

313], bone and cartilage repair [163, 165, 302], and autoimmune diseases [314 and 

references therein]. Previous research utilising the CAIA model has clearly 

demonstrated that administration of a cell culture media vehicle control had no effect 

on the clinical signs of arthritis [315]. Furthermore, administration of MSCs to a 

model similar to CAIA, collagen induced arthritis (CIA), have been shown to reduce 

the incidence and severity of arthritis [316] and in some cases, prevent onset of 

arthritis [54]. Consequently, due to the accepted therapeutic ability of MSCs in these 

models of arthritis and other conditions, a vehicle control was not included in this 

trial. There is also considerable evidence that the clinical effect of MSCs is quite 

distinct from other non-stem cells and therefore a cellular control was not included. 

5.4.1.  MSCs Combined with Cellular Secretions had a Significantly Greater Effect 

on the Clinical Signs of OA than MSCs alone 

Previously it has been demonstrated in the same CAIA model that cellular 

secretions alone could significantly reduce the clinical signs of arthritis [315]. Given 

that cellular secretions are a mixture of therapeutically important anti-inflammatory 

trophic factors, it was hypothesised that the addition of cellular secretions to MSCs 

would provide a rapid and sustained improvement in the clinical signs of arthritis in 

comparison to MSCs only. It was anticipated that the secretions would provide an 

initial dampening of inflammatory immune responses. As hypothesised, the results of 

this trial showed that CAIA affected mice in the MSCs+secretions group had a 

significant improvement in the clinical signs of arthritis, compared to the MSCs only 

treatment group (p-value of < 0.05). The addition of secretions to the MSCs resulted 

in a rapid clinical effect that was sustained throughout the length of the trial.  

From days 0-5 of the trial, prior to administration of the test articles, daily 

assessment of mice body weight and the outcome measures, paw volume, ankle size 

and clinical arthritis score, showed that there was no significant difference between 
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the mice in the treatment arms. From days 6-13, post administration of 

MSCs+secretions or MSCs only, there was a significant reduction in the severity of 

arthritis in all three-outcome measures, in the MSCs+secretions treatment group 

compared to the MSCs only group (p-value of < 0.05). However, no significant 

difference in the weight of the mice was seen between the treatment groups. The 

rapid response in the MSCs+secretions group was evident as early as day 7, one day 

post intravenous injection of the test articles. This observation may indicate that the 

secretions portion of the therapeutic was having an effect on the immune and 

inflammatory response characteristics of CAIA [254]. Not only was the effect 

observed rapid, but it was also sustained throughout the length of the trial. Had the 

effect solely been due to an initial therapeutic response provided by the secretions, it 

would have been likely that the significant difference between the two treatment 

groups would not have been apparent for the entire length of the trial as the half-life 

of these proteins are generally less than 12 hours [94]. It could be assumed that after 

an initial lag, the treatment effect of the MSCs only group would be equivalent to the 

MSCs+secretions group. The sustained significant difference between both groups 

suggested that the addition of cellular secretions not only diminished the immune 

inflammatory responses but that the secretions may also have contributed to MSC 

survival and function, which in turn led to a sustained therapeutic effect greater than 

that of just MSCs alone.   

5.4.2.  CAIA, a Model for T-helper Cell Cytokine Imbalance 

The CAIA model is one that closely reflects the disease of RA. RA is an 

autoimmune disease characterised by an imbalance between T helper cell (Th) type 1 

and Th type 2 cytokines, resulting in pain, inflammation and eventual destruction of 

cartilage and bone [317]. CAIA in mice is induced using a cocktail of antibodies and 

results in a systemic autoimmune condition that shares many of the pathological 

features of RA, such as thickened synovial tissue (pannus formation), lymphocyte 

infiltration, synovitis and cartilage and bone destruction [318]. 

Although the etiology of RA is unknown, it is well understood that an 

imbalance between the Th1 and Th2 cytokine secretions exist [319]. Th1 cells, 

responsible for immune surveillance and initiation of inflammation, are found in 
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abundance in the synovium and serum of RA patients [320, 321]. Th2 cell types and 

cytokines are responsible for mediating this type of inflammatory process. Although 

they are present in the synovium of RA patients, a pronounced chronic inflammation 

perpetuates [322]. A Th1 cytokine response is characterised by the production of 

pro-inflammatory cytokines IFN-γ, IL-2 and TNF-, which are necessary for cellular 

immune responses [323]. Under normal inflammatory processes, secretion of Th2 

type cytokines such as IL-4, IL-6, IL-10 and TGF-β mediate the Th1 response and 

prevent uncontrolled tissue damage [323]. 

To alter the cytokine driven imbalance characteristic of autoimmune 

conditions, many conventional therapies for the treatment of these disorders, such as 

corticosteroids, attempt to induce a Th2 response to counteract the overexpression of 

Th1 type cytokines [324]. Corticosteroids are very effective in suppressing Th1 

immune responses, however overuse of corticosteroids can have severe undesired 

side effects such as Cushing’s syndrome, bone weakening and diabetes [325, 326]. 

Prolonged activation or suppression of either the Th1 or Th2 cytokine populations 

can result in damaging autoimmunity.  

5.4.3.  Cells with Secretions Induce Wide-Spread Immune Suppression 

RA, characterised by a pro-inflammatory cytokine profile, is commonly treated 

with agents to suppress the Th1 response and induce a Th2 cytokine profile, such as 

dexamethasone, a synthetic glucocorticoid. A secondary outcome of this study was to 

determine if the ability of MSCs ± secretions to dampen the clinical response in the 

CAIA affected mice could be attributed to a clear shift in Th1/Th2 cytokine profiles. 

To achieve this, serum collected from the CAIA affected mice at the conclusion of the 

trial was analysed using Bio-Rad Bio-Plex panels for thirty-two cytokines, 

chemokines and growth factors. The results of this analysis showed no clear Th1 or 

Th2 profile at the serum level in either of the test groups. Instead, the serum of the 

mice of both treatment arms contained detectable levels of cytokines associated with 

both the Th1 and Th2 responses. In particular, the serum collected from the MSCs 

only treatment group contained significantly increased levels of the pro-

inflammatory cytokines IL-1α, IL-5, IL-9, IL-15, IL-17 and IL-18 and a corresponding 

increase in the anti-inflammatory cytokines IL-3, IL-4, IL-10 and IL-13. In contrast, 
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only a significant increase in pro-inflammatory cytokines IL-9, IL-15, IL-17 and IL-18 

were seen in the MSCs+secretions group. Of the thirty-two bioactive factors measured 

in the mouse serum, twenty were detected in the serum of the MSCs only group at 

statistically greater concentrations than that of the naïve mice serum (p <0.05). 

Conversely, only thirteen of the cytokines, chemokines and growth factors measured 

were present in detectable levels in the MSCs+secretions group at statistically greater 

concentrations than that of the naïve mice serum (p <0.05). This result indicated that 

the serum of the mice in the MSCs+secretions treatment group contained circulating 

levels of cytokines closer to that of normal physiological levels. This biological 

outcome correlated with the improved clinical response of the mice in the 

MSCs+secretions group as ascertained by the primary outcome measurements. 

Whilst this result was encouraging, it should be noted that blood sampling of the mice 

was not performed throughout the trial. Therefore there was no way to know what 

the circulating serum cytokine levels of the mice in both treatment arms were prior 

to, or during the trial phase. Although the exact mechanism of action is not known, it 

was evident that neither treatment arm caused an exclusive shift to a Th2 response. 

Furthermore both treatment arms had differing serum cytokine profiles to each other 

and to that of the naïve mice controls.  

5.4.4.  Do Cellular Secretions Assist Introduced Cells to Embed? 

A benefit of utilising a xenogeneic system whereby canine MSCs and secretions 

were introduced into CAIA affected mice was the ability to investigate circulating 

levels of canine proteins in the serum of the mice. Of the thirteen canine cytokines 

investigated, only four were measured at detectable levels that showed no level of 

cross-reactivity to the mouse serum. Of these, bioactive factors GM-CSF, MCP-1, IL-8 

and TNF-α were detected in the serum of fewer than half the mice in MSCs+secretions 

test group, while TNF-α, was detected in the serum of one mouse in the MSCs only 

group. It is well described in the literature that these trophic factors have only a short 

serum half-life of less than 24 hours although the exact half-life varies under different 

reported conditions [94, 327-330]. As such, a straightforward conclusion could be 

that after a single administration of the test articles, the circulating levels of the 

administered secretions would be eliminated from the serum of the mice. It then 
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could be concluded that the levels of the canine bioactive factors measured were from 

viable MSCs embedded in the CAIA mice. Whilst it is generally reported that cytokines 

have short half-lives in serum after IV administration, the situation is considerably 

more complex. For example, in the case of IL-8, the free cytokine has a serum half-life 

of minutes, however, studies have shown that there is a dynamic equilibrium 

between monomers, dimers, and cell-surface bound forms of IL-8. In addition, IL8 

binds leukocytes and red blood cells, which may significantly increase the actual half-

life [331]. Because only three canine cytokines were detected in the serum in less 

than half of mice in the MSCs+secretions group it is not possible to draw any 

conclusions about the half-life or mode of action of the canine cytokines.  

These data hint, that not only may the addition of secretions have promoted an 

initial immune suppression in the CAIA affected mice, but also may have assisted in 

cell survival and embedding in some of the mice. To determine if this theory is indeed 

correct, tracking and post-euthanasia detection and quantification of the 

administered cells would be required.  

5.4.5.  Therapeutic Importance: MSCs and their Secretions are Beneficial in the 

Treatment of Autoimmune and Degenerative Diseases 

The properties of MSCs and their secretions are well understood to have 

immune-modulatory effects [26]. There are a myriad of both acute and chronic 

conditions where inflammation is a serious component and requires suppression 

before the process of repair and regeneration can take place. As such, it could be 

assumed this type of therapy would be beneficial for not only RA, but for many other 

autoimmune and degenerative diseases. MSCs and/or their secretions have 

demonstrated efficacy in disorders such as cardiac infarction [304], bleomycin 

induced lung injury [82], GVHD [332, 333], Crohn’s disease [48 and references 

therein] and maladies of the musculoskeletal system such as OA [163, 180].  

There are many examples of culture expanded MSCs in the treatment of OA. 

These examples are demonstrated in animal models and in human case studies or 

clinical trials of OA. In animal models of disease, regeneration of cartilage, tendon or 

meniscus has been shown utilising either autologous or allogeneic MSCs in mice, 

goats, horses and rabbits [89, 158, 161, 334]. In people the regeneration of joint 
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tissues is also demonstrated, as well as increased functionality, reduction in pain and 

improved quality of life. In this study a superior clinical therapeutic effect has been 

demonstrated utilising MSCs+secretions than that of commonly used cultured MSCs. 

It would be of interest to know if MSCs+secretions would have superior efficacy in 

other animal models such as those described. Although the CAIA model is one of 

autoimmune disease, many of the disease characteristics are consistent with those 

seen in chronic degenerative diseases such as OA. Disease characteristics of cartilage 

and bone destruction are typical within both conditions, as are similarities between 

cytokine profiles [321, 335]. OA is not traditionally described as a condition 

characterised by inflammation, however, both joint disorders show predominance of 

pro-inflammatory cytokines and reduced Th2 cytokine expression [336]. Therefore 

the combination of MSCs+secretions is likely to assist in altering the Th1/Th2 

imbalance in degenerative diseases as well as in immune-mediated disorders. CAIA is 

a simulated systemic autoimmune disease whereas degenerative disorders such as 

OA are typically isolated to an affected joint/s. The addition of cellular secretions to 

MSCs is likely to assist in altering the cytokine profile of the microenvironment of a 

joint which in turn may enable both resident and introduced cells to undertake the 

process of tissue regeneration.  

In this study the test articles were administered intravenously. For a systemic 

condition this is arguably the most appropriate mode of administration. However, no 

tracking of cells or post euthanasia histopathology of the mice in this trial was 

performed to determine if intravenously administered MSCs migrated toward sites of 

tissue damage. It has been clearly demonstrated in the literature that MSCs are 

capable of homing towards sites of inflammation. For an isolated, avascular structure 

such as a joint however, the intravenous administration of MSCs and/or their 

secretions may be inferior to that of intra-articular site-specific administration. In a 

controlled model such as the CAIA model, it is well understood when the clinical 

manifestations of the simulated disease will occur and for that reason the optimal 

time to administer test treatments to determine efficacy is also well comprehended. 

In real clinical cases of disease, whether immune-mediated or degenerative, the 

progression of the disease and therefore the time in which treatments are 

administered may be of consequence to the therapeutic outcome.  
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5.5.  Conclusion 

MSCs in conjunction with secretions had a superior ability to ameliorate the 

clinical sign of arthritis in CAIA affected mice than that of just MSCs only. Circulating 

serum cytokine levels supported this clinical result, in that mice treated with 

MSCs+secretions showed a cytokine profile closer to that of the serum of the naïve 

mice. Furthermore, detection of four canine cytokines in the serum of mice in the 

MSCs+secretions group, suggested that the addition of secretions might also have 

assisted in cell survival, and potentially the ability of MSCs to embed in host tissues. 

Further investigation is required to determine if the outcomes of this study, 

demonstrated in an induced disease model, are achievable in real clinical cases of 

disease. The outcomes of this study suggest benefit in administering MSCs in 

combination with secretions over that of MSCs only.  
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CHAPTER SIX 

Chapter 6  

The Analysis of Culture Expanded 
Adipose-derived Cells and the Effect 

of Cellular Secretions as a 
Cryopreservative 

 
The previous chapter demonstrated an improved clinical outcome in CAIA-affected mice 

treated with canine MSCs+secretions compared to MSCs only. In this chapter an 

investigation to determine whether passaged MSCs could be a viable off-the-shelf 

cellular therapeutic for osteoarthritis in dogs, was performed. The need for an 

allogeneic off-the-shelf MSC product is apparent when comparing the difference in 

expense, time and patient morbidity with freshly derived point-of-care SVF treatments. 

The established technical aspects of cell culture, cryopreservation and storage, enables 

multiple treatment doses of MSCs to be generated from a single donor. However, given 

the effort and expense involved in producing an allogeneic off-the-shelf MSC therapeutic 

on a large-scale, it would be advantageous to determine whether cells derived from a 

given donor would be beneficial clinically. This involved in vitro characterisation of 

culture-expanded MSCs focusing on cell recovery and functionality of MSCs+secretions 

in comparison to MSCs only.   

 

Outputs from this Chapter   

Australian patent application AU 2013203072 Entitled “Therapeutic Methods and 

Compositions Comprising Cells and Secretions”. Examined and accepted by the 

Australian Patent Office. An international PCT application has been filed 

(WO_2013_040649_A1). 
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6.1.  Introduction 

The preliminary outcomes reported in Chapter 3 of this thesis demonstrated 

an apparent long lasting therapeutic effect in the treatment of canine OA with the use 

of autologous SVF. Whilst clinically beneficial, the autologous approach to cellular 

therapy described in this thesis has a number of clinical and commercial limitations. 

A point-of-care SVF treatment requires a general anaesthesia, a surgical procedure 

and onsite cell processing capabilities, which are time, space and cost prohibitive. 

These factors combined, limit mainstream up-take in veterinary practice. An off-the-

shelf therapeutic product would overcome these issues and would enable greater 

accessibility to the market by eliminating the need for expensive equipment, timely 

surgery and sample processing, in turn meaning a less costly therapeutic. 

Furthermore, these benefits also mean that, if required, repeat treatments are less 

prohibitive as tissue removal is not required. 

The SVF is comprised of a variety of cell types including immune cells, vascular 

smooth muscle cells, endothelial cells and MSCs [36, 227, 228]. The majority of these 

cells express antigens on their surface that are recognised by the immune system of 

different individuals. The non-immune-privileged nature of these cells prevents the 

use of the SVF as an allogeneic cell therapy. In contrast, MSCs express low levels of 

major histocompatibility complex (MHC) class I molecules and lack the expression of 

MHC class II molecules. MSCs also lack expression of the co-stimulatory molecules 

CD40, CD80 and CD86, are not subjected to cytotoxic T cell mediated lysis and do not 

stimulate the proliferation of lymphocytes [53, 300]. Taken together, the immune-

privileged nature of MSCs makes them a particularly attractive cellular therapy 

option for allogeneic or xenogeneic settings. As such, allogeneic MSCs enable 

provision of an off-the-shelf cellular therapeutic.  

It has been clearly demonstrated in the literature that MSCs alone can reduce 

pain and inflammation and stimulate tissue regeneration in a variety of 

musculoskeletal conditions in both animal models and human studies [89, 161, 180, 

181]. Furthermore, MSCs have been demonstrated to migrate to sites of trauma and 

injury, when administered remotely [67]. This migratory ability enables 

administration of MSCs via subcutaneous, intramuscular or intravenous routes and is 

a clear advantage of MSCs as an off-the-shelf therapeutic. In the dog study described 
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in this chapter, intra-articular injection was used because the animals were being 

treated for osteoarthritis. 

The ability of MSCs to modulate inflammation and stimulate regeneration is 

largely due to the secretion of bioactive factors from these cells [26, 92]. Following 

exposure to damaged or diseased tissue, MSCs respond to the local 

microenvironment and alter their secretion profile to stimulate repair and 

regeneration [298]. Numerous studies have demonstrated that administration of MSC 

secretions alone achieves a therapeutic effect similar to that of cell therapy initially 

[67, 304, 305]. However, the therapeutic benefit of secretion-based therapy is only 

short-term in comparison to cellular therapy and consequently requires repeated 

administration [68]. As the half-life of most cytokines, chemokines and growth factors 

is minutes to hours [94], the short-term therapeutic benefits of secretion-based 

therapies are not unexpected. In addition, the effectiveness of secretions in small 

animal models will be hard to replicate in larger animals because of the increased 

blood volume and overall size. An exception to this is intra-articular injection, where 

the joint capsule provides a small volume microenvironment where the short-term 

effects of secretions and the medium to long-term effects of MSCs can be maximised. 

Given the potency of secretion-based therapy, there is the potential to further exploit 

the therapeutic benefit of secretions by optimising the concentration of cytokines and 

the number of cells in a mixed product.  

Providing an off-the-shelf cell-based product requires the ability to store the 

cells for an adequate length of time. Slow-rate freezing and then storage of the cells in 

cryovials under liquid nitrogen enables long-term storage of cells in both the research 

laboratory and the hospital setting. In conventional storage techniques, cells are 

cryopreserved in a medium containing ~10% dimethyl sulfoxide (DMSO) and ~90% 

serum, although variations exist [337, 338]. Given that secretions are considered to 

be a major driver of the therapeutic effect of cellular therapy, and that secretion-

based therapy alone has been demonstrated to have beneficial effects in animal 

models, this study was designed to exploit the potential of secretions in the 

cryopreservant of an off-the-shelf MSC therapeutic. The previous chapter described 

the use of canine culture expanded MSCs to attenuate the effects of collagen antibody 

induced arthritis (CAIA) in mice. In particular it investigated the therapeutic effect of 

a novel off-the-shelf therapeutic, MSCs+secretions, compared to MSCs cryopreserved 
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in routinely used cryopreservant media. It was demonstrated in the CAIA model that 

there was an advanced therapeutic effect of MSCs and secretions in combination, 

compared to MSCs only in the affected mice. It was not possible however, to decipher 

if the superior therapeutic effect demonstrated, was due to the secretions alone or the 

effect of the secretions on the MSCs. Due to the prolonged therapeutic effect 

observed, it was hypothesised that the cellular secretions enhanced MSC function.  

6.1.1. Chapter Aims 

The objectives of this chapter were to firstly confirm that the cryopreserved 

cells remained as functional MSCs, using cell surface antigen profiling and 

differentiation capacity, and secondly to determine the secretion profile and 

proliferation capacity of these MSCs. Furthermore, multi-plex cytokine profiling was 

used to investigate the differences between MSCs+secretions in comparison to the 

MSCs only. It was hypothesised that including the secretions in the cryopreservation 

media would enhance the functionality and post-thaw recovery of the MSCs. It was 

anticipated that the MSCs and secretions in combination would provide a novel off-

the-shelf therapeutic for canine OA in terms of both cell quality and immediate post-

injection benefit of immune-modulatory secretions. 

To address these objectives, adipose-derived cells were expanded and 

cryopreserved in a mixture of adipose-derived secretions and standard 

cryopreservant media (allogeneic canine serum + 10% DMSO) and compared to cells 

in standard cryopreservant media. In order to be commercially viable, a single fat 

donation must be capable of providing thousands of therapeutic doses of MSCs. This 

requires repeated passaging of the cells and the prototype therapeutics used in this 

chapter were expanded to passage three. The following assays were performed on 

cells from three dogs to characterise the MSC profile and to compare the recovery and 

functionality of MSCs+secretions and MSCs only.  
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1. Confirmation of cell population being MSCs post cryopreservation 

a. Cell surface immunophenotyping 

b. Adipogeneic and osteogeneic differentiation potential 

2. Recovery and functionality of MSCs populations post cryopreservation 

a. Cell enumeration and viability  

b. Quantification of actively proliferating cells 

c. Assessment of secretion capabilities 

 

The results in Chapter 5 demonstrated a superior therapeutic effect from the 

administration of MSCs+secretions compared to MSCs only, in mice suffering from 

CAIA. This superior efficacy was hypothesised to be due to the cellular secretions 

having an effect on the MSCs and enhancing their therapeutic capacity. In this chapter 

it was anticipated that the addition secretions in the MSCs+secretions group may 

alter the proliferation capability and secretion profile of the MSCs. Therefore, the 

proliferation and secretion profiling assays were performed on the same samples 

with the medium present and also with the medium removed by washing. This 

approach enabled an investigation of whether the presence of the cellular secretions 

in combination with the MSCs in culture was responsible for any observed changes, 

or whether the secretions did in fact have an effect on the MSCs during 

cryopreservation and post-thaw recovery. The four test groups utilised for 

proliferation and secretion profile assays are described in Table 6.1.  

After testing of the MSCs from three dogs, one was selected and used to 

produce a prototype MSCs+secretions product for a veterinary trial. Data collected 

from dog owners whose osteoarthritic dogs were treated with the described off-the-

shelf MSCs+secretions product was collated and analysed. A preliminary comparison 

to determine if the off-the-shelf MSCs product had an equivalent or superior 

therapeutic outcome to the point-of-care SVF treatment offering, described in 

Chapter 3 of this thesis, was performed.  
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6.2.  Methods 

6.2.1.  Production 

6.2.1.1.  Isolation of the Stromal Vascular Fraction 

Adipose tissue (34g, 28g, 15g) was collected from the falciform ligament of 

three approximately 6 month old female guide dog puppies that underwent a routine 

desex procedure. The adipose tissue was washed with saline, minced with sterile 

scissors and digested with 0.05% collagenase (Sigma-Aldrich, St Louis, Missouri, USA) 

in Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies, Grand Island, New 

York, USA) in a 37°C water bath for 60 minutes. The digested sample was passed 

through a 400μm filter (Millipore, Billerica, Massachusetts, USA) and then centrifuged 

at 2000xg for 5 minutes. The floating lipid, adipocytes and supernatant were 

aspirated and discarded. The pelleted SVF cells were resuspended in saline, 

centrifuged at 2000xg for 5 minutes and then resuspended in 10mL of DMEM. 

6.2.1.2.  In vitro Expansion 

The SVF pellet was seeded into a four-layer cell factory (Sigma-Aldrich, St 

Louis, Missouri, USA) containing 800mLs of standard cell culture media (DMEM 

supplemented with 10% canine serum (Wongaburra Research Centre, Casino, NSW) 

and 1% antibiotic-antimycotic solution (Life Technologies, Grand Island, New York, 

USA) and incubated at 37C with 5% CO2. Media was changed every 3 days with the 

initial media change resulting in the removal of non-adherent cells. Once adherent 

MSCs reached 80% confluence, the MSCs were liberated from the flask using TrypLE 

express (Life Technologies, Grand Island, New York, USA), and passaged in the above 

cell culture media. MSCs at passage three were used in the experiments described in 

this chapter.  
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6.2.1.3.  Secretion Production 

Culture medium was collected from the passage three MSCs described above 

after three days in culture. The culture medium was filtered through a steripak 

0.22μm filter system (Millipore, Billerica, Massachusetts, USA). Once filter sterilised, 

the culture medium was then concentrated 10-fold utilising the viva flow system 

(Sartorius, Goettingen, German) according to the manufacturers instructions and 

filter sterilised. The 10x concentrated culture medium was then stored at -80°C until 

required. Throughout this chapter this concentrated culture medium is referred to as 

cellular secretions.   

6.2.1.4.  Cell Enumeration and Viability 

An aliquot (50 or 200μL) of the freshly isolated MSCs was filtered through a 

35μm nylon mesh topped tube (Becton Dickinson, Franklin Lakes, New Jersey, USA) 

and transferred into a Trucount tube (Becton Dickinson Franklin Lakes, New Jersey, 

USA) containing Isoflow, propidium iodide (10 μg/mL; Sigma-Aldrich St Louis, 

Missouri, USA) and Syto11 (1 μg/mL; Life Technologies Grand Island, New York, 

USA). The total number and percentage of viability of the MSCs pre and post-

cryopreservation was determined. Cell counts and viability were also performed 

post-washing of MSCs to remove the cryopreservation medium. Cell counts and 

viability data were used to normalise the number of cells seeded into each well or 

flask.  

6.2.1.5.  Cryopreservation  

MSCs were cryopreserved in 2mL cryovials (Thermo Fisher Scientific Inc. 

Waltham, Massachusetts, USA). Each vial was prepared with between one and three 

million MSCs resuspended in either, 900μL of canine serum and 100μL of DMSO 

(MSCs only group; Life Technologies, Grand Island, New York, USA) or 450μL of 

canine serum, 450μL of 10x concentrated cellular secretions and 100μL of DMSO 

(MSCs+secretions group). The cryovials were stored at -80°C in a controlled rate 

freezing device (Nalgene, Mr Frosty, Sigma-Aldrich, St Louis, Missouri, USA) for 24 

hours before being transferred and stored in liquid nitrogen at -196°C.  
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6.2.2.  Analysis 

6.2.2.1.  Thawing of MSCs+secretions and MSCs only 

For all analyses, an MSCs+secretions and a MSCs only vial were removed from 

liquid nitrogen and thawed in a 37°C water bath. For proliferation capability and 

cytokine secretion profiling, half of the volume (500μL) from each of the vials was 

removed and centrifuged at 2000xg for 5 minutes and then resuspended in 500μL of 

standard cell culture media. These samples became the MSCs+secretions and MSCs 

only washed groups. The four test groups are described below in Table 6.1.  

 

Table 6.1.  Descriptions of cellular test groups used in in vitro experiments  

Test Group  Description 

MSCs+secretions MSCs cryopreserved in 45% canine serum, 45% 
concentrated secretions and 10% DMSO 

MSCs only MSCs cryopreserved in 90% canine serum and 10% DMSO 

MSCs+secretions washed 

 

MSCs cryopreserved in 45% canine serum, 45% 
concentrated secretions and 10% DMSO. Centrifuged post-
thaw and re-suspended in 500μl of standard cell culture 
supernatant  

MSCs only washed  

 

MSCs cryopreserved in 90% canine serum and 10% DMSO. 
Centrifuged post-thaw and re-suspended in 500μl of 
standard cell culture supernatant 

6.2.2.1.  Confirmation of MSCs 

6.2.2.1.1.  Immunophenotyping 

Cells (600μL) of the MSCs+secretions and MSCs only groups were centrifuged 

at 2000xg for 5 minutes. The resultant pelleted cells were resuspended in Flow 

Cytometry Staining Buffer (eBioscience, San Diego, California, USA). MSCs (50μL) of 

each group were then stained with the following antibodies according to the 

manufacturers instructions (eBioscience, San Diego, California, USA): CD45-FITC (11-

5450-42), CD44-FITC (11-5440-42), CD4-FITC (11-5040-42), CD25-FITC (11-0250-

42), CD146-FITC (14-1469-82), CD34-PE (12- 0340-42) and CD90-PE (12-5900-42), 

as well as the following isotype controls, Rat IgG2b K FITC (11-4031) Rat IgG2a kappa 
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FITC (11-4321) Mouse IgG1 K FITC (11-4714), Mouse IgG1 K FITC (11-4714) and Rat 

IgG2b kappa PE (12-4031). Antibody stained samples were analysed on a FACScan 

flow cytometer (Becton Dickinson, Franklin Lakes, New Jersey, USA). All samples 

were analysed and gated on side scatter (SSC) versus forward scatter (FSC) using the 

appropriate isotype control to determine the percentage of positive cells to each cell 

surface antigen. 

6.2.2.1.2.  Differentiation 

Differentiation into osteogeneic and adipogeneic lineages were performed on 

the canine MSCs+secretions and MSCs only groups. MSCs of both groups were seeded 

at a density of 5 x 103 viable cells per cm2 in 6-well plates (Greiner Bio-one, 

Frickenhausen, Germany) for adipogeneic and osteogeneic differentiation. Defined 

adipogeneic and osteogeneic differentiation media formulations were used as 

previously described in Table 2.3 and incubated at 37C with 5% CO2. The cells 

received media changes every 3 days. Upon completion of differentiation, cells were 

washed twice with PBS (Life Technologies, Grand Island, New York, USA) and 

incubated for 30 minutes with 4% paraformaldehyde (Sigma-Aldrich St Louis, 

Missouri, USA). For adipogeneic differentiation, the cells were subsequently washed 

with MilliQ water, incubated with 60% isopropanol (Sigma-Aldrich St Louis, Missouri, 

USA), stained with 0.2% Oil Red O (Sigma-Aldrich St Louis, Missouri, USA) solution 

for 5 minutes at room temperature and washed with tap water. For osteogeneic 

differentiation, the cells were stained with 2% Alizarin red solution (Sigma-Aldrich St 

Louis, Missouri, USA) for 2 minutes at room temperature and washed 3 times with 

MilliQ water. Control and differentiated cells were imaged using a Carl Zeiss Primo 

Vert inverted microscope (Carl Zeiss Pty Ltd, Oberkochen, Germany). 

6.2.2.1.3.  Proliferation Analysis 

Cells of the four test groups; MSCs+secretions, MSCs+secretions washed, MSCs 

only and MSCs only washed, were seeded into 8 wells of two 12-well plates (Greiner 

Bio-one, Frickenhausen, Germany) at a density of 6 x 103 viable cells per cm2. All 

wells were made up to 800μL with standard cell culture media and incubated at 37C 
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with 5% CO2. At 24 hours post seeding 1μL of a 10mΜ 5-ethynyl-2 -́deoxyuridine 

(EdU; Life Technologies, Grand Island, New York, USA) solution was added to 8 of the 

16 wells, the remaining 8 wells acted as the unstained controls for each of the four 

test groups. At 6 and 24 hours post addition of EdU, MSCs were liberated from the 

flask using TrypLE express (Life Technologies, Grand Island, New York, USA), and 

diluted in 1% BSA (Sigma-Aldrich St Louis, Missouri, USA) and PBS. Click-iT® EdU 

assay processes (Life Technologies, Grand Island, New York, USA) were followed as 

per manufacturers instructions described in Section 2.2.2.3. All samples were 

analysed on a FACScan flow cytometer and gated on side scatter (SSC) versus forward 

scatter (FSC). The control for each sample was used to determine the percentage of 

actively proliferating cells. 

6.2.2.2.  Cytokine Secretion Analysis 

Cells of the four test groups; MSCs+secretions, MSCs+secretions washed, MSCs 

only and MSCs only washed, were seeded into 8 wells of two 12 well plates at a 

density of 4 x 103 viable cells per cm2. All wells were made up to 800μL with standard 

cell culture media and incubated at 37C with 5% CO2. At 3, 6, 9 and 24 hours post-

seeding the conditioned medium from the well of each of the four test groups was 

collected and centrifuged at 2000xg for 5 minutes and then stored at -80°C until 

needed for analysis. Conditioned medium and cryopreservation media samples from 

each test group were filtered through 0.2μm Nanosep MF Centrifugal Devices with 

Bio-Inert® Membrane (Pall Scientific, Port Washington, New York, USA) and 

centrifuged for 5 minutes at 9000xg. A 50μL portion of each filtered sample was 

analysed using the Milliplex MAP® Canine Cytokine 13-plex assay which measures 

IFN-γ, IL- 8, IL-15, IL-18, TNF-α, IL-10, IP-10, KC-like, MCP-1, GM-CSF, IL-7, IL-2 and 

IL-6 (Millipore, Billerica, Massachusetts, USA) according to the manufacturers 

instructions. The washing steps were performed on the Bio-Plex Pro II magnetic wash 

station and the data was acquired using the Bio-Plex 200 system with version 5.0 

software (Bio-Rad, Hercules, California, USA). A volume of 50μL or 200μL of each 

filtered sample were analysed using TGF-β and VEGF ELISAs (R&D Systems, 

Minneapolis, Minnesota, USA) respectively according to the manufacturers 

instructions. 
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6.2.2.3.  Dog Owner Data Collection 

As part of an ethics approved study, preliminary data was collected from dog 

owners whose dogs were treated with the off-the-shelf MSCs+secretions product 

described in this chapter. This was a multi-centre study performed by veterinarians. 

Veterinarians were responsible for the diagnosis of OA, the intra-articular injections 

of the MSCs+secretions product and all follow-up care of the dogs. Treated dogs were 

administered one vial of the MSCs+secretions product per joint treated. Each vial 

contained 1mL of product. The number of joints treated per dog ranged from 1-4 

joints. Joints treated were hips, elbows and stifles. This thesis reports only on the 

collation of the owner-reported data. The validated ‘Canine Brief Pain Index’ 

questionnaire [258] was provided to owners via an on-line survey. Owners were 

asked to complete the questionnaire at 10 days, 1, 2, 3 and 6 months post the intra-

articular injection of their dog’s joint/s. Data reported in this chapter is preliminary 

only and shows the initial data captured from what is an on-going post marketing 

surveillance exercise. There is limited data at all time-points as shown in Table 6.2.     

 

Table 6.2.  Number of owner completed Canine Brief Pain Index questionnaires 
at each time-point. 

Time-point Baseline 
10 days 

post- 
treatment 

1 month 
post-

treatment 

2 months 
post-

treatment 

3 months 
post-

treatment 

6 months 
post-

treatment 

Number of 
data points 

52 40 28 25 25 15 

The number of owner completed questionnaires for dogs treated with MSCs+secretions at each time-
point.  

6.2.2.4.  Statistical Analysis 

The percentage of positive cells for the flow cytometry immunophenotyping 

and proliferation assays is shown as an average ± standard deviation (SD). Cytokine 

secretion analysis is shown as the average ± standard error of the mean (SEM). A 

two-tailed t-test was used to test for statistical differences between the four groups. A 

p-value < 0.05 was considered statistically significant. Canine Brief Pain Index 
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questionnaire outcomes are shown as an average ± SD. The average was calculated 

from all dogs included at each time-point for each question (Table 6.2). 

6.3.  Results 

The conditioned media produced from the culture expansion was 

concentrated and used as a cryopreservation additive. The secretion profile of the 

conditioned media used for cryopreservation was determined for each dog. Of the 

fifteen cytokines measured only nine were detected in the conditioned media (Table 

6.3).  

 

Table 6.3.  Secretion profile of the conditioned media used for cryopreservation 
of the MSCs+secretions. 

Donor 
Cytokine 

IL-2 IL-6 IL-8 KC-like IL-10 IL-18 MCP-1 TGF-β VEGF 

Dog 1 26 21 3165 321 18 15 3021 153 904 

Dog 2 29 21 2415 363 19 20 9098 104 661 

Dog 3 30 19 2511 391 24 16 3590 80 811 

Cytokine levels are reported in pg/mL. 

 

For the three biological replicates used in this study, from both the 

MSCs+secretions test group and MSCs only test group, an initial total cell count and 

viability was performed utilising flow cytometry and nucleic acid dye staining (Table 

6.4). An average total cell count and viability ± standard deviation (SD) of both test 

groups was also performed to determine if there were any differences between the 

MSCs+secretions and MSCs only. Whilst it was evident that there was variability 

between individual dogs, the average cell number and viability between the 

MSCs+secretions and the MSCs alone groups was comparable (Table 6.4).  
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Table 6.4.  Cell count and viability (%) from three biological replicates of 
cryopreserved MSCs+secretions and MSCs only.  

Donor MSCs+secretions MSCs only 

 Cell Count/vial Viability Cell Count/vial Viability 

1 1,642,740 79 1,501,665 88 

2 2,907,190 69 2,099,405 80 

3 2,633,400 74 2,503,820 63 

Average 2,394,443 74 2,034,963 77 

SD 665,232 5 504,176 13 

Total cell count and viability percentage for the cryopreserved MSCs+secretions and MSCs only 
samples are shown. Average and SD of three biological replicates are reported for both groups.   

6.3.1.  Confirmation of Mesenchymal Stem Cells 

To confirm the presence of MSCs, in accordance with the International Society 

of Cellular Therapies (ISCT) recommendation for the minimal criteria for defining 

human MSCs, cell surface antigen profiling and differentiation potential were 

performed.  

6.3.1.1.  Cell Surface Antigen Profiling 

Consistent with the literature and confirmatory of MSCs, both the 

MSCs+secretions and MSCs groups were negative for white blood cell, hematopoietic 

and endothelial cell markers CD4 (Figure 6.1A and B), CD25 (Figure 6.1C and D), 

CD45 (Figure 6.1E and F), CD34 (Figure 6.1G and H) and CD146 (Figure 6.1I and J). 

Additionally, MSCs in both groups were positive in varying percentages for the MSC-

like markers CD44 (Figure 6.1K and L) and CD90 (Figure 6.1M and N). The 

percentage of positive cells for each of the three biological replicates for CD44 and 

CD90 are shown in Table 6.5. On average 93.3 ± 2.9% and 92.3 ± 5.7% of cells in 

MSCs+secretions vials expressed the CD44 and CD90 cell surface antigen respectively 

compared to 96.7 ± 4.9% and 89.0 ± 5.6 of cells in the MSCs only group. No significant 

difference between expression levels of CD44 or CD90 between the two test groups 

was observed.   
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Figure 6.1.  Representative phenotypical characterisation of MSCs+secretions 
and MSCs only utilising CD markers and flow cytometry.  

MSCs obtained from the two test groups, MSCs+secretions and MSCs only, were analysed on a FACScan 
flow cytometer. Characteristic white blood cell markers, CD4-FITC (A & B) CD25-FITC (C & D) and 
CD45-FITC (E & F) and characteristic hematopoietic and endothelial cell markers CD34-PE (G & H) and 
CD146-FITC (I & J) and MSC-like markers CD44-FITC (K & L), CD90-PE (M & N) were analysed. For 
each cell type and fluorescence conjugate, an unstained and isotype control were included. The 
percentage of positive cells expressing the cell surface antigen for CD44 and CD90 are shown in K-N.  

 

Table 6.5.  Percentage of canine MSCs positive for CD90 and CD44 cell surface 
antigen markers.  

MSCs obtained from the two test groups, MSCs+secretions and MSCs only were analysed for CD44 and 
CD90 using a FACScan flow cytometer. The percentage of positive cells is expressed as the average  
SD.  

6.3.1.2.  Differentiation Potential  

To further confirm the presence of MSCs, adipogeneic and osteogeneic 

differentiation assays were performed. Control MSCs in basal media were negative 

for calcium deposits following Alizarin red staining (Figure 6.2A). In contrast MSCs 

from both test groups, MSCs only and MSCs+secretions (Figure 6.2B and C 

respectively), showed similar staining intensity for calcium accumulation. Similarly, 

control MSCs were negative for lipid accumulation following Oil Red O staining 

(Figure 6.2D) whereas differentiated MSCs from both test groups (Figure 6.2E and F), 

had equivalent lipid accrual. 

  

Donor Percentage of positive cells 

CD44 CD90 

MSCs+secretions MSCs only MSCs+secretions MSCs only 

1 95 99 94 94 

2 100 91 97 90 

3 100 100 86 83 

Average ± SD 93.3 ± 2.9 96.7 ± 4.9 92.3 ± 5.7 89.0 ± 5.6 
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Figure 6.2.  Osteogeneic and adipogeneic differentiation of MSCs.  

Cells of the test groups, MSCs+secretions and MSCs only, were cultured in standard media for 3 days 
prior to osteogeneic and adipogeneic differentiation using standard media formulations. Control MSCs 
were negative for calcium deposits (A) and lipid accumulation (D). MSCs from both test groups 
exhibited similar osteogeneic (B & C) and adipogeneic (E & F) differentiation potential.  

6.3.2.  Recovery and Functionality of MSC Populations’ post-cryopreservation 

Further to confirming the presence of MSCs by plastic adherence, 

differentiation potential and cell surface antigen expression, an investigation of the 

secretion profile and proliferation ability of the MSCs was performed. Additionally, a 

comparison of the proliferation capability and cytokine secretion profile of the two 

test groups, MSCs+secretions and MSCs was completed. It was hypothesised that the 

presence of the cellular secretions would have an impact on MSC proliferation and 

secretion of cytokines. To investigate this the MSCs were seeded in culture 

immediately after thawing and also after removal of the cryopreservation medium by 

washing.  

6.3.2.1.  Proliferation 

To ensure that culture-expanded, cryopreserved and stored MSCs were still 

capable of proliferation and to investigate if the addition of cellular secretions altered 

the proliferation capabilities of MSCs, a Click-iT® EdU flow cytometry assay was 

utilised. The percentage of actively proliferating cells was determined at 6 and 24 

hours post addition of EdU to MSCs. Figure 6.3 shows representative images of 
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proliferation activity of MSCs from both test groups before and after removal of the 

cryopreservation medium at 6 and 24 hours. This example demonstrates that a 

proportion of MSCs at both time-points were actively proliferating. Furthermore, 

Figure 6.3E-H show that by 24 hours post addition of EdU, MSCs were undergoing 

further cell doubling, as shown by the two distinct positive populations and increased 

fluorescence compared to Figure 6.3A-D. Although this example shows that the MSCs 

from all test groups were actively proliferating at both 6 and 24 hours post addition 

of EdU, this was not the case for dog two in this study. The percentage of actively 

proliferating MSCs from each of the three biological replicates is compiled in Table 

6.6. This table shows that there were substantial differences in the proportion of 

actively proliferating MSCs between each of the three biological replicates. In 

particular, Table 6.6 shows that the MSCs from donor two in all four test arms were 

not proliferating at 6 hours post addition of EdU. The variability observed coupled 

with the small sample size meant that no statistically significant difference could be 

determined between the two test groups. For biological replicates one and two, no 

apparent difference in proliferation activity between the four test groups, 

MSCs+secretions, MSCs only, MSCs+secretions washed and MSCs washed was shown 

at either time-point (Table 6.6). However, for dog three it may be that the presence of 

the secretions had an effect on the proliferation of the MSCs even after the removal of 

cryopreservation medium by washing at both the 6 and 24 hour time-points.  
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Figure 6.3.  Representative scatter plot of actively proliferating MSCs. 

MSCs of the four test groups MSCs+secretions, MSCs+secretions washed, MSCs only and MSCs only 
washed were cultured in standard media for 24 hours prior to administration of EdU. Following 
addition of EdU, cells remained in culture for a further 6 hours (A-D) and 24 hours (E-H) prior to flow 
cytometry analyses. The percentage of actively proliferating MSCs in the MSCs+secretions group (A & 
E), MSCs only group (B & F), MSCs+secretions washed (C & G) and MSCs only washed group (D and H) 
are shown in red.  MSCs of each of the four test groups that were not exposed to EdU are shown in blue. 
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6.3.2.1.  Secretion of Cytokines 

To investigate the secretion profile of passaged and cryopreserved MSCs in a 

medium containing secretions, versus standard cryopreservation medium, MSCs 

were seeded immediately post-thaw into 6-well plates. Additionally, to eliminate the 

possibility of the secretions directly contributing to the secretion profile, the 

cryopreservation medium was also removed from the two test arms of all three 

donors prior to seeding. Conditioned media was collected from the four groups, 

MSCs+secretions, MSCs+secretions washed, MSCs only and MSCs only washed, at 3, 6, 

9 and 24 hours post seeding. These conditioned media samples were analysed 

utilising a panel of thirteen canine cytokines that were measured using a Milliplex 

assay. A further two cytokines (VEGF and TGF-β) were measured using ELISAs. 

Figure 6.4 contains the results of the five cytokines that were detected in the 

conditioned media of the four test groups at each time-point. Additionally, the level of 

each cytokine measured in the two different cryopreservation mediums are included 

as a baseline reading. For all cytokines, the level measured in the cryopreservation 

media was negligible in comparison to the amount secreted by the cells once in 

culture (Figure 6.4A-E; 0 hours). There were no significant differences between 

detected levels of IL-8 (Figure 6.4A), KC-like (Figure 6.4B) and TGF-β (Figure 6.4D) in 

each of the four test groups at the time-points analysed. However, the 

MSCs+secretions test group did secrete significantly more MCP-1 (Figure 6.4C) at 3, 6 

and 9 hours in comparison to the MSCs+secretions washed and MSCs only groups (p-

values <0.05). By 24 hours in culture however, the increased expression of MCP-1 in 

the MSCs+secretions was no longer significantly different to the other 3 test groups. 

Whilst it appears in Figure 6.4E that VEGF levels were significantly higher at all time-

points in the MSCs+secretions test group, there was substantial variation in the 

amount of VEGF secreted between the 3 biological replicates and therefore the 

results are not statistically significant. Biological variation was observed at all time-

points assessed. To demonstrate the level of variation observed in the cytokines 

measured in the conditioned medium of groups from each donor, the cytokine 

concentrations at 24 hours are reported in Table 6.7. In this table, the most similar 

result observed between two donors within a group was MCP-1 in the 
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MSCs+secretions samples from dog one (2648 pg/mL) and dog two (3044 pg/mL) 

representing a 1.1-fold difference. The greatest variation was observed in IL-8 in the 

MSCs group with a 9.7-fold difference between dog one (713 pg/mL) and dog three 

(6937 pg/mL) at 24 hours. 

 

 

Figure 6.4.  Cytokine secretion profiling from MSC conditioned medium.  

MSCs of the 4 test groups, MSCs+secretions, MSCs+secretions washed, MSCs only and MSCs only 
washed were cultured in standard media for 3, 6, 9 and 24 hours. At these time-points the conditioned 
medium was collected and analysed for a total of 15 cytokines. Additionally samples of the 
cryopreservation medium were analysed to provide baseline cytokine levels. The cytokines IL-8 (A), 
KC-like (B), MCP-1 (C), TGF-β (D) and VEGF (E) were detected. The results are presented as an average 
± SEM (n=3). Two-tailed t-tests were performed, an * denotes a p-value of <0.05 when 
MSCs+secretions are compared to MSCs+secretions washed and an ^ denotes a p-value of <0.05 when 
MSCs+secretions are compared to the MSCs only group.  
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Table 6.7.  Cytokine levels in conditioned medium from MSCs of each donor at 
24 hours. 

Cytokine Time-point Sample Dog 1 Dog 2 Dog 3 Average ± SD 

IL-8 24 hours 

MSCs+secretions 1326 6561 4054 3980 ± 2618 

MSCs 713 3661 6937 3770 ± 3114 

MSCs+secretions 
Washed 

942 7257 3830 4010 ± 3161  

MSCs Washed 904 3553 5234 3230 ± 2183 

KC-like 24 hours 

MSCs+secretions 81 136 131 116 ± 30 

MSCs 65 92 153 104 ± 45 

MSCs+secretions 
Washed 

61 139 92 97 ± 40 

MSCs Washed 61 82 82 75 ± 12 

MCP-1 24 hours 

MSCs+secretions 2648 3044 2869 2854 ± 198  

MSCs 1083 2341 3021 2148 ± 984 

MSCs+secretions 
Washed 

1794 3028 1780 2200 ± 716 

MSCs Washed 2235 2203 2196 2211 ± 20 

TGF-β 24 hours 

MSCs+secretions 2606 2220 1961 2262 ± 325 

MSCs 2469 2445 1797 2237 ± 381 

MSCs+secretions 
Washed 

2320 1945 1322 1862 ± 504 

MSCs Washed 2348 1881 1573 1934 ± 390 

VEGF 24 hours 

MSCs+secretions 938 2067 545 1183 ± 790 

MSCs 118 442 155 238 ± 178 

MSCs+secretions 
Washed 

356 718 288 454 ± 231 

MSCs Washed 591 272 172 345 ± 219 

Cytokine data are presented as pg/mL. 

6.3.3.  Real World Clinical Data Assessment 

Data from a cohort of dogs with clinically diagnosed OA was collected, as part 

of an animal ethics approved study, from all dogs that received an intra-articular 

injection of MSCs+secretions, the novel off-the-shelf cellular therapeutic described in 

this chapter. The cells used to produce the MSCs+secretions prototype product were 

from both dogs one and three.  

Figure 6.5 shows the results of the validated ‘Canine Brief Pain Index’ 

questionnaire as reported by dog owners at baseline, 10 days, 1, 2, 3 and 6 months 
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post intra-articular injection. From these results it is clear, that on average, dog 

owners reported a rapid and sustained decrease in pain associated with normal daily 

activities (Figure 6.5, questions 1-10) and an increase in improvement in the dogs’ 

overall quality of life (Figure 6.5, question 11). Figure 6.5 also shows that the overall 

questionnaire-combined average substantially improved from a baseline score of 5.0 

 0.15 to a score of 0.57  0.22 at 6 months post-treatment.   
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Figure 6.5.  Canine Brief Pain Index owner reported outcomes from dogs 
treated with MSCs+secretions.  

Dogs with clinically diagnosed OA received a single intra-articular injection of the novel off-the-shelf 
MSCs+secretions product described in this chapter. As part of an animal ethics approved study, owner 
reported outcomes were collected, at baseline prior to injection, 10 days, 1, 2, 3 and 6 months post-
treatment.   
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6.4.  Discussion 

6.4.1.  Confirmation of the Presence of MSCs and Comparison to SVF  

To confirm the presence of MSCs, differentiation potential and cell surface 

antigen profiling was performed on both of the test groups, MSCs+secretions and 

MSCs only. In accordance with the International Society for Cellular Therapy position 

statement [39], adipogeneic and osteogeneic differentiation and CD marker 

expression confirmed the cells to be MSCs. As expected, no differences were seen 

between the two test arms. Unlike the CD marker profile of the heterogeneous SVF 

(Chapter 4), the profiles of both test groups in this study were negative for all CD 

markers except the MSC-like markers CD44 and CD90. Table 6.8 shows the difference 

between the cell-surface antigen profiles of the SVF characterised in Chapter 4 and 

the MSCs described in this chapter.  

 

Table 6.8.  Percentage of canine SVF cells and MSCs positive for CD markers 
characteristic of white blood cells, endothelial cells and MSC-like cells.  

The percentage of positive cells is expressed as the average  SD. MSCs+secretions and MSCs only n=3, 
SVF n=8. 
  

CD marker 
Characteristic cell type/s 

(Antibody specificity) 
MSCs+secretions MSCs SVF 

CD45+ Found on all leukocytes. 0 0 26  6 

CD44+ 
Cell adhesion molecule, MSC 

and stromal cell marker 
93 ± 3 97 ± 5 20  6 

CD4+ 
T helper cells, monocytes, 

macrophages and dendritic 
cells 

0 0 8  8 

CD25+ 
Immune cells of T & B cell 

lineages 
0 0 17  6 

CD146+ 
Cells of the endothelial cell 

lineage 
0 0 33  11 

CD90+ MSC and stromal cell marker 92 ± 6 89 ± 5 25  7 

CD34+ 
Marker of hematopoietic 
progenitor and stem cells 

0 0 16  11 
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Of the fifteen cytokines measured, only nine were detected in the conditioned 

media used for cryopreservation in the MSCs+secretions group. Furthermore, only 

five of the nine cytokines were detected in the conditioned medium of the MSCs of 

both groups after cryopreservation. The cytokines IL-2, IL-6, IL-10 and IL-18, were no 

longer detected in the MSCs+secretions conditioned media post-thaw. In all 

likelihood this was due to these cytokines originally being detected at very low 

pg/mL ranges (Table 6.3), which were then further diluted with culture media, 

resulting in the expression of these cytokines decreasing below the detection limit of 

the Milliplex assay. Furthermore, at three hours post-seeding of MSCs, which was the 

earliest secretion collection time-point, it could have been that bioactive factors had 

been consumed by the MSCs. Still, it is important to note that detection of these four 

cytokines was lost post-thaw as it could be hypothesised that MSCs lose the ability to 

secrete these cytokines due to the cryopreservation process.   

As with the cell surface antigen profile of the SVF and the MSCs, there were 

differences seen in the secretion profile of the MSCs compared to the SVF. Although 

the experimental conditions in this chapter differed from those described in Chapter 

4, it appeared that with the loss of the heterogeneity of the SVF, the expression of 

many cytokines decreased below the detection limit of the Milliplex assay. The pro-

inflammatory cytokines IFN-γ, IL-15, IL-18 and TNF-α, the dual role cytokines IL-2 

and IL-6, growth factors GM-CSF and IL-7, chemokine IP-10 and the anti-

inflammatory cytokine IL-10, which were all detected in the conditioned medium of 

the SVF were not detected in the conditioned medium of the culture expanded 

cryopreserved MSCs. Interestingly, as mentioned above IL-2, IL-6, IL-10 and IL-18 

were detected in the conditioned media used for cryopreservation in the 

MSCs+secretions group prior to cryopreservation but not post-thaw. Variability 

between the secretion profiles obtained from the SVF, which contains a mixed cell 

population, and isolated MSCs has previously been described [242].  

6.4.2.  The Addition of Cellular Secretions to MSCs did not Generally 

Significantly Affect Post-thaw Recovery and Functionality  

Post-thaw cell counts and viability revealed that the cryopreservation process 

had limited impact on total cell count and viability. Furthermore, the cell count and 
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viability assays revealed that the addition of secretions did not generally enhance the 

post-thaw recovery of the MSCs in this aspect. The total cell count and percentage of 

viable cells was comparable between the two test groups, even with large variation 

between individual dogs.  

To determine whether the addition of cellular secretions had an enhanced 

effect on the secretion profile and proliferation capability of MSCs, a washing step for 

each test group was essential. Therefore, for both test groups, half of each sample was 

centrifuged to remove the cryopreservation medium. This was done in an attempt to 

determine if the addition of the cellular secretions had a direct effect on proliferation 

capability and the secretion profile, or if the addition of cellular secretions actually 

altered the functionality of the MSCs themselves. The results showed that for dogs 

one and two the proliferation capacity of the MSCs following thawing was not 

enhanced by the addition of secretions. In the case of dog three the proliferation was 

enhanced by the addition of secretions. The percentage of actively proliferating cells 

between the MSCs+secretions and MSCs+secretions washed test groups from dog 

three were shown to have 30 and 35 % respectively, actively proliferating cells by 24 

hours post addition of EdU (Table 6.6). These levels were considerably greater than 

the 6 and 10% of actively proliferating cells seen in the MSCs alone and MSCs alone 

washed test groups respectively (Table 6.6). This result suggests that the addition of 

secretions, in this example, improved the proliferation proficiency of the 

cryopreserved MSCs+secretions group despite the removal of the secretions, 

indicating the secretions improved the post-thaw functionality and recovery of this 

particular dog’s MSCs.  

When investigating the secretion profile of the test groups, of the five 

cytokines detected in the conditioned media, no significant differences were seen 

between the test groups in KC-like, VEGF and TGF-β, and IL-8 (Figure 6.4). However 

cryopreservation in medium containing secretions resulted in significantly increased 

levels of the chemokine MCP-1 at 3, 6 and 9 hours after seeding in comparison to 

MSCs alone (Figure 6.4). Additionally, significantly greater concentrations of MCP-1 

were detected in the conditioned medium of the MSCs+secretions test group in 

comparison to its washed counterpart. The level of MCP-1 present in the secretions 

was negligible compared to the amount secreted by the cells in the MSCs+secretions 

test group. These results indicate that the level of MCP-1 measured was not due to the 
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MCP-1 in the added secretions, but instead, the addition of secretions had an effect on 

the MSCs themselves, resulting in a significant increase in its production.  

MCP-1 plays a role in the recruitment of monocytes to sites of injury. It is 

prevalent in serum and synovial fluid in inflammatory pathologies such as 

rheumatoid arthritis (RA). In a clinical study investigating the levels of MCP-1 in both 

the serum and synovial fluid of RA and OA patients, a significantly greater amount of 

MCP-1 was detected in RA patients [339]. However, in an induced OA model in mice, 

MCP-1 was shown to be central to the pain associated with OA [340].  

Despite the in vitro finding of increased levels of MCP-1 in the 

MSCs+secretions group, the administration of canine MSCs+secretions to the CAIA 

affected mice (Chapter 5), resulted in a significant reduction in host MCP-1 serum 

levels when compared to the MSCs only test group. It is clear that in vitro culture 

conditions do not always reflect the in vivo environment and therefore it is likely that 

the cells and the presence of the secretions will respond differently when introduced 

to a host with an inflammatory condition. It is possible that the significant increase in 

MCP-1 production in the MSCs+secretions test group may occur in vivo creating a 

negative feedback loop which may be partially responsible for the suppressed MCP-1 

production in the CAIA host.  

6.4.3.  Culture Expanded MSCs are Subject to Individual Variation: Implications 

for Product Development. 

Variation between individuals was clearly seen in the proliferation ability and 

secretion profile of the culture expanded MSCs. The biological variation between the 

three donors was most clearly observed when assessing the proliferation ability of 

the MSCs. Biological replicates one and three were shown to be actively proliferating 

at 6 hours post addition of EdU. However, for donor two, no proliferation was seen 

until 24 hours post addition of EdU (Table 6.6). Interestingly, donor two was the 

sample with the greatest level of MCP-1 expression in the conditioned media used for 

the cryopreservation of the MSCs+secretions group, which was almost three times 

greater than the MCP-1 detected in the conditioned media of donors one and three 

(Table 6.3). Previously conditioned media displaying significantly elevated levels of 

MCP-1, VEGF, MIP-1α, MIP- 1β and MIG compared to control media, was shown to 
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induce angiogenesis in canine vascular endothelial cells. MCP-1 and MIP-1α increased 

cell migration. Additionally, MCP-1 alone was shown to have a cell protective effect by 

reducing caspase-3 activity in H9c2 cells [341]. Donor two also exhibited the greatest 

level of VEGF secretion post-thaw (Table 6.7). In the MSCs+secretions test group this 

donor secreted between 2 and 6 times more VEGF than donors one and three 

respectively at all time-points. VEGF is recognised to influence MSC survival, 

engraftment and proliferation capability [342]. In a study investigating the role of 

VEGF in cell replacement after brain injury, VEGF was shown to be responsible for the 

proliferation of neuronal precursor cells in cultured mouse cerebral cortex cells 

[343]. Not only was this large variation between individual donors seen in VEGF but 

also in measured levels of other cytokines such as, KC-like and IL-8 as demonstrated 

in Table 6.7.    

The three biological replicates used in this study were MSCs and secretions 

derived from the adipose tissue of three individual dogs. All three dogs were 

approximately 6 month old female guide dog puppies and all adipose tissue was 

derived from the falciform ligament during a routine desex procedure. All adipose 

tissue and cells derived from the tissue were processed in exactly the same way in 

terms of tissue digestion, culture expansion and cryopreservation procedures. 

Furthermore, for all in vitro work performed in this chapter, all experiments were 

standardised by viable cell number. Despite this, the results of this chapter clearly 

demonstrate that there was a large degree of biological variation between the three 

dog samples in proliferation capacity and levels of secreted cytokines.  

The level of biological variation shown in the functional assay outcomes from 

culture expanded MSCs of three donor dogs was not expected. In comparison to the 

SVF, culture expanded MSCs are a relatively homogeneous population of cells as 

evident by the CD marker expression profile. Therefore, the proliferation capacity and 

secretion profile of the MSCs processed in the same manner from dogs of similar 

characteristics were anticipated to be comparable. An analysis technology capable of 

genome-wide coverage, such as transcriptomics or quantitative proteomics, may 

delineate differences between the cells derived from individual donors. Production of 

a large-scale off-the-shelf allogeneic cell therapy is reliant on a cell line that is 

clinically useful to warrant the time and expense required in the manufacturing. 

Therefore, assessment of in vitro functionality as a precursor to clinical efficacy is 
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essential. Furthermore, with the development of new assays, identification of critical 

functional parameters may aid in determining a clinically ideal cell profile.    

6.4.4.  Defining a Criteria for Selection of Donors for Production of Culture 

Expanded Cell Therapies 

The data presented in this chapter demonstrated that despite the adipose 

tissue samples being processed in the same manner and the experiments performed 

on normalised cell numbers, substantial biological variation between the three 

donors results was observed. To produce a commercially viable off-the-shelf 

therapeutic, a single fat donation must be capable of providing thousands of 

therapeutic doses of MSCs. As such, minimum in vitro assay specifications need to be 

defined for donor cells to meet on a test scale prior to large-scale production. 

Defining a set of minimum criteria and ensuring donor cells meet these criteria is 

essential given the effort and expense involved in producing an allogeneic off-the-

shelf MSC therapeutics on a large-scale. In this study, dog two had very limited 

proliferation and the secretion profile was skewed towards MCP-1 in the 

cryopreservation media and towards IL-8 and VEGF after cryopreservation. In 

contrast, cells from donors one and three had a proliferation level of > 30% and did 

not have a skewed secretion profile. The results reported in this chapter from the 

veterinary trial were MSCs+secretions prototypes produced from the cells of donors 

one and three. A reduction in pain and improvement in function was observed in the 

dogs treated with these MSCs+secretions prototypes. Defining minimum proliferation 

and cytokine profile specifications for MSCs could be an initial set of criteria that 

could be useful in screening donor cells prior to large scale manufacture. Over time in 

a production facility it is anticipated that the criteria would be reviewed regularly and 

altered according to the results from in vitro and in vivo datasets.  

6.4.5.  Therapeutic Importance  

There are many examples in the literature describing that MSCs exert their 

therapeutic effect primarily through their paracrine activities. MSCs have been 

demonstrated to secrete a wide array of bioactive factors that are angiogenic, mitotic, 
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anti-apoptotic, anti-scarring and immune-modulatory [26]. The importance of MSC 

paracrine activities has been further confirmed in animal models using MSC 

conditioned media only, which have demonstrated similar therapeutic effect to that 

of MSCs [304, 305]. However, the therapeutic effect is not long lasting which is likely 

due to the transient nature of secretions. In a corneal wound injury model it was 

demonstrated that three applications of conditioned medium from MSCs achieved an 

effect similar to that of MSCs themselves but had a superior therapeutic outcome to a 

single administration of MSC secretions [68].  

Given the established importance of secretions in MSC therapeutic activity, it 

was anticipated that incorporating secretions in the cryopreservant would not only 

aid post-thaw recovery and functionality of the MSCs, but also enhance the 

therapeutic capabilities of the cells. Whilst there were no negative effects observed in 

the in vitro experiments, there was no uniform improvement in post-thaw recovery 

and functionality with the addition of secretions to MSCs. Despite this, there were 

some scenarios where within a biological replicate, a more favourable result was 

observed in the MSCs+secretions group over the MSCs only group. There were no 

situations in which the MSCs alone group appeared to exhibit an improved post-thaw 

recovery or functionality in comparison to the MSCs+secretions test group. To 

determine the effect of the presence of the secretions on the MSCs in the 

cryopreservant, a panel of fifteen cytokines was utilised. Of these fifteen cytokines 

only MCP-1 secretion was significantly higher in the MSCs+secretions test group, 

compared to all other groups analysed. It is possible that the presence of the 

secretions could significantly alter the expression of a number of other cytokines, or 

other signaling molecules, but currently there are a limited number of assays 

available for measuring canine cytokines. With the development of further assays for 

detecting cytokines, such as PDGF, HGF and IL-1Ra, it may be possible to further 

investigate the effect of cellular secretions on MSCs.  

A clinically positive outcome was demonstrated in the CAIA affected mice 

(Chapter 5) and in the experiments described in this chapter no adverse changes 

were shown in work up of MSCs+secretions. Consequently, the industry partner in 

conjunction with partnering veterinarians, collected owner reported outcomes 

regarding the efficacy of the MSCs+secretions therapeutic in treated dogs. 

Veterinarians administered a single intra-articular injection of this cellular product to 
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client-owned dogs with clinically diagnosed OA in an on-going multi-centre study. 

The MSCs+secretions product was delivered to the veterinary practices in 

cryopreserved vials that remained in liquid nitrogen storage until just prior to use. In 

this chapter the initial owner reported data was collated and analysed. The owner 

reported outcomes shown in Figure 6.5 demonstrate that intra-articular injection of 

the MSCs+secretions had a clear therapeutic effect with a significant improvement in 

pain and function. Furthermore, this therapeutic effect was similar to that reported in 

Chapter 3 following intra-articular injection of the autologous adipose-derived SVF 

cells (Figure 6.6). It must be noted however that this was not a placebo-controlled 

study and although validated, the owner-completed questionnaire is a subjective tool 

only, and a placebo effect has been demonstrated previously when using owner 

reported questionnaires [270]. Furthermore, clinical outcomes were based only on 

owner questionnaire results without the addition of veterinary examination 

outcomes as described in Chapter 3. Additionally, there are limited data points 

comprising the 6 month follow-up time-point (Figure 6.6B).  

Whilst there are distinct differences between the SVF and MSCs+secretions 

treatment offerings, in terms of cell surface antigen and secretion profiles, both 

treatments have resulted in encouraging clinical improvements. Preliminary data 

from both of these cell therapies have demonstrated pain relief and an improved 

quality of life in dogs suffering from real clinical OA (Figure 6.6A and B).  

 

 

 

 



Chapter 6. Analysis of Culture Expanded Adipose-Derived Cells and the Effect of Cellular 
Secretions as a Cryopreservative 

 179 

Figure 6.6.  Owner reported outcomes from dogs treated with autologous 
adipose-derived SVF and allogeneic off-the-shelf MSCs+secretions.  

Dogs with clinically diagnosed OA received a single intra-articular injection of autologous adipose-
derived SVF described in Chapter 3 (A) or the allogeneic off-the-shelf MSCs+secretions product 
described in this chapter (B). As part of an animal ethics approved studies, owner reported outcomes 
were collected, at baseline prior to injection, 10 days, 1, 2, 3 and 6 months post-treatment.   

6.5.  Conclusion 

The results presented in this chapter showed that the addition of cellular 

secretions to MSCs generally had no clear benefit in the post-thaw recovery and 

functionality of cryopreserved MSCs. However, no negative effects of incorporating 

the secretions in the cryopreservant were observed. The results demonstrated that 

significant variability in functional measures of MSCs existed between the three 

donors. Production of large-scale off-the-shelf therapeutics requires identification of 

critical functional parameters that may aid in determining a clinically ideal cell profile 

to warrant the time and cost involved in manufacturing a therapeutic. Furthermore 

administration of MSCs+secretions resulted in a reduction in pain and an improved 

quality of life in dogs treated with this novel off-the-shelf allogeneic therapeutic.  
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CHAPTER SEVEN 

Chapter 7  

General Discussion 
 

This chapter discusses the findings of this doctoral thesis in the wider context of the 

regenerative medicine field and proposes further work that warrants pursuing.  

 

 

  



Chapter 7. General Discussion 

 182 

7.1.  Cellular Therapy: A Paradigm Shift in Medicine 

There is a growing need for new ways to repair, replace or regenerate 

damaged or failing cells, tissues or organs of the body. Significant advances in the 

medical field over hundreds of years have enabled people to live much longer than 

would otherwise have been possible. These advances are numerous and examples 

include the discovery and continued development of antibiotics for the prevention of 

infection-related deaths, cholesterol and blood pressure lowering pharmaceuticals, 

the use of stents and xenogeneic valves for heart conditions, and organ 

transplantation. Furthermore, there have been significant advances in diagnostic 

technologies, which identify predisposition and early disease onset as well as 

monitoring disease progression. These advances have improved the management of 

many conditions. As such, for decades pharmaceutical or surgical interventions have 

been a mainstay in healthcare offerings. However, with an increase in human life 

expectancy in almost every country in the world, we are currently faced with an 

epidemic of age related degenerative diseases where conventional care lacks effective 

treatments or cures. Failing tissues and organs in conditions such as diabetes, 

Alzheimer’s, OA and macular degeneration are prevalent in an aging population, all of 

which incur a massive worldwide financial burden and result in decreased quality of 

life for sufferers.  

Cellular medicine is the next step in the evolution of medicine, not only for age 

related diseases, but also for countless previously untreatable malignant and non-

malignant conditions that affect millions of people of all ages worldwide. It is likely 

that cellular therapeutics will not only provide therapeutic treatments where 

currently there are none, but will also be utilised to augment current therapeutic 

regimes. For example cellular treatments will be utilised in conjunction with 

conventional pharmaceutical and surgical treatment interventions to assist in areas 

such as wound healing, tissue regeneration and immunosuppression.  

The most well understood form of cellular medicine is the use of HSCs for 

blood cancers, inherited blood disorders and cellular replacement in chemotherapy 

patients. HSC transplants have been successfully performed since the 1960’s. HSCs 

are, however, limited in regenerative capabilities beyond their role in blood 

pathologies. HSCs are unable to proliferate and differentiate under in vitro conditions 
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and are not immune-privileged limiting allogeneic use to matched donors only. As 

such, the scientific and medical communities have looked to other cell types for the 

use in degenerative chronic diseases as well as acute conditions and injuries.   

When the first human ESC lines were established in 1998, the possibility of 

repairing tissues lost to trauma or disease became a reality. As such, numerous 

research groups in the worldwide scientific community commenced research into the 

therapeutic potential of these cells. Although promising, the utilisation of ESCs in 

regenerative medicine has not become a reality due to ethical, immunological and 

teratoma formation issues associated with these cells.  

Nearly a decade later the discovery of reprogramming a somatic multipotent 

cell to act as an ESC using a set of four genes only [15], has opened the door to the 

promise of regenerating or replacing tissues and whole organs once again. The use of 

iPSCs, although not hampered with any of the ethical concerns of ESCs, is still 

burdened with some of the roadblocks associated with ESCs. Inconsistencies and 

inefficiencies in the reprogramming of cells have been reported, as have concerns 

around the genetic stability and the tendency toward tumor induction of iPS cells. As 

such, almost monthly, new methods to induce pluripotency while increasing 

efficiency and minimising tumor propensity are reported. In 2013 the first human 

clinical trial using iPSCs was approved in Japan [344]. This trial, for the treatment of 

macular degeneration, is associated with some safety concerns around tumor 

induction and immunological rejection. However, the low quantity of cells required to 

treat this condition is believed to minimise this risk sufficiently to warrant the study 

[344]. Although rapid advances are being made to realise the potential of iPSCs, it is 

likely some time away before iPSCs become a mainstream therapeutic reality.  

MSCs, however, can safely fill the void between the limitations of HSCs, the 

currently un-exploitable potential of ESCs, and the yet to be fulfilled promise of iPSCs. 

There is a wealth of literature published on the ability of MSCs to proliferate and 

differentiate in vitro. The immune-privileged status of MSCs through their lack of 

MHC class II and co-stimulatory (CD40, CD80 and CD86) molecule expression has 

enabled widespread therapeutic use of MSCs particularly for allogeneic 

transplantation. Furthermore, a meta-analysis of 32 studies involving a total of 1012 

participants treated with MSCs for a variety of conditions including stroke, 

cardiomyopathy and Crohn’s disease, has confirmed the safety of MSC therapy [21]. 
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Taken together, the lack of ethical, immunological and safety concerns associated 

with MSCs has allowed the regenerative medicine field to proceed to the next stage of 

cellular therapy.   

There are two main therapeutic approaches evolving around the use of MSCs 

in regenerative healthcare. The first is the tissue engineering approach whereby 

functional tissues or specialised cells are produced ex vivo and subsequently 

introduced into areas of diseased or damaged tissue. Whilst significant advances have 

been made in stem cell science and biocompatible scaffolds, it is a scientifically 

difficult area. As such, whilst this approach holds promise, many challenges are 

required to be overcome before safe and proven tissue engineered products are 

available for therapeutic use. The second approach involves stimulating the body’s 

own regenerative capabilities. In contrast to tissue engineering, this area, through the 

use of autologous or allogeneic adult cell therapy, focuses on controlling the 

microenvironment in areas of injury. In particular, this approach involves switching 

from that of a destructive pro-inflammatory environment to an anti-inflammatory 

one, which supports repair and regeneration of damaged tissues through cell 

engraftment and paracrine signaling.    

Bone marrow transplantation set the scene for the regenerative medicine field 

and is a recognised and routinely used treatment following myeloablation during 

cancer treatment regimes. Given the success of this therapy, many subsequent cell 

therapy studies have focused on stem cell differentiation, which is the main 

mechanism of action of bone marrow transplants. That is, HSCs within the bone 

marrow are understood to repopulate all cellular constituents of blood. As such, in 

the early 1990’s researchers were focused on the differentiation of MSCs to unlock 

their therapeutic potential [23, 345]. This was an understandable emphasis, 

considering the mode of action of HSCs and main therapeutic potential of ESCs and 

cellular proliferation is considered a requirement when attempting to replace 

damaged tissues or organs. The ability of MSCs to differentiate into cells of the 

adipogenic, osteogenic, chondrogenic, and more recently, myogenic and neurogenic 

lineages has been demonstrated in vitro. In line with the view that the therapeutic 

potential of MSCs was based on differentiation, the International Society for Cellular 

Therapy has released multiple position statements on the parameters required to 

define a cell as an MSC, which includes their ability to differentiate into adipocytes, 
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chondrocytes and osteoblasts [30, 39]. Despite the efforts of researchers 

demonstrating the in vitro differentiation capabilities of MSCs, in vivo investigations 

of these cells in animal models of induced disease have not confirmed differentiation 

as their therapeutic mechanism. Introduced MSCs have resulted in regeneration of 

tissue; amelioration of induced diseases and have been detected in de novo tissue 

identified via cell tracking methods. Rarely, however, have implanted MSCs been 

shown definitively to differentiate into the target cell type. These results have 

brought about a rethink of the in vivo MSC differentiation hypothesis for tissue 

regeneration or repair. In the last decade in vitro studies, animal model research and 

clinical use have clearly shown that secretions from MSCs are a key driver in the 

therapeutic action of these cells, discussed further in Section 7.3.  

Although the literature, in recent years, has focused on the 

immunomodulatory functions of MSCs, the fate of implanted cells remains a poorly 

addressed question. As allogeneic MSCs progress towards clinical use, regulatory 

authorities will require data on the fate of implanted cells. There is good in vitro and 

in vivo [53, 346] evidence in support of the ‘immune-privileged’ status of allo-MSCs; 

however, implanted cells are often not detectable after a few weeks or months. This 

has led to a number of groups investigating the fate of MSCs that may undergo 

‘spontaneous’ differentiation in vivo, which could lead to loss of immune privileged 

status. Some studies have now documented specific cellular (T-cell) and humoral (B-

cell/antibody) immune responses against donor antigens following administration of 

allo-MSCs. The concept of allo-MSC is likely to be closely studied in human and animal 

recipients [347].  

The majority of animal and human studies using allogeneic MSCs have 

investigated the effect of a single administration of cells and very few groups have 

looked at the immune response to multiple doses. On the available evidence, the 

powerful immunomodulatory effect of MSCs appears to overcome any allo-rejection 

issues, especially when a single administration of cells is given. The safety of 

allogeneic MSCs for human use is increasingly accepted; and there are currently 65 

active allo-MSC clinical trials registered with the NIH and accessible via 

clinicaltrials.gov website [348]. 
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7.2.  Mesenchymal Stem Cell Therapy: Evolution in Clinical 

Delivery 

Two linked aspects of MSC use are important to consider when intending to 

use these cells clinically. One is the source of cells, which determines whether cells 

can be used fresh and uncultured at the point of care, or whether a cell culture step is 

required to expand cell numbers. The second is the use of either autologous or 

allogeneic MSCs.  

This thesis has explored the product development of both autologous and 

allogeneic adipose-derived cellular therapeutics. The use of adipose tissue as a source 

of cells for therapeutic use has two clear benefits over bone marrow, particularly in 

canine medicine. Firstly, there is a high percentage of MSCs in adipose tissue and as 

such culture expansion is not necessary to achieve an appropriate number of cells for 

therapeutic use [49, 217, 218]. Secondly, provision of an off-the-shelf allogeneic 

cellular therapeutic is best achieved through culture expansion of adipose tissue. 

Whilst some differences have been observed between bone marrow- and adipose 

tissue-derived MSCs [349], there is no evidence that either source is therapeutically 

superior. The superiority of adipose tissue over bone marrow as a source of cells for 

therapeutic use relates to a reduction in donor morbidity. Adipose tissue can be easily 

harvested from a dog during a routine desex procedure and, therefore, poses no 

additional morbidity risk to the donor. In contrast, bone marrow aspiration is not a 

routine procedure performed in veterinary or human medicine and may result in 

significant patient morbidity.  

The results presented in this thesis are focused on the development of 

adipose-derived cell therapy for canine OA, and understanding the therapeutic effects 

of such therapies. The results presented in this thesis progress from an autologous 

SVF treatment to an off-the-shelf allogeneic MSC therapeutic. Both treatment 

offerings were novel and demonstrated preliminary apparent clinical efficacy in the 

treatment of canine OA. There are, however, caveats on these studies; in that they 

were performed through veterinary clinics and cells were administered to pets 

suffering from OA. In both cases there was no control group because of the difficulties 

of obtaining ethics approval for a ‘non-treatment’ group. The alternative, of 

comparing an anti-inflammatory drug control to a cell therapy in domestic pets was 
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viewed as equally difficult. There is a risk that the observed efficacy has a placebo 

component due to the assessments by the owner and/or the veterinarian. 

A freshly derived SVF treatment has the clear benefits over an allogeneic off-

the-shelf product of being a minimally manipulated, personalised therapeutic. 

Furthermore, the SVF is comprised of numerous cell types other than MSCs including 

endothelial cells, vascular smooth muscle cells, pericytes, and white blood cells. The 

SVF also contains Treg cells [350] that play a key role in modulating the immune 

system and maintaining tolerance to self-antigens and, therefore, preventing the 

development of autoimmune diseases. Additionally, the SVF contains pericytes. 

Pericytes, were traditionally considered to play a key role in integrating and 

coordinating endothelial cell processes, there is now, however, emerging data 

demonstrating that pericytes share many of the phenotypical and functional 

characteristics of MSCs [37]. In particular, pericytes have been demonstrated to have 

extensive secretion capabilities [351-353]. Characterisation of the SVF is complex due 

to cell and tissue debris and the inherent autofluorescence of these particles. The 

addition of a nucleic acid dye (Syto11 or PI) is generally required to distinguish the 

SVF cells from the autofluorescence of debris present in the samples. Syto11 and PI 

nucleic acid dyes are compatible with PE and FITC fluorochromes respectively, 

allowing cell surface antigen characterisation to be performed on a flow cytometer 

with a 488nm laser. In the work presented in Chapter 3, Syto11 was used in 

conjunction with PE labeled antibodies and PI in conjunction with FITC labeled 

antibodies. The inclusion of a third fluorochrome was not successful with either of 

these combinations. Therefore, multi-fluorochrome cell surface antigen staining was 

not possible in this thesis.  

As the cells of the SVF reside in close-proximity within adipose tissue in situ, 

there are significant cross-talk and feedback mechanisms occurring between these 

cells, which govern their activities including secretion production. The combination of 

the multiple cell types that comprise the SVF has been demonstrated to produce a 

distinct secretion profile to that of MSCs [242]. Although the isolated SVF and culture 

expanded MSCs described in chapters 4 and 6 respectively, were isolated from 

different donor dogs, variances were observed between the secretion profiles 

obtained from these two cell populations. In particular, detection of IL-10 and IL-6, 

which are characteristic of a Th2 anti-inflammatory profile, were detected in the 
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secretion profile of the canine SVF (Chapter 4). In contrast, these cytokines were not 

detected in the conditioned media of the canine culture expanded MSCs (Chapter 6). 

A Th2 profile and induction of anti-inflammatory M2 macrophages is characteristic of 

SVF or MSCs responding to inflammatory signaling, found in the microenvironment 

after injury. The Th2 profile is also observed in vitro with mixed cell culture, MSCs 

and inflammatory cells or freshly isolated SVF [354, 355]. The isolation and ‘culture’ 

of SVF mimics tissue injury and is likely to drive the observed Th2 response [355]. In 

contrast, homogeneous cultures of passaged MSCs are generally not exposed to 

inflammatory conditions and the secretion of Th2 related cytokines is diminished 

[354].  

Whilst there may be a benefit in using all of the cell types that comprise the 

SVF, there are a number of factors associated with this therapy that may limit its 

widespread use as a veterinary therapeutic. The fact that the SVF contains numerous 

cell types which are not immune-privileged limits this therapeutic to an autologous 

option only. To harvest the adipose tissue required for SVF isolation, an anesthetic 

and surgical episode is required. This creates significant patient morbidity and is also 

costly. Furthermore, more often than not the patient in need of treatment is geriatric, 

and there are suggestions that MSC and pericyte numbers decrease with increasing 

age [31, 356]. 

Allogeneic culture-expanded cellular off-the-shelf therapeutics has the 

potential to become a widespread therapy option in both the animal and human 

medical spaces. The major advantage of an allogeneic cellular product is elimination 

of the requirement to extract adipose tissue from each patient. In the context of this 

thesis, the adipose tissue was obtained from healthy young guide dogs that were 

undergoing a routine desex procedure, thus eliminating any additional morbidity risk 

for the donor dogs in association with the adipose tissue harvest. To be able to 

provide an inexpensive on-hand product to veterinary practices, the tissue obtained 

from the donor dogs needs to provide multiple doses from that donor. One of the 

three characteristics used to define a cell as an MSC, is their ability to adhere to 

plastic. This characteristic can be exploited to isolate and subsequently purify MSCs 

from mixed cell populations such as the SVF. Culture expansion and cryostorage of 

cells are well-established procedures. In the context of this thesis, the production 

method used to produce the allogeneic of-the-shelf therapeutic investigated in 
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Chapter 6, has the capability to produce 100,000 doses of MSCs from a single canine 

adipose tissue donation (Regeneus Ltd, internal data). 

Despite the loss of the other potentially therapeutic cells from the SVF, the 

development of an allogeneic off-the-shelf product utilising a homogeneous cell 

population has many advantages. In particular, the cost to the end user will be 

markedly less than the cost of autologous cell therapy. As mentioned, MSCs are 

immune-privileged enabling the treatment of a large number of patients from a single 

adipose tissue donation. In line with this, a major advantage of an off-the-shelf 

therapeutic is the ability to treat a patient who requires immediate intervention (such 

as renal ischemic injury or stroke) or who is unable to have a general anaesthetic and 

undergo the surgical procedures required for autologous cell therapy. Furthermore, 

this type of therapeutic lends itself well to conditions that require repeat treatment. 

Lastly, the use of a homologous cell population enables the definition and 

characterisation of a product essential for product consistency and regulatory 

requirements for product registration. 

7.3.  Secretions: The Key to Achieving a Therapeutic Effect 

As mentioned, the differentiation capacity was considered an indicator of the 

therapeutic ability of stem cells. In the clinical aspects of this thesis, a rapid (within 

10 days) and sustained reduction in pain and improvement in function was reported 

by both veterinarians and owners. Furthermore, a rapid treatment effect was 

observed regardless of whether the dogs received autologous or allogeneic adipose-

derived therapy for osteoarthritis (Chapters 3 and 6). Animal studies have 

demonstrated that cartilage regeneration takes weeks to months to achieve in both 

acute or chronic injury models or real clinical cases of joint disease. The rapid 

response observed in Chapter 3 was far too early to be due to joint structural changes 

and is most likely to be a result of mediation of inflammatory cascades in the joint via 

cellular secretions and paracrine signaling of the introduced cells. A rapid therapeutic 

response to administration of SVF cells or MSCs has been demonstrated in other 

published studies [217, 218, 357]. Black et al., (2007) was a blinded study with a 

saline-injected control group of dogs with OA of the coxofemoral joint [217]. The 

treatment group was intra-articular injection of autologous adipose derived SVF. The 
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placebo control group underwent fat harvest and the SVF cells were cryopreserved. 

The treatment group in this study showed a statistically significant improvement in 

lameness compared with the blinded, saline-injected, control group and significant 

improvement over time from baseline. A second study by Black et al., (2008) 

demonstrated very similar results in canines with elbow OA [218]. Importantly, the 

Black studies observed that the majority of the therapeutic effect on pain and 

lameness were observed within the first three months and the elbow study followed 

the animals for 6 months. These published data are very similar to those observed in 

the studies documented in this thesis in Chapters 3 and 6. It is interesting to note that 

animals that show a significant, and rapid, response to the treatment maintain that 

improvement for at least one year. Whilst the animal model literature contains many 

examples of cartilage regrowth after stem cell administration [160, 161, 358], which 

may account for the long-term effects observed in dogs, it is not possible to prove this 

experimentally in domestic pets.  

 The immunomodulatory functions of MSCs have prompted some groups to 

change the nomenclature to reflect that, and they are often referred to as ‘Small 

Molecular Factories’ or ‘Medicinal Signaling Cells’. MSCs have been shown to alter 

their cytokine secretion profile in a dynamic fashion in response to the 

microenvironment they are introduced into. In particular, these cells, via their 

secretions, have the ability to prevent apoptosis of damaged cells, prevent the de-

differentiation of cells that use this mechanism as a response to injury, and promote 

proliferation of endogenous cells in the damaged area. In MSC/chondrocyte 

xenogeneic co-culture experiments, the MSCs did not produce any type II collagen, 

but they resulted in an increased production of type II collagen by chondrocytes [359, 

360]. In animal models of cartilage damage, MSCs have a positive effect on the 

production of hyaline-like cartilage. As discussed earlier, MSCs are rarely found to 

differentiate in vivo after intra-articular administration, instead, new cartilage tissue 

after MSC treatment has improved cell arrangement, subchondral bone remodeling 

and integration with surrounding cartilage than controls or treatments with other 

cell types [361]. As such, the potent secretions of MSCs are a major driver of the 

ability of MSCs to halt or reverse the progression of disease. Furthermore, even if 

administered remotely, MSCs can change the course of a disease via paracrine 

signaling activities [67, 362]. As such, MSCs have been shown to be efficacious in a 
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wide range of induced and clinical pathologies including both autoimmune driven 

conditions, as well as degenerative diseases.  

With the worldwide research focus now firmly on a secretion-driven 

hypothesis for MSC action in vivo, much of this thesis focused on assessing the 

secretion profile of the cellular populations utilised in both of the real world canine 

therapeutics. To-date there is limited publications reporting on the cell composition 

and secretion profile of the SVF and the reports that do exist are limited to human 

studies. To the author’s knowledge, Chapter 4 of this thesis provides the first report 

characterising both the canine SVF cell composition and its secretion profile. Despite 

so little being known about this cell population, the SVF is being utilised commercially 

in canine therapeutics in numerous countries throughout the world and, therefore, 

understanding its composition is important. In line with publications characterising 

the human SVF cell composition, in Chapter 4 it was demonstrated that the canine 

SVF cell composition and secretion profile was subject to significant variability 

between individual dogs. In particular, in this study, 25 ± 7 % of canine SVF cells were 

positive for the MSC and stromal marker CD90, and Varma et al., (2007) reported 35 

± 18 % of human SVF cells were MSC-like [36]. Furthermore, in this study, a 

correlation between cell types of the canine SVF (CD25, CD40 and CD90 positive 

cells) and cytokines secreted by the SVF (IL-2, IL-10, GM-CSF and TGF-β) existed. As 

such, the individual variability in the percentage of cell types present and in turn the 

SVF secretion profile may be a source of variability in the therapeutic potential of an 

SVF treatment on a case-by-case basis.  

The ability to further characterise the canine SVF and its secretion profile 

through the development of new assays, coupled with the long-term follow-up of 

animals treated, is likely to shed light on whether variation in the SVF cell 

composition does indeed alter the therapeutic effect. Further investigation using 

greater numbers of biological replicates and new assays will likely confirm, and 

uncover, the importance of a correlation between cell types and secretion profiles of 

the canine SVF. 

A plethora of publications report on the paracrine activities of MSCs, and this 

has lead to researchers investigating the use of MSC secretions alone as therapeutics. 

The use of MSC secretions has been demonstrated to be efficacious in models of 

corneal eye ulcers [68], cardiac infarction [304] and stroke [305]. However, the 
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secretions in isolation only achieve a short-term therapeutic effect in comparison to 

the MSCs themselves. Whilst MSCs and MSC secretions in isolation have been 

reported in vivo, to the author’s knowledge this is the first report of the use of these 

two elements together. In developing an off-the-shelf MSC product it was 

hypothesised that the addition of cellular secretions in concert with the MSCs would 

provide an improved therapeutic product to that of just MSCs or cellular secretions 

alone. This hypothesis was tested in a CAIA mouse model (Chapter 5). An initial 

reduction of CAIA clinical symptoms was seen at a significant level in the mice 

administered with MSCs and secretions in comparison to the mice that only received 

MSCs. This initial response also continued until the study end-point eight days post 

administration of the test articles. When investigating canine cytokine proteins in 

mice eight days after administration, canine MCP-1, TNF-α, IL-8 and GM-CSF were 

detected in the blood of fewer than half of the MSCs+secretions group test animals. 

Although high levels of MCP-1, IL-8 and GM-CSF had been administered to the mice in 

the SVF canine secretions, the half-life of these secretions is often stated to be less 

than 12 hours [363]. This is likely to be an over-simplification, however, and a 

dynamic equilibrium between bound and free forms of cytokine may prolong the 

actual half-life. As such, it is possible that the addition of secretions aided in MSC 

embedding and had a functional impact on the MSCs; however, additional studies are 

required to determine the roles of secretions and MSCs in a mixed therapeutic. It 

would be ideal to treat a cohort of CAIA mice with only canine secretions and assess 

their detectability in the serum at a series of time-points.    

In human OA, cytokine therapy has produced moderate symptom reduction in 

two published studies [364, 365]. The study by Baltzer et al., (2009) used conditioned 

human serum to treat OA via intra-articular injection [365]. The process of 

conditioning the serum involves holding whole blood at 37C for six hours, which 

increases the concentration of anti-inflammatory cytokines such as IL-1Ra. The 

conditioning process does not, however, produce a uniform shift towards a 

therapeutically favourable profile, as pro-inflammatory cytokines IL-1β, oncostatin M 

and TNF-α were up-regulated 20.9-fold, 2.9 fold and 10.2-fold, respectively. 

The lack of good quality canine monoclonal antibodies is a major limitation of 

the characterisation of canine conditioned media or serum. There are few ELISA 

assays and the Milliplex panel used in this thesis is the only one available for dogs. 
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These limitations make comparisons with human studies difficult and speculative. 

One finding that is clear from human studies is that the half-life of injected cytokines 

in synovial fluid is low. Rutgers et al., (2010) reported that the half-life of autologous 

cytokines was no more than one or two days and the concentration of cytokines such 

as IL-1Ra was not increased even after repeated injections of conditioned serum 

[366]. They did not, however, address the issues of free versus bound cytokines. 

In comparing the results of Chapters 5 and 6 with the available OA literature it 

is clear that some caveats must be highlighted. The CAIA model, whilst providing 

clear data that supports the use of MSCs+secretions, a key issue is the systemic, 

rather than intra-articular administration of the test articles. Nevertheless, the 

advantages of synchronised onset of symptoms and the ability to obtain data rapidly 

make the CAIA model an important tool for early evaluation studies. The lack of broad 

canine cytokine panels makes comparison with human studies difficult; however, the 

therapeutic efficacy of cytokine administration appears to be conserved between 

mouse, dog and human. 

 If a very limited panel of cytokines is available for analysis it is possible that 

the analysis may become sidetracked; considering the levels of cytokines that may 

not be relevant. For example, the chemokine MCP-1, growth factor GM-CSF and pro-

inflammatory cytokine IL-8 were present at very high concentrations in the canine 

SVF secretions used in conjunction with MSCs. These cytokines have been shown to 

be detrimental in both RA and OA pathologies. In GM-CSF knockout studies in mice 

the elimination of GM-CSF has shown to improve both RA and OA conditions in 

induced models [367]. Furthermore, both MCP-1 and IL-8 have been associated with 

pro-inflammatory conditions and have been negatively associated with both RA and 

OA [339, 368, 369]. Despite the secretion of these soluble factors, which may not ideal 

in the treatment of either a RA or OA pathology, the clinical response in the CAIA 

affected mice was superior in the mice treated with MSCs and secretions rather than 

just MSCs alone. This may have been due to the production of anti-inflammatory 

cytokines in response to the elevated levels of these cytokines via cellular feedback 

mechanisms, or it may be that numerous other cytokines, chemokines or growth 

factors that are yet to be detected and characterised are playing a role in mediating 

disease symptoms. In addition, a tight focus on cytokines ignores other components 

of serum or conditioned media that may play an important role in disease 
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modification. One such molecule is Alpha-2-Macroglobulin (A2M), which is a 

naturally-occurring plasma glycoprotein that functions as a pan-protease inhibitor 

but does not normally reach high levels within the intra-articular joint space [370]. 

A2M modulates the systemic inflammatory response by its ability to bait, trap, and 

clear various MMPs and cytokines. An arthritis study has also shown that A2M 

inhibited enzymatic digestion of cartilage oligomeric matrix protein (COMP) [371].  

This thesis was largely focused on characterising the secretion profiles of 

therapeutically important adipose-derived cell populations. In particular, a panel of 

cytokines, chemokines and growth factors was measured in the conditioned medium 

of these cell populations. Whilst these bioactive factors are of therapeutic importance 

and provide insight into the therapeutic potential of adipose-derived cells, there are a 

number of paracrine signaling mechanisms that cells use. One such signaling 

mechanism is the horizontal transfer of microvesicles. Microvesicles contain mRNA, 

microRNA, transcription factors and proteins from the cell of origin within a circular 

fragment of membrane. These microvesicles facilitate cell-cell communication 

through surface-expressed ligands that activate the target cell, and can transfer 

genetic or material proteins to the target cell [372]. Cells also secrete an array of 

hormones (prostaglandins), lipid compounds (resolvins and protectins) and chemical 

mediators (opioid-like peptides) [373, 374]. Therefore, to gain a comprehensive 

understanding of the signaling mechanisms of adipose-derived cells, and their role in 

exerting the therapeutic effect of these cells, these additional signaling pathways 

require investigation.  

7.4.  Defining Mesenchymal Stem Cells 

A contributing factor in the slow path to translation of MSC-based therapies is 

the heterogeneity of the isolated cells and the lack of standardised methods for the 

definition of an MSC. The lack of an MSC-specific surface marker is often described as 

a roadblock in the development of definitively characterised MSCs. As a result, MSCs 

are typically isolated by plastic adherence, which produces a heterogeneous 

population of cells that differ in their growth kinetics and differentiation potential. It 

may be that heterogeneous cell populations increase experimental variability, 

decrease the efficiency of differentiation, and contribute to conflicting data in the 
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literature; however, these issues can be significantly reduced by cell selection. The 

heterogeneous nature of cell populations is evident immediately after tissue harvest 

and at earlier passages. Using plastic adherent selection and the cell culture 

techniques described in this thesis, by passage three, there is cell population 

homogeneity that is sufficient for clinical use. Culture-acquired homogeneity is 

illustrated in the MSC literature [375, 376] and in this thesis by looking at CD44 and 

CD90, which are documented MSC markers. In canine SVF, CD44 was present on 20% 

± 6% of cells and CD90 on 25% ± 7% of cells. By passage three the level of expression 

for both CD44 and CD90 was over 90% with small standard deviations.  

The issue of defining MSCs has become considerably more difficult with the 

discovery of their perivascular nature, and residence in essentially all adult tissues, 

meaning subtle source-specific differences exist between MSCs [377]. The process of 

defining an MSC product has been further complicated by researchers and companies 

focusing on differences in surface marker profiles to secure intellectual property 

protection of functionally similar cell types. New cell characterisation techniques, 

such as transcriptomics and proteomics, with the capacity to define cells based on 

hundreds or thousands of molecular signatures or interactions are also being used to 

seek out subsets of MSCs that have not been described previously or those that have 

novel functionality [41]. A useful guide to trends in MSC translation was published 

recently [378]. The US Food and Drug Administration (FDA) analysed Investigational 

New Drug (IND) clinical trial submissions of mesenchymal stromal (MSC)-based 

products. The goal of this analysis was to inform cell therapeutic product developers 

and highlight challenges in translation. Before 2008, the tissue source of MSCs was 

almost exclusively bone marrow, but had decreased to 55% by 2012. Currently, the 

most frequent tissue sources include umbilical cord, placenta and adipose tissue.  

The selection and culture conditions described in this thesis compare 

favourably with the trends reported by the FDA. In approximately 80% of FDA 

submissions, MSCs were cultured in media containing FBS at concentrations between 

2-20% [378]. In addition to serum, many protocols included growth factors. The most 

frequent FBS alternative was human platelet lysate, and replacing animal serum with 

defined media was in the process development plan of many submissions. The 

majority of submitted protocols (~90%) included MSC culture under normoxic 

conditions. Cryopreservation of final product was used in 80% of protocols, with a 
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common post thaw viability threshold set at 70%, especially for intravenous infusion. 

There was considerable variability in descriptions of “MSC bioactivity” and proposed 

potency assays. Fewer than half of submissions described such assays at all. 

In 2006 the ISCT proposed a set of markers that must expressed on MSCs: 

CD105, CD73 and CD90. In addition, they must lack expression of CD45, CD34, CD14 

or CD11b, CD79a or CD19 and HLA-DR surface molecules. Whilst other markers such 

as CD271 [379] or STRO1 [380, 381] are included in some FDA submissions, to define 

MSC subpopulations, the ISCT list was most frequently used to characterise cells by 

phenotype. The FDA authors noted that there is no clarity across submissions on: 

definitions, manufacturing, markers, assays and administration of MSC products 

[378]. The FDA places considerable weight on proof-of-concept animal studies to 

investigate safety and efficacy. 

7.5.  Clinical Relevance: the Role of Mesenchymal Stem Cells 

in the Treatment of Osteoarthritis 

Osteoarthritis is the most common joint disease in both people and dogs. 

Clinical presentation of symptoms and the etiopathophysiology of the disease are 

similar in both species. Regardless of the cause of OA, be it age-related wear and tear 

or acute trauma to the joint by disease or injury, immunological instability and joint 

tissue destruction inevitably result. Currently no pharmacological, non-

pharmacological or surgical intervention has been demonstrated to protect or restore 

joint tissues. As such, there is a critical need for research and medical communities to 

develop disease-modifying OA treatments. The easy availability and self-renewal 

capacity of MSCs, coupled with their chondrocyte differentiation potential and 

immunosuppressive capacities make them an obvious choice for use in the treatment 

of OA. Unlike pharmaceutical treatments, which are designed to act on one receptor 

pathway, cells are dynamic and can alter the course of a disease holistically through 

the secretion of paracrine mediators.  

The preliminary real world dog data and animal model results presented in 

this thesis (Chapters 3, 5 and 6) have shown clinical efficacy in the treatment of OA 

with either autologous SVF cells or allogeneic MSCs. The dog treatments did not 
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include control groups and there is a risk of veterinarian or owner driven placebo 

effect, although the data presented here were similar to canine trials where control 

groups were used. 

 It is likely that the SVF and MSC cellular therapies exert disease-modifying 

potential in a condition such as OA via two modes of action. In the initial phase the 

pro-inflammatory and tissue destructive microenvironment of the joint is likely 

mediated by cell-to-cell communication and through the secretion of soluble 

mediators of the introduced cells. These actions are expected to be responsible for 

the rapid clinical improvements seen in the dogs and mice reported in results of this 

thesis. The therapeutic response seen in the dogs however, was not short-lived, as 

shown by the long-term (6-18 month) clinical results reported in this thesis 

(Chapters 3 and 6). The long-term apparent clinical improvement indicated that 

introduced cells might continue to exert reparative properties even after an initial 

phase response. A recent publication reported that a single intra-articular injection of 

human MSCs were found locally in joint tissues in mice 6 months after MSC 

administration [90]. This study highlighted that MSCs can engraft in host tissues and 

remain locally for extended periods of time, which constitutes the second mode of 

action.  As such, the SVF cells and MSCs utilised in the treatment of canine OA in this 

thesis may act as site-specific, dynamic mediators of disease, resulting in 

regeneration of damaged tissues.   

Increasingly, domestic dogs are being identified as a good model organism in 

the research of human diseases [382] Generally today, dogs experience a good level of 

healthcare and live until old age. Like people, dogs also have highly reactive immune 

systems that protect them from infectious disease but predispose them to 

autoimmune disorders. As such dogs experience many of the same healthcare 

disorders as people. In particular, and relevant to the research performed in this 

thesis, both dogs and people suffer from OA. The OA disease profile is essentially the 

same in both species and as such, it can be assumed that treatments successfully 

developed for canines, can possibly be translated for the treatment of human OA.  
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7.6.  Final Remarks and Future Directions 

The novel autologous and allogeneic adipose-derived cellular therapeutics 

described in this thesis were demonstrated to be both safe and clinically efficacious 

for the treatment of induced disease in a mouse model and similar to other published 

studies on canine OA. The real world clinical data presented in response to SVF and 

MSC treatment in dogs (Chapters 3 and 6) was encouraging, however the data sets 

were small and lacked sufficient controls to definitively determine the therapeutic 

efficacy of these treatments.  

The aim of this thesis was to investigate safe, efficacious and affordable 

potential cellular therapeutic options for canine OA. To fulfill this aim several key 

factors to ensure any cellular therapeutic option could become a mainstream 

treatment offering required consideration. These key factors consisted of, patient 

morbidity, efficacy of treatment, expense to end user (pet owner), regulatory 

environment and the accessibility and consistency of a product. Throughout the 

product progression described in this thesis, it became apparent that an off-the-shelf 

allogeneic treatment with the addition of cellular secretions was not only a safe and 

effective treatment but was likely to best meet regulatory and market requirements.  

The off-the-shelf MSCs+secretions product was shown to be efficacious in a 

mouse model of arthritis and preliminary efficacy was also demonstrated in the 

treatment of clinical canine OA. Whilst the clinical signs of OA were reduced in both 

the mice and dogs it was not possible to assess if any structural improvements to the 

joint had occurred. Future studies should incorporate an imagining or histological 

component to look for structural or histological changes in joint tissues. Additionally, 

cell labeling and tracking to determine the fate of introduced cells would provide 

valuable supporting evidence to the hypothesis that MSCs embed in local tissues.  

Variability in cell population and secretion profile between individuals was 

seen in the characterisation of the canine SVF (Chapter 4) and also in the in vitro 

investigation of MSCs (Chapter 6). The MSCs, which were derived from adipose tissue 

harvested from three separate dog donors, essentially all had equivalent cell surface 

antigen profiles and differentiation capabilities. However, significant differences in 

their proliferation capability and secretion profiles were observed. Traditionally, 

differentiation capability and cell surface antigen profiling have been utilised in the 
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identification of an MSC [30, 39]. These assays however, provide no information in 

relation to how a MSC may function in vivo. As such additional analysis tools and 

functional assays such as the Click-It EdU proliferation assay and Milliplex 13-plex 

canine cytokine, chemokine and growth factor panel provide an aid to determine if 

the cells from a given donor will be clinically useful. Furthermore, large-scale analysis 

tools such as transcriptomics or quantitative proteomics (iTRAQ) may prove useful in 

uncovering specific characteristics of cells that relate to their suitability as a 

therapeutic. The development of additional assays to detect other cytokines, 

chemokines and growth factors such as HGF, IL-4, IL-13 and IGF will provide further 

information regarding the cellular secretion profile and in-turn potential in vivo 

functionality of an MSC derived cellular product.   

Although not possible in the context of the research presented in this thesis, an 

investigation of the cytokines present at a local level pre- and post-intra-articular 

injection of cells in the joint would be advantageous. Understanding the inflammatory 

changes in the joint would provide further insight into the therapeutic mechanisms of 

cellular therapy. Whilst this is ethically challenging in canine studies, as an anesthetic 

is required to aspirate synovial fluid from dogs, future human studies could 

potentially more easily facilitate this type of investigation. Additionally, utilising a 

xenogeneic model and an assay to quantity bioactive factors, such as the Milliplex 13-

plex, could enable detection of introduced cytokines at the site-specific level. The 

multi-plex assay utilised in this thesis enabled an assessment of not only the secretion 

profile of the SVF and MSCs, but was also used to investigate the level of circulating 

canine cytokines remaining in the mice serum of CAIA affected mice providing some 

information regarding the functionality of the introduced cells (Chapter 5). 

There is a place for both an autologous and allogeneic cellular therapy in 

veterinary medicine. It is likely however, that due to several key factors, cell 

treatment offerings will move towards an allogeneic off-the-shelf product. An 

allogeneic product enables accessibility to all patients including those that are unable 

to undergo an anesthetic and surgical episode for tissue removal. The ability to 

generate multiple thousands of doses from one tissue donor eliminates patient-to-

patient variability and in turn ensures product consistency. Through the use of 

functional assays and sophisticated molecular analysis tools a cellular profile, which 

is likely to optimise treatment potential can be identified. To definitively determine 
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efficacy of the off-the-shelf novel allogeneic MSC product described in this thesis a 

statistically powered, placebo-controlled trial utilising objective outcome measures 

such as gait analysis is required. The veterinary community, owners and their 

animals, will benefit from an allogeneic stem cell treatment, which is proved to be 

efficacious, readily available, reproducible and affordable.  The research presented in 

this thesis is the first step to providing this treatment.   

 



Chapter 8. References 

 201 

CHAPTER EIGHT 

Chapter 8  

References 
 

  



Chapter 8. References 

 202 

1. Kaiser, L.R., The future of multihospital systems. Top Health Care Financ, 1992. 
18(4): p. 32-45. 

2. Thomas, E.D., et al., Intravenous infusion of bone marrow in patients receiving 
radiation and chemotherapy. N Engl J Med, 1957. 257(11): p. 491-6. 

3. Giordano, A., U. Galderisi, and I.R. Marino, From the laboratory bench to the 
patient's bedside: an update on clinical trials with mesenchymal stem cells. J Cell 
Physiol, 2007. 211(1): p. 27-35. 

4. Kim, N. and S.G. Cho, Clinical applications of mesenchymal stem cells. Korean J 
Intern Med, 2013. 28(4): p. 387-402. 

5. Health, U.S.N.I.o.C.g.; Available from: http://clinicaltrials.gov/ct2/home. 
6. Weissman, I.L., Stem cells: units of development, units of regeneration, and units 

in evolution. Cell, 2000. 100(1): p. 157-68. 
7. Raff, M., Adult stem cell plasticity: Fact or artifact? Annual Review of Cell and 

Developmental Biology, 2003. 19: p. 1-22. 
8. Zuk, P.A., et al., Multilineage cells from human adipose tissue: Implications for 

cell-based therapies. Tissue Engineering, 2001. 7(2): p. 211-228. 
9. Mummery, C.L., Stem Cells: Scientific Facts and Fiction. 1st ed. 2011, 

Amsterdam Elsevier/Academic Press. 
10. Evans, M.J. and M.H. Kaufman, Establishment in culture of pluripotential cells 

from mouse embryos. Nature, 1981. 292(5819): p. 154-6. 
11. Martin, G.R., Isolation of a pluripotent cell line from early mouse embryos 

cultured in medium conditioned by teratocarcinoma stem cells. Proc Natl Acad 
Sci U S A, 1981. 78(12): p. 7634-8. 

12. Thomson, J.A., et al., Embryonic stem cell lines derived from human blastocysts. 
Science, 1998. 282(5391): p. 1145-7. 

13. Health, N.I.o., Regenerative Medicine 2006, N.I.o. Health, Editor 2006,  
National Institutes of Health. 
14. Amariglio, N., et al., Donor-Derived Brain Tumor Following Neural Stem Cell 

Transplantation in an Ataxia Telangiectasia Patient. Plos Medicine, 2009. 6(2): 
p. 221-231. 

15. Takahashi, K. and S. Yamanaka, Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell, 2006. 126(4): p. 
663-76. 

16. Takahashi, K., et al., Induction of pluripotent stem cells from adult human 
fibroblasts by defined factors. Cell, 2007. 131(5): p. 861-72. 

17. Yu, J., et al., Induced pluripotent stem cell lines derived from human somatic cells. 
Science, 2007. 318(5858): p. 1917-20. 

18. Lee, H., et al., Induced pluripotent stem cells in regenerative medicine: an 
argument for continued research on human embryonic stem cells. Regen Med, 
2009. 4(5): p. 759-69. 

19. Stadtfeld, M., et al., Induced pluripotent stem cells generated without viral 
integration. Science, 2008. 322(5903): p. 945-9. 

20. Okita, K., et al., Generation of mouse-induced pluripotent stem cells with plasmid 
vectors. Nat Protoc, 2010. 5(3): p. 418-28. 

21. Lalu, M.M., et al., Safety of cell therapy with mesenchymal stromal cells 
(SafeCell): a systematic review and meta-analysis of clinical trials. PLoS One, 
2012. 7(10): p. e47559. 

22. Konstantinov, I.E., In search of Alexander A. Maximow: the man behind the 
unitarian theory of hematopoiesis. Perspect Biol Med, 2000. 43(2): p. 269-76. 

http://clinicaltrials.gov/ct2/home


Chapter 8. References 

 203 

23. Caplan, A.I., Mesenchymal stem cells. J Orthop Res, 1991. 9(5): p. 641-50. 
24. Caplan, A.I., The mesengenic process. Clin Plast Surg, 1994. 21(3): p. 429-35. 
25. Caplan, A.I. and J.E. Dennis, Mesenchymal stem cells as trophic mediators. J Cell 

Biochem, 2006. 98(5): p. 1076-84. 
26. Meirelles Lda, S., et al., Mechanisms involved in the therapeutic properties of 

mesenchymal stem cells. Cytokine Growth Factor Rev, 2009. 20(5-6): p. 419-27. 
27. Bianco, P., P.G. Robey, and P.J. Simmons, Mesenchymal stem cells: revisiting 

history, concepts, and assays. Cell Stem Cell, 2008. 2(4): p. 313-9. 
28. Friedenstein, A.J., J.F. Gorskaja, and N.N. Kulagina, Fibroblast precursors in 

normal and irradiated mouse hematopoietic organs. Exp Hematol, 1976. 4(5): 
p. 267-74. 

29. Puissant, N., et al., Immunomodulatory effect of human adipose tissue-derived 
adult stem cells: comparison with bone marrow mesenchymal stem cells. British 
Journal of Haematology, 2005. 129(1): p. 118-129. 

30. Dominici, M., et al., Minimal criteria for defining multipotent mesenchymal 
stromal cells. The International Society for Cellular Therapy position statement. 
Cytotherapy, 2006. 8(4): p. 315-7. 

31. Caplan, A.I., What's in a name? Tissue Eng Part A, 2010 16(8): p. 2415-7. 
32. Herbert, B.R., The secrete life of mesenchymal stem cells. Vetscript, 2011. 24(4): 

p. 32-44. 
33. Suzuki, S., et al., Properties and usefulness of aggregates of synovial 

mesenchymal stem cells as a source for cartilage regeneration. Arthritis Res 
Ther, 2012. 14(3): p. R136. 

34. Akiyama, K., et al., Lineage differentiation of mesenchymal stem cells from 
dental pulp, apical papilla, and periodontal ligament. Methods Mol Biol, 2012. 
887: p. 111-21. 

35. Haynesworth SE, G.V., Caplan AI. , Diminution of the number of mesenchymal 
stem cells as a cause for skeletal aging. In Musculoskeletal Soft-tissue Aging: 
Impact on Mobility, ed. G.V. Buckwalter JA, Y Woo SL-Y   1994, Rosemont, IL, 
USA,: American Academy of Orthopaedic Surgeons. 79-87. 

36. Varma, M.J.O., et al. Phenotypical and functional characterization of freshly 
isolated adipose tissue-derived stem cells. in Meeting of the International-Fat-
Applied-Technology-Society (IFATS). 2007. Charlottesville, VA: Mary Ann 
Liebert Inc. 

37. Crisan, M., et al., A perivascular origin for mesenchymal stem cells in multiple 
human organs. Cell Stem Cell, 2008. 3(3): p. 301-13. 

38. Varma, M.J.O., et al. Phenotypical and functional characterization of freshly 
isolated adipose tissue-derived stem cells. in Meeting of the International-Fat-
Applied-Technology-Society (IFATS). 2005. Charlottesville, VA: Mary Ann 
Liebert Inc. 

39. Bourin, P., et al., Stromal cells from the adipose tissue-derived stromal vascular 
fraction and culture expanded adipose tissue-derived stromal/stem cells: a joint 
statement of the International Federation for Adipose Therapeutics and Science 
(IFATS) and the International Society for Cellular Therapy (ISCT). Cytotherapy, 
2013. 15(6): p. 641-8. 

40. Barnabe, G.F., et al., Chemically-induced RAT mesenchymal stem cells adopt 
molecular properties of neuronal-like cells but do not have basic neuronal 
functional properties. PLoS One, 2009. 4(4): p. e5222. 



Chapter 8. References 

 204 

41. Keating, A., Mesenchymal stromal cells: new directions. Cell Stem Cell, 2012. 
10(6): p. 709-16. 

42. Vacanti, V., et al., Phenotypic changes of adult porcine mesenchymal stem cells 
induced by prolonged passaging in culture. J Cell Physiol, 2005. 205(2): p. 194-
201. 

43. Madeira, A., et al., Human mesenchymal stem cell expression program upon 
extended ex-vivo cultivation, as revealed by 2-DE-based quantitative proteomics. 
PLoS One, 2012. 7(8): p. e43523. 

44. Binato, R., et al., Stability of human mesenchymal stem cells during in vitro 
culture: considerations for cell therapy. Cell Prolif, 2013. 46(1): p. 10-22. 

45. Caplan, A.I. and D. Correa, The MSC: an injury drugstore. Cell Stem Cell, 2011. 
9(1): p. 11-5. 

46. Ye, Z., et al., Immunosuppressive effects of rat mesenchymal stem cells: 
involvement of CD4+CD25+ regulatory T cells. Hepatobiliary Pancreat Dis Int, 
2008. 7(6): p. 608-14. 

47. Le Blanc, K., et al., Treatment of severe acute graft-versus-host disease with third 
party haploidentical mesenchymal stem cells. Lancet, 2004. 363(9419): p. 
1439-41. 

48. Dalal, J., K. Gandy, and J. Domen, Role of mesenchymal stem cell therapy in 
Crohn's disease. Pediatr Res, 2012. 71(4 Pt 2): p. 445-51. 

49. Riordan, N.H., et al., Non-expanded adipose stromal vascular fraction cell 
therapy for multiple sclerosis. J Transl Med, 2009. 7: p. 29. 

50. Weiss, D.J., Stem cells and cell therapies for cystic fibrosis and other lung 
diseases. Pulm Pharmacol Ther, 2008. 21(4): p. 588-94. 

51. Sueblinvong, V., B.T. Suratt, and D.J. Weiss, Novel therapies for the treatment of 
cystic fibrosis: new developments in gene and stem cell therapy. Clin Chest Med, 
2007. 28(2): p. 361-79. 

52. Sato, K., et al., Nitric oxide plays a critical role in suppression of T-cell 
proliferation by mesenchymal stem cells. Blood, 2007. 109(1): p. 228-34. 

53. Bartholomew, A., et al., Mesenchymal stem cells suppress lymphocyte 
proliferation in vitro and prolong skin graft survival in vivo. Experimental 
Hematology, 2002. 30(1): p. 42-48. 

54. Augello, A., et al., Cell therapy using allogeneic bone marrow mesenchymal stem 
cells prevents tissue damage in collagen-induced arthritis. Arthritis and 
Rheumatism, 2007. 56(4): p. 1175-1186. 

55. Aggarwal, S. and M.F. Pittenger, Human mesenchymal stem cells modulate 
allogeneic immune cell responses. Blood, 2005. 105(4): p. 1815-22. 

56. Maccario, R., et al., Interaction of human mesenchymal stem cells with cells 
involved in alloantigen-specific immune response favors the differentiation of 
CD4+ T-cell subsets expressing a regulatory/suppressive phenotype. 
Haematologica, 2005. 90(4): p. 516-25. 

57. Nauta, A.J., et al., Mesenchymal stem cells inhibit generation and function of both 
CD34+-derived and monocyte-derived dendritic cells. J Immunol, 2006. 177(4): 
p. 2080-7. 

58. Zhang, W., et al., Effects of mesenchymal stem cells on differentiation, 
maturation, and function of human monocyte-derived dendritic cells. Stem Cells 
Dev, 2004. 13(3): p. 263-71. 

59. Beyth, S., et al., Human mesenchymal stem cells alter antigen-presenting cell 
maturation and induce T-cell unresponsiveness. Blood, 2005. 105(5): p. 2214-9. 



Chapter 8. References 

 205 

60. Jiang, X.X., et al., Human mesenchymal stem cells inhibit differentiation and 
function of monocyte-derived dendritic cells. Blood, 2005. 105(10): p. 4120-
4126. 

61. Sotiropoulou, P.A., et al., Interactions between human mesenchymal stem cells 
and natural killer cells. Stem Cells, 2006. 24(1): p. 74-85. 

62. Deng, W., et al., Effects of allogeneic bone marrow-derived mesenchymal stem 
cells on T and B lymphocytes from BXSB mice. DNA Cell Biol, 2005. 24(7): p. 
458-63. 

63. Corcione, A., et al., Human mesenchymal stem cells modulate B-cell functions. 
Blood, 2006. 107(1): p. 367-72. 

64. Lazarus, H.M., et al., Cotransplantation of HLA-identical sibling culture-
expanded mesenchymal stem cells and hematopoietic stem cells in hematologic 
malignancy patients. Biol Blood Marrow Transplant, 2005. 11(5): p. 389-98. 

65. Yanez, R., et al., Adipose tissue-derived mesenchymal stem cells have in vivo 
immunosuppressive properties applicable for the control of the graft-versus-host 
disease. Stem Cells, 2006. 24(11): p. 2582-91. 

66. Nauta, A.J. and W.E. Fibbe, Immunomodulatory properties of mesenchymal 
stromal cells. Blood, 2007. 110(10): p. 3499-506. 

67. Shabbir, A., et al., Heart failure therapy mediated by the trophic activities of 
bone marrow mesenchymal stem cells: a noninvasive therapeutic regimen. Am J 
Physiol Heart Circ Physiol, 2009. 296(6): p. H1888-97. 

68. Oh, J.Y., et al., The anti-inflammatory and anti-angiogenic role of mesenchymal 
stem cells in corneal wound healing following chemical injury. Stem Cells, 2008. 
26(4): p. 1047-1055. 

69. Tang, Y.L., et al., Autologous mesenchymal stem cell transplantation induce 
VEGF and neovascularization in ischemic myocardium. Regul Pept, 2004. 
117(1): p. 3-10. 

70. Rehman, J., et al., Secretion of angiogenic and antiapoptotic factors by human 
adipose stromal cells. Circulation, 2004. 109(10): p. 1292-1298. 

71. Rojas, M., et al., Bone marrow-derived mesenchymal stem cells in repair of the 
injured lung. Am J Respir Cell Mol Biol, 2005. 33(2): p. 145-52. 

72. Ponte, A.L., et al., The in vitro migration capacity of human bone marrow 
mesenchymal stem cells: comparison of chemokine and growth factor 
chemotactic activities. Stem Cells, 2007. 25(7): p. 1737-45. 

73. Sidgwick, G.P., S.A. Iqbal, and A. Bayat, Altered expression of hyaluronan 
synthase and hyaluronidase mRNA may affect hyaluronic acid distribution in 
keloid disease compared with normal skin. Exp Dermatol, 2013. 22(5): p. 377-9. 

74. Herrera, M.B., et al., Exogenous mesenchymal stem cells localize to the kidney by 
means of CD44 following acute tubular injury. Kidney Int, 2007. 72(4): p. 430-
41. 

75. Kawada, H., et al., Nonhematopoietic mesenchymal stem cells can be mobilized 
and differentiate into cardiomyocytes after myocardial infarction. Blood, 2004. 
104(12): p. 3581-7. 

76. Price, M.J., et al., Intravenous mesenchymal stem cell therapy early after 
reperfused acute myocardial infarction improves left ventricular function and 
alters electrophysiologic properties. Int J Cardiol, 2006. 111(2): p. 231-9. 

77. Mahmood, A., et al., Treatment of traumatic brain injury in adult rats with 
intravenous administration of human bone marrow stromal cells. Neurosurgery, 
2003. 53(3): p. 697-702; discussion 702-3. 



Chapter 8. References 

 206 

78. Chen, J., et al., Therapeutic benefit of intravenous administration of bone 
marrow stromal cells after cerebral ischemia in rats. Stroke, 2001. 32(4): p. 
1005-11. 

79. Horwitz, E.M., et al., Transplantability and therapeutic effects of bone marrow-
derived mesenchymal cells in children with osteogenesis imperfecta. Nat Med, 
1999. 5(3): p. 309-13. 

80. Semedo, P., et al., Mesenchymal stem cells ameliorate tissue damages triggered 
by renal ischemia and reperfusion injury. Transplantation Proceedings, 2007. 
39(2): p. 421-423. 

81. Fang, B., et al., Using human adipose tissue-derived mesenchymal stem cells as 
salvage therapy for hepatic graft-versus-host disease resembling acute hepatitis. 
Transplantation Proceedings, 2007. 39(5): p. 1710-1713. 

82. Ortiz, L.A., et al., Mesenchymal stem cell engraftment in lung is enhanced in 
response to bleomycin exposure and ameliorates its fibrotic effects. Proc Natl 
Acad Sci U S A, 2003. 100(14): p. 8407-11. 

83. Barbash, I.M., et al., Systemic delivery of bone marrow-derived mesenchymal 
stem cells to the infarcted myocardium: feasibility, cell migration, and body 
distribution. Circulation, 2003. 108(7): p. 863-8. 

84. Li, L., et al., Mesenchymal stem cell transplantation attenuates cardiac fibrosis 
associated with isoproterenol-induced global heart failure. Transpl Int, 2008. 
21(12): p. 1181-9. 

85. Suga, H., et al., IFATS collection: Fibroblast growth factor-2-induced hepatocyte 
growth factor secretion by adipose-derived stromal cells inhibits postinjury 
fibrogenesis through a c-Jun N-terminal kinase-dependent mechanism. Stem 
Cells, 2009. 27(1): p. 238-49. 

86. Togel, F., et al., Vasculotropic, paracrine actions of infused mesenchymal stem 
cells are important to the recovery from acute kidney injury. Am J Physiol Renal 
Physiol, 2007. 292(5): p. F1626-35. 

87. Parekkadan, B., et al., Mesenchymal stem cell-derived molecules reverse 
fulminant hepatic failure. PLoS One, 2007. 2(9): p. e941. 

88. Block, G.J., et al., Multipotent stromal cells are activated to reduce apoptosis in 
part by upregulation and secretion of stanniocalcin-1. Stem Cells, 2009. 27(3): 
p. 670-81. 

89. Murphy, J.M., et al., Stem cell therapy in a caprine model of osteoarthritis. 
Arthritis and Rheumatism, 2003. 48(12): p. 3464-3474. 

90. Toupet, K., et al., Long-term detection of human adipose-derived mesenchymal 
stem cells after intraarticular injection in SCID mice. Arthritis Rheum, 2013. 
65(7): p. 1786-94. 

91. Iyer, S.S. and M. Rojas, Anti-inflammatory effects of mesenchymal stem cells: 
novel concept for future therapies. Expert Opinion on Biological Therapy, 2008. 
8(5): p. 569-581. 

92. Kang, J.W., et al., Soluble factors-mediated immunomodulatory effects of canine 
adipose tissue-derived mesenchymal stem cells. Stem Cells and Development, 
2008. 17(4): p. 681-693. 

93. Kinnaird, T., et al., Local delivery of marrow-derived stromal cells augments 
collateral perfusion through paracrine mechanisms. Circulation, 2004. 109(12): 
p. 1543-1549. 

94. Schaller, J., et al., Human Blood Plasma Proteins Structure and Function, ed. John 
Wiley & Sons Ltd. 2008, West Sussex , England. 



Chapter 8. References 

 207 

95. Hung, S.C., et al., Angiogenic effects of human multipotent stromal cell 
conditioned medium activate the PI3K-Akt pathway in hypoxic endothelial cells 
to inhibit apoptosis, increase survival, and stimulate angiogenesis. Stem cells, 
2007. 25(9): p. 2363-70. 

96. Majumdar, M.K., et al., Characterization and functionality of cell surface 
molecules on human mesenchymal stem cells. J Biomed Sci, 2003. 10(2): p. 228-
41. 

97. Meirelles, L., S., A.I. Caplan, and N.B. Nardi, In search of the in vivo identity of 
mesenchymal stem cells. Stem Cells, 2008. 26(9): p. 2287-99. 

98. Di Nicola, M., et al., Human bone marrow stromal cells suppress T-lymphocyte 
proliferation induced by cellular or nonspecific mitogenic stimuli. Blood, 2002. 
99(10): p. 3838-3843. 

99. Nasef, A., et al., Leukemia inhibitory factor: Role in human mesenchymal stem 
cells mediated immunosuppression. Cell Immunol, 2008. 253(1-2): p. 16-22. 

100. Van Zee, K.J., et al., IL-8 in septic shock, endotoxemia, and after IL-1 
administration. Journal of immunology, 1991. 146(10): p. 3478-82. 

101. Hebert, C.A. and J.B. Baker, Interleukin-8 - a Review. Cancer Investigation, 1993. 
11(6): p. 743-750. 

102. Martich, G.D., et al., Detection of interleukin 8 and tumor necrosis factor in 
normal humans after intravenous endotoxin: the effect of antiinflammatory 
agents. The Journal of experimental medicine, 1991. 173(4): p. 1021-4. 

103. Laterveer, L., et al., Interleukin-8 induces rapid mobilization of hematopoietic 
stem cells with radioprotective capacity and long-term myelolymphoid 
repopulating ability. Blood, 1995. 85(8): p. 2269-75. 

104. Heidemann, J., et al., Angiogenic effects of interleukin 8 (CXCL8) in human 
intestinal microvascular endothelial cells are mediated by CXCR2. The Journal of 
biological chemistry, 2003. 278(10): p. 8508-15. 

105. Larrick, J.W. and S.L. Kunkel, The role of tumor necrosis factor and interleukin 1 
in the immunoinflammatory response. Pharmaceutical research, 1988. 5(3): p. 
129-39. 

106. Le, J. and J. Vilcek, Tumor necrosis factor and interleukin 1: cytokines with 
multiple overlapping biological activities. Laboratory investigation; a journal of 
technical methods and pathology, 1987. 56(3): p. 234-48. 

107. Tracey, K.J., S.F. Lowry, and A. Cerami, Cachetin/TNF-alpha in septic shock and 
septic adult respiratory distress syndrome. The American review of respiratory 
disease, 1988. 138(6): p. 1377-9. 

108. Beutler, B. and A. Cerami, Cachectin and tumour necrosis factor as two sides of 
the same biological coin. Nature, 1986. 320(6063): p. 584-8. 

109. Sherry, B. and A. Cerami, Cachectin/tumor necrosis factor exerts endocrine, 
paracrine, and autocrine control of inflammatory responses. The Journal of cell 
biology, 1988. 107(4): p. 1269-77. 

110. Kunkel, S.L., et al., Mechanisms that regulate the production and effects of tumor 
necrosis factor-alpha. Critical reviews in immunology, 1989. 9(2): p. 93-117. 

111. Kunkel, S.L., et al., Cellular and molecular aspects of granulomatous 
inflammation. American Journal of Respiratory Cell and Molecular Biology, 
1989. 1(6): p. 439-47. 

112. Matsushima, K., et al., Molecular cloning of a human monocyte-derived 
neutrophil chemotactic factor (MDNCF) and the induction of MDNCF mRNA by 



Chapter 8. References 

 208 

interleukin 1 and tumor necrosis factor. The Journal of experimental medicine, 
1988. 167(6): p. 1883-93. 

113. Leonard, E.J. and T. Yoshimura, Human monocyte chemoattractant protein-1 
(MCP-1). Immunology today, 1990. 11(3): p. 97-101. 

114. Strieter, R.M., et al., Monocyte chemotactic protein gene expression by cytokine-
treated human fibroblasts and endothelial cells. Biochemical and biophysical 
research communications, 1989. 162(2): p. 694-700. 

115. Standiford, T.J., et al., Alveolar macrophage-derived cytokines induce monocyte 
chemoattractant protein-1 expression from human pulmonary type II-like 
epithelial cells. The Journal of biological chemistry, 1991. 266(15): p. 9912-8. 

116. Strieter, R.M., S.L. Kunkel, and R.C. Bone, Role of tumor necrosis factor-alpha in 
disease states and inflammation. Critical care medicine, 1993. 21(10 Suppl): p. 
S447-63. 

117. Kashiwa, H., S.C. Wright, and B. Bonavida, Regulation of B cell maturation and 
differentiation. I. Suppression of pokeweed mitogen-induced B cell differentiation 
by tumor necrosis factor (TNF). Journal of immunology, 1987. 138(5): p. 1383-
90. 

118. Ostensen, M.E., D.L. Thiele, and P.E. Lipsky, Tumor necrosis factor-alpha 
enhances cytolytic activity of human natural killer cells. Journal of immunology, 
1987. 138(12): p. 4185-91. 

119. Robinet, E., et al., Evidence for tumor necrosis factor-alpha involvement in the 
optimal induction of class I allospecific cytotoxic T cells. Journal of immunology, 
1990. 144(12): p. 4555-61. 

120. de Waal Malefyt, R., et al., Interleukin 10(IL-10) inhibits cytokine synthesis by 
human monocytes: an autoregulatory role of IL-10 produced by monocytes. The 
Journal of experimental medicine, 1991. 174(5): p. 1209-20. 

121. de Waal Malefyt, R., et al., Effects of IL-13 on phenotype, cytokine production, 
and cytotoxic function of human monocytes. Comparison with IL-4 and 
modulation by IFN-gamma or IL-10. Journal of immunology, 1993. 151(11): p. 
6370-81. 

122. Jenkins, J.K., M. Malyak, and W.P. Arend, The Effects of Interleukin-10 on 
Interleukin-1 Receptor Antagonist and Interleukin-1-Beta Production in Human 
Monocytes and Neutrophils. Lymphokine and cytokine research, 1994. 13(1): p. 
47-54. 

123. Cassatella, M.A., et al., Interleukin 10 (IL-10) upregulates IL-1 receptor 
antagonist production from lipopolysaccharide-stimulated human 
polymorphonuclear leukocytes by delaying mRNA degradation. The Journal of 
experimental medicine, 1994. 179(5): p. 1695-9. 

124. de Waal Malefyt, R., et al., Interleukin 10 (IL-10) and viral IL-10 strongly reduce 
antigen-specific human T cell proliferation by diminishing the antigen-
presenting capacity of monocytes via downregulation of class II major 
histocompatibility complex expression. The Journal of experimental medicine, 
1991. 174(4): p. 915-24. 

125. Taub, D.D., et al., Recombinant Human Interferon-Inducible Protein-10 Is a 
Chemoattractant for Human Monocytes and T-Lymphocytes and Promotes T-Cell 
Adhesion to Endothelial-Cells. Journal of Experimental Medicine, 1993. 177(6): 
p. 1809-1814. 



Chapter 8. References 

 209 

126. Tan, J.Q., et al., CXCR3 expression and activation of eosinophils: Role of IFN-
gamma-inducible protein-10 and monokine induced by IFN-gamma. Journal of 
immunology, 2000. 165(3): p. 1548-1556. 

127. Dufour, J.H., et al., IFN-gamma-Inducible protein 10 (IP-10; CXCL10)-deficient 
mice reveal a role for IP-10 in effector T cell generation and trafficking. Journal 
of immunology, 2002. 168(7): p. 3195-3204. 

128. Yadav, A., V. Saini, and S. Arora, MCP-1: chemoattractant with a role beyond 
immunity: a review. Clinica chimica acta; international journal of clinical 
chemistry, 2010. 411(21-22): p. 1570-9. 

129. Williams, S.R., et al., Regulated expression of monocyte chemoattractant protein-
1 in normal human osteoblastic cells. The American journal of physiology, 
1992. 263(1 Pt 1): p. C194-9. 

130. Volejnikova, S., et al., Monocyte recruitment and expression of monocyte 
chemoattractant protein-1 are developmentally regulated in remodeling bone in 
the mouse. The American journal of pathology, 1997. 150(5): p. 1711-21. 

131. Hong, K.H., J. Ryu, and K.H. Han, Monocyte chemoattractant protein-1-induced 
angiogenesis is mediated by vascular endothelial growth factor-A. Blood, 2005. 
105(4): p. 1405-7. 

132. Mackall, C.L., T.J. Fry, and R.E. Gress, Harnessing the biology of IL-7 for 
therapeutic application. Nature reviews. Immunology, 2011. 11(5): p. 330-42. 

133. Banas, A., et al., IFATS collection: in vivo therapeutic potential of human adipose 
tissue mesenchymal stem cells after transplantation into mice with liver injury. 
Stem Cells, 2008. 26(10): p. 2705-12. 

134. Herzog, S., M. Reth, and H. Jumaa, Regulation of B-cell proliferation and 
differentiation by pre-B-cell receptor signalling. Nature Reviews Immunology, 
2009. 9(3): p. 195-205. 

135. Fry, T.J. and C.L. Mackall, Interleukin-7: from bench to clinic. Blood, 2002. 
99(11): p. 3892-904. 

136. Ferrara, N., H.P. Gerber, and J. LeCouter, The biology of VEGF and its receptors. 
Nature medicine, 2003. 9(6): p. 669-76. 

137. Gerber, H.P., V. Dixit, and N. Ferrara, Vascular endothelial growth factor induces 
expression of the antiapoptotic proteins Bcl-2 and A1 in vascular endothelial 
cells. Journal of Biological Chemistry, 1998. 273(21): p. 13313-13316. 

138. Gerber, H.P., et al., Vascular endothelial growth factor regulates endothelial cell 
survival through the phosphatidylinositol 3'-kinase/Akt signal transduction 
pathway. Requirement for Flk-1/KDR activation. The Journal of biological 
chemistry, 1998. 273(46): p. 30336-43. 

139. Benjamin, L.E., et al., Selective ablation of immature blood vessels in established 
human tumors follows vascular endothelial growth factor withdrawal. Journal 
of Clinical Investigation, 1999. 103(2): p. 159-165. 

140. Yuan, F., et al., Time-dependent vascular regression and permeability changes in 
established human tumor xenografts induced by an anti-vascular endothelial 
growth factor vascular permeability factor antibody. Proceedings of the 
National Academy of Sciences of the United States of America, 1996. 93(25): p. 
14765-14770. 

141. Matsumoto, T. and L. Claesson-Welsh, VEGF receptor signal transduction. 
Science's STKE : signal transduction knowledge environment, 2001. 
2001(112): p. re21. 



Chapter 8. References 

 210 

142. Clauss, M., et al., Vascular permeability factor: a tumor-derived polypeptide that 
induces endothelial cell and monocyte procoagulant activity, and promotes 
monocyte migration. The Journal of experimental medicine, 1990. 172(6): p. 
1535-45. 

143. Broxmeyer, H.E., et al., Myeloid progenitor cell regulatory effects of vascular 
endothelial cell growth factor. International Journal of Hematology, 1995. 
62(4): p. 203-215. 

144. Hattori, K., et al., Vascular endothelial growth factor and angiopoietin-1 
stimulate postnatal hematopoiesis by recruitment of vasculogenic and 
hematopoietic stem cells. The Journal of experimental medicine, 2001. 193(9): 
p. 1005-14. 

145. Gabrilovich, D.I., et al., Production of vascular endothelial growth factor by 
human tumors inhibits the functional maturation of dendritic cells. Nature 
medicine, 1996. 2(10): p. 1096-103. 

146. Senger, D.R., et al., Tumor cells secrete a vascular permeability factor that 
promotes accumulation of ascites fluid. Science, 1983. 219(4587): p. 983-5. 

147. Dvorak, H.F., et al., Vascular permeability factor/vascular endothelial growth 
factor, microvascular hyperpermeability, and angiogenesis. The American 
journal of pathology, 1995. 146(5): p. 1029-39. 

148. Akdis, M., et al., Interleukins, from 1 to 37, and interferon-gamma: receptors, 
functions, and roles in diseases. The Journal of allergy and clinical immunology, 
2011. 127(3): p. 701-21 e1-70. 

149. Matthys, P., et al., Anti-gamma interferon and anti-interleukin-6 antibodies 
affect staphylococcal enterotoxin B-induced weight loss, hypoglycemia, and 
cytokine release in D-galactosamine-sensitized and unsensitized mice. Infection 
and immunity, 1995. 63(4): p. 1158-64. 

150. Jordan, M., et al., Neutralization of endogenous IL-6 suppresses induction of IL-1 
receptor antagonist. Journal of immunology, 1995. 154(8): p. 4081-90. 

151. Castell, J.V., et al., Recombinant human interleukin-6 (IL-6/BSF-2/HSF) 
regulates the synthesis of acute phase proteins in human hepatocytes. FEBS 
letters, 1988. 232(2): p. 347-50. 

152. Dienz, O., et al., The induction of antibody production by IL-6 is indirectly 
mediated by IL-21 produced by CD4+ T cells. The Journal of experimental 
medicine, 2009. 206(1): p. 69-78. 

153. Noma, Y., et al., Cloning of cDNA encoding the murine IgG1 induction factor by a 
novel strategy using SP6 promoter. Nature, 1986. 319(6055): p. 640-6. 

154. Yoshizaki, K., et al., Therapy of rheumatoid arthritis by blocking IL-6 signal 
transduction with a humanized anti-IL-6 receptor antibody. Springer seminars 
in immunopathology, 1998. 20(1-2): p. 247-259. 

155. Romano, M., et al., Role of IL-6 and its soluble receptor in induction of 
chemokines and leukocyte recruitment. Immunity, 1997. 6(3): p. 315-325. 

156. Giraudo, E., et al., IL-6 is an in vitro and in vivo autocrine growth factor for 
middle T antigen-transformed endothelial cells. Journal of immunology, 1996. 
157(6): p. 2618-2623. 

157. Kanaya, A., et al., Intra-articular injection of mesenchymal stromal cells in 
partially tom anterior cruciate ligaments in a rat model. Arthroscopy-the 
Journal of Arthroscopic and Related Surgery, 2007. 23(6): p. 610-617. 

158. Wakitani, S., et al., Mesenchymal cell-based repair of large, full-thickness defects 
of articular cartilage. J Bone Joint Surg Am, 1994. 76(4): p. 579-92. 



Chapter 8. References 

 211 

159. Frisbie, D.D., et al., Evaluation of adipose-derived stromal vascular fraction or 
bone marrow-derived mesenchymal stem cells for treatment of osteoarthritis. J 
Orthop Res, 2009. 27: p. 1675-80. 

160. Lee, K.B., et al., Injectable mesenchymal stem cell therapy for large cartilage 
defects--a porcine model. Stem cells, 2007. 25(11): p. 2964-71. 

161. Toghraie, F.S., et al., Treatment of osteoarthritis with infrapatellar fat pad 
derived mesenchymal stem cells in Rabbit. Knee, 2011. 18(2): p. 71-5. 

162. Kuroda, R., et al., Treatment of a full-thickness articular cartilage defect in the 
femoral condyle of an athlete with autologous bone-marrow stromal cells. 
Osteoarthritis Cartilage, 2007. 15(2): p. 226-231. 

163. Centeno, C.J., et al., Increased knee cartilage volume in degenerative joint disease 
using percutaneously implanted, autologous mesenchymal stem cells. Pain 
Physician, 2008. 11(3): p. 343-53. 

164. Nejadnik, H., et al., Autologous bone marrow-derived mesenchymal stem cells 
versus autologous chondrocyte implantation: an observational cohort study. Am 
J Sports Med, 2010. 38(6): p. 1110-6. 

165. Wakitani, S., et al., Human autologous culture expanded bone marrow 
mesenchymal cell transplantation for repair of cartilage defects in osteoarthritic 
knees. Osteoarthritis Cartilage, 2002. 10(3): p. 199-206. 

166. Wakitani, S., et al., Repair of articular cartilage defects in the patello-femoral 
joint with autologous bone marrow mesenchymal cell transplantation: three 
case reports involving nine defects in five knees. J Tissue Eng Regen Med, 2007. 
1(1): p. 74-9. 

167. Centeno, C.J., et al., Regeneration of meniscus cartilage in a knee treated with 
percutaneously implanted autologous mesenchymal stem cells. Med Hypotheses, 
2008. 71(6): p. 900-8. 

168. Giannini, S., et al., One-step bone marrow-derived cell transplantation in talar 
osteochondral lesions. Clin Orthop Relat Res, 2009. 467(12): p. 3307-20. 

169. Haleem, A.M., et al., The Clinical Use of Human Culture-Expanded Autologous 
Bone Marrow Mesenchymal Stem Cells Transplanted on Platelet-Rich Fibrin Glue 
in the Treatment of Articular Cartilage Defects: A Pilot Study and Preliminary 
Results. Cartilage, 2010. 1(4): p. 253-261. 

170. Pak, J., Regeneration of human bones in hip osteonecrosis and human cartilage 
in knee osteoarthritis with autologous adipose-tissue-derived stem cells: a case 
series. J Med Case Rep, 2011. 5: p. 296. 

171. Buda, R., et al., Osteochondral lesions of the knee: a new one-step repair 
technique with bone-marrow-derived cells. J Bone Joint Surg Am, 2010. 92 
Suppl 2: p. 2-11. 

172. Buda, R., et al., One-step arthroscopic technique for the treatment of 
osteochondral lesions of the knee with bone-marrow-derived cells: three years 
results. Musculoskelet Surg, 2013. 

173. Lee, K.B., et al., A novel, minimally-invasive technique of cartilage repair in the 
human knee using arthroscopic microfracture and injections of mesenchymal 
stem cells and hyaluronic acid--a prospective comparative study on safety and 
short-term efficacy. Ann Acad Med Singapore, 2012. 41(11): p. 511-7. 

174. Saw, K.Y., et al., Articular cartilage regeneration with autologous peripheral 
blood stem cells versus hyaluronic acid: a randomized controlled trial. 
Arthroscopy, 2013. 29(4): p. 684-94. 



Chapter 8. References 

 212 

175. Kasemkijwattana, C., et al., Autologous bone marrow mesenchymal stem cells 
implantation for cartilage defects: two cases report. J Med Assoc Thai, 2011. 
94(3): p. 395-400. 

176. Davatchi, F., et al., Mesenchymal stem cell therapy for knee osteoarthritis. 
Preliminary report of four patients. Int J Rheum Dis, 2011. 14(2): p. 211-5. 

177. Saw, K.Y., et al., Articular cartilage regeneration with autologous peripheral 
blood progenitor cells and hyaluronic acid after arthroscopic subchondral 
drilling: a report of 5 cases with histology. Arthroscopy, 2011. 27(4): p. 493-
506. 

178. Pak, J., J.H. Lee, and S.H. Lee, A novel biological approach to treat 
chondromalacia patellae. PLoS One, 2013. 8(5): p. e64569. 

179. Emadedin, M., et al., Intra-articular injection of autologous mesenchymal stem 
cells in six patients with knee osteoarthritis. Arch Iran Med, 2012. 15(7): p. 422-
8. 

180. Orozco, L., et al., Treatment of knee osteoarthritis with autologous mesenchymal 
stem cells: a pilot study. Transplantation, 2013. 95(12): p. 1535-41. 

181. Vangsness, C.T., Jr., et al., Adult Human Mesenchymal Stem Cells Delivered via 
Intra-Articular Injection to the Knee Following Partial Medial Meniscectomy: A 
Randomized, Double-Blind, Controlled Study. J Bone Joint Surg Am, 2014. 96(2): 
p. 90-8. 

182. Koh, Y.G., et al., Mesenchymal stem cell injections improve symptoms of knee 
osteoarthritis. Arthroscopy, 2013. 29(4): p. 748-55. 

183. Koh, Y.G., et al., Clinical results and second-look arthroscopic findings after 
treatment with adipose-derived stem cells for knee osteoarthritis. Knee Surg 
Sports Traumatol Arthrosc, 2013. 

184. Wieland, H.A., et al., Osteoarthritis - an untreatable disease? Nature reviews. 
Drug discovery, 2005. 4(4): p. 331-44. 

185. Pelletier, J.P., J. Martel-Pelletier, and S.B. Abramson, Osteoarthritis, an 
inflammatory disease - Potential implication for the selection of new therapeutic 
targets. Arthritis and Rheumatism, 2001. 44(6): p. 1237-1247. 

186. Ratcliffe, A., et al., Proteoglycans in the synovial fluid of the temporomandibular 
joint as an indicator of changes in cartilage metabolism during primary and 
secondary osteoarthritis. Journal of oral and maxillofacial surgery : official 
journal of the American Association of Oral and Maxillofacial Surgeons, 1998. 
56(2): p. 204-8. 

187. Fernandes, J.C., J. Martel-Pelletier, and J.P. Pelletier, The role of cytokines in 
osteoarthritis pathophysiology. Biorheology, 2002. 39(1-2): p. 237-46. 

188. Kapoor, M., et al., Role of proinflammatory cytokines in the pathophysiology of 
osteoarthritis. Nature reviews. Rheumatology, 2011. 7(1): p. 33-42. 

189. Creamer, P., M. Hunt, and P. Dieppe, Pain mechanisms in osteoarthritis of the 
knee: effect of intraarticular anesthetic. J Rheumatol, 1996. 23(6): p. 1031-6. 

190. Bonnet, C.S. and D.A. Walsh, Osteoarthritis, angiogenesis and inflammation. 
Rheumatology, 2005. 44(1): p. 7-16. 

191. Martel-Pelletier, J., D. Lajeunesse, and J.P. Pelletier, Etiopathogenesis of 
Osteoarthritis in Arthritis and Allied Conditions.  A Textbook of Rheumatology, 
W.J. Koopman and L.W. Moreland, Editors. 2005, Lippincott Williams & 
Wilkins, Baltimore: USA. p. 2199-2226. 



Chapter 8. References 

 213 

192. Sandell, L.J. and T. Aigner, Articular cartilage and changes in arthritis - An 
introduction: Cell biology of osteoarthritis. Arthritis Research, 2001. 3(2): p. 
107-113. 

193. Lefebvre, V., C. Peeters-Joris, and G. Vaes, Modulation by interleukin 1 and 
tumor necrosis factor alpha of production of collagenase, tissue inhibitor of 
metalloproteinases and collagen types in differentiated and dedifferentiated 
articular chondrocytes. Biochimica et biophysica acta, 1990. 1052(3): p. 366-
78. 

194. Reboul, P., et al., The new collagenase, collagenase-3, is expressed and 
synthesized by human chondrocytes but not by synoviocytes. A role in 
osteoarthritis. The Journal of clinical investigation, 1996. 97(9): p. 2011-9. 

195. Martel-Pelletier, J., et al., Cartilage in normal and osteoarthritis conditions. Best 
practice & research. Clinical rheumatology, 2008. 22(2): p. 351-84. 

196. Guerne, P.A., D.A. Carson, and M. Lotz, IL-6 production by human articular 
chondrocytes. Modulation of its synthesis by cytokines, growth factors, and 
hormones in vitro. Journal of immunology, 1990. 144(2): p. 499-505. 

197. Lotz, M., R. Terkeltaub, and P.M. Villiger, Cartilage and joint inflammation. 
Regulation of IL-8 expression by human articular chondrocytes. Journal of 
immunology, 1992. 148(2): p. 466-73. 

198. Campbell, I.K., et al., Production of leukemia inhibitory factor by human 
articular chondrocytes and cartilage in response to interleukin-1 and tumor 
necrosis factor alpha. Arthritis and rheumatism, 1993. 36(6): p. 790-4. 

199. Hamilton, J.A., P.M. Waring, and E.L. Filonzi, Induction of leukemia inhibitory 
factor in human synovial fibroblasts by IL-1 and tumor necrosis factor-alpha. 
Journal of immunology, 1993. 150(4): p. 1496-502. 

200. Alaaeddine, N., et al., Production of the chemokine RANTES by articular 
chondrocytes and role in cartilage degradation. Arthritis and Rheumatism, 
2001. 44(7): p. 1633-1643. 

201. Yuan, G.H., et al., The role of C-C chemokines and their receptors in 
osteoarthritis. Arthritis and Rheumatism, 2001. 44(5): p. 1056-1070. 

202. Page Thomas, D.P., et al., In vivo studies of cartilage regeneration after damage 
induced by catabolin/interleukin-1. Annals of the rheumatic diseases, 1991. 
50(2): p. 75-80. 

203. Henderson, B. and E.R. Pettipher, Arthritogenic actions of recombinant IL-1 and 
tumour necrosis factor alpha in the rabbit: evidence for synergistic interactions 
between cytokines in vivo. Clinical and experimental immunology, 1989. 75(2): 
p. 306-10. 

204. Johnson, S.A. and S.C. Budsberg, Nonsteroidal anti-inflammatory drugs and 
corticosteroids for the management of canine osteoarthritis. Veterinary Clinics 
of North America: Small Animal Practice, 1997. 27(4): p. 841–862. 

205. Walton, M.B., et al., Evaluation of construct and criterion validity for the 
'Liverpool Osteoarthritis in Dogs' (LOAD) clinical metrology instrument and 
comparison to two other instruments. PLoS One, 2013. 8(3): p. e58125. 

206. Wilke, V.L., et al., Estimate of the annual economic impact of treatment of 
cranial cruciate ligament injury in dogs in the United States. J Am Vet Med 
Assoc, 2005. 227(10): p. 1604-7. 

207. Patronek, G.J., D.J. Waters, and L.T. Glickman, Comparative longevity of pet dogs 
and humans: implications for gerontology research. J Gerontol A Biol Sci Med 
Sci, 1997. 52(3): p. B171-8. 



Chapter 8. References 

 214 

208. Sanderson, R.O., et al., Systematic review of the management of canine 
osteoarthritis. Vet Rec, 2009. 164(14): p. 418-24. 

209. Roberts, S., et al., Prospects of stem cell therapy in osteoarthritis. Regen Med, 
2011. 6(3): p. 351-66. 

210. Hall, M.N., et al., Evaluation of the potential use of adipose-derived mesenchymal 
stromal cells in the treatment of canine atopic dermatitis: a pilot study. 
Veterinary therapeutics : research in applied veterinary medicine, 2010. 
11(2): p. E1-E14. 

211. Dahlgren, L. Use of adipose derived stem cells in tendon and ligament injuries. in 
American Collage Veterinary Surgery Symposium 2006. 

212. Smith, R.K.W. and P.M. Webbon, Harnessing the stem cell for the treatment of 
tendon injuries: heralding a new dawn? British Journal of Sports Medicine, 
2005. 39(9): p. 582-584. 

213. Richardson, L.E., et al., Stem cells in veterinary medicine - attempts at 
regenerating equine tendon after injury. Trends in Biotechnology, 2007. 25(9): 
p. 409-416. 

214. Del Bue, M., et al., Equine adipose-tissue derived mesenchymal stem cells and 
platelet concentrates: their association in vitro and in vivo. Veterinary research 
communications, 2008. 32 Suppl 1: p. S51-S55. 

215. Vilar, J.M., et al., Controlled, blinded force platform analysis of the effect of 
intraarticular injection of autologous adipose-derived mesenchymal stem cells 
associated to PRGF-Endoret in osteoarthritic dogs. BMC Vet Res, 2013. 9: p. 131. 

216. Guercio, A., et al., Production of canine mesenchymal stem cells from adipose 
tissue and their application in dogs with chronic osteoarthritis of the 
humeroradial joints. Cell Biol Int, 2012. 36(2): p. 189-94. 

217. Black, L.L., et al., Effect of adipose-derived mesenchymal stem and regenerative 
cells on lameness in dogs with chronic osteoarthritis of the coxofemoral joints: A 
randomized, double-blinded, multicenter, controlled trial. Veterinary 
Therapeutics, 2007. 8(4): p. 272-284. 

218. Black, L.L., et al., Effect of intraarticular injection of autologous adipose-derived 
mesenchymal stem and regenerative cells on clinical signs of chronic 
osteoarthritis of the elbow joint in dogs. Vet Ther, 2008. 9(3): p. 192-200. 

219. Hauner, H., et al., Promoting effect of glucocorticoids on the differentiation of 
human adipocyte precursor cells cultured in a chemically defined medium. J Clin 
Invest, 1989. 84(5): p. 1663-70. 

220. Flier, J.S., et al., Severely impaired adipsin expression in genetic and acquired 
obesity. Science, 1987. 237(4813): p. 405-8. 

221. Cook, K.S., et al., Adipsin: a circulating serine protease homolog secreted by 
adipose tissue and sciatic nerve. Science, 1987. 237(4813): p. 402-5. 

222. Siiteri, P.K., Adipose tissue as a source of hormones. Am J Clin Nutr, 1987. 45(1 
Suppl): p. 277-82. 

223. Zhang, Y., et al., Positional cloning of the mouse obese gene and its human 
homologue. Nature, 1994. 372(6505): p. 425-32. 

224. Kershaw, E.E. and J.S. Flier, Adipose tissue as an endocrine organ. J Clin 
Endocrinol Metab, 2004. 89(6): p. 2548-56. 

225. Trayhurn, P., C. Bing, and I.S. Wood, Adipose tissue and adipokines--energy 
regulation from the human perspective. J Nutr, 2006. 136(7 Suppl): p. 1935S-
1939S. 



Chapter 8. References 

 215 

226. Patrick, C.W., Jr., Adipose tissue engineering: the future of breast and soft tissue 
reconstruction following tumor resection. Semin Surg Oncol, 2000. 19(3): p. 
302-11. 

227. McIntosh, K., et al., The immunogenicity of human adipose-derived cells: 
Temporal changes in vitro. Stem Cells, 2006. 24(5): p. 1246-1253. 

228. Mitchell, J.B., et al., Immunophenotype of human adipose-derived cells: Temporal 
changes in stromal-associated and stem cell-associated markers. Stem Cells, 
2006. 24(2): p. 376-385. 

229. Mohyeddin Bonab, M., et al., Does mesenchymal stem cell therapy help multiple 
sclerosis patients? Report of a pilot study. Iran J Immunol, 2007. 4(1): p. 50-7. 

230. Zimmerlin, L., et al., Stromal vascular progenitors in adult human adipose tissue. 
Cytometry A, 2010. 77(1): p. 22-30. 

231. Zeyda, M., et al., Human adipose tissue macrophages are of an anti-
inflammatory phenotype but capable of excessive pro-inflammatory mediator 
production. Int J Obes (Lond), 2007. 31(9): p. 1420-8. 

232. Feuerer, M., Herrero, L., Cipolletta, D., Naaz, A., Wong, J., Nayer, A., Lee, J., 
Goldfine, A., Benoist, C., Shoelson, S., Mathis, D., Fat Treg cells: a liaison between 
the immune and metabolic systems. NIH Public Access, 2009: p. 930–939. 

233. Tang, Z.C., et al., The enhancement of endothelial cell therapy for angiogenesis in 
hindlimb ischemia using hyaluronan. Biomaterials, 2011. 32(1): p. 75-86. 

234. Koh, Y.J., et al., Stromal vascular fraction from adipose tissue forms profound 
vascular network through the dynamic reassembly of blood endothelial cells. 
Arterioscler Thromb Vasc Biol, 2011. 31(5): p. 1141-50. 

235. Traktuev, D.O., et al., Robust functional vascular network formation in vivo by 
cooperation of adipose progenitor and endothelial cells. Circ Res, 2009. 
104(12): p. 1410-20. 

236. Feisst, V., et al., Characterization of mesenchymal progenitor cell populations 
directly derived from human dermis. Stem Cells Dev, 2014. 23(6): p. 631-42. 

237. Noth, U., A.F. Steinert, and R.S. Tuan, Technology insight: adult mesenchymal 
stem cells for osteoarthritis therapy. Nat Clin Pract Rheumatol, 2008. 4(7): p. 
371-80. 

238. Martinello, T., et al., Cryopreservation does not affect the stem characteristics of 
multipotent cells isolated from equine peripheral blood. Tissue Eng Part C 
Methods, 2010. 16(4): p. 771-81. 

239. Liu, G., et al., Evaluation of the viability and osteogenic differentiation of 
cryopreserved human adipose-derived stem cells. Cryobiology, 2008. 57(1): p. 
18-24. 

240. Liu, Y., et al., Cryopreservation of human bone marrow-derived mesenchymal 
stem cells with reduced dimethylsulfoxide and well-defined freezing solutions. 
Biotechnol Prog, 2010. 26(6): p. 1635-43. 

241. Ginis, I., B. Grinblat, and M.H. Shirvan, Evaluation of bone marrow-derived 
mesenchymal stem cells after cryopreservation and hypothermic storage in 
clinically safe medium. Tissue Eng Part C Methods, 2012. 18(6): p. 453-63. 

242. Blaber, S.P., et al., Analysis of in vitro secretion profiles from adipose-derived cell 
populations. J Transl Med, 2012. 10: p. 172. 

243. Lange, V., et al., Selected reaction monitoring for quantitative proteomics: a 
tutorial. Mol Syst Biol, 2008. 4: p. 222. 

244. Jennings, C.D. and K.A. Foon, Recent advances in flow cytometry: application to 
the diagnosis of hematologic malignancy. Blood, 1997. 90(8): p. 2863-92. 



Chapter 8. References 

 216 

245. Moskal, T.J., Minimizing the risk factors associated with veterinary NSAIDs. J Am 
Vet Med Assoc, 2004. 224(8): p. 1231-2. 

246. Holtsinger, R.H., et al., The therapeutic efficacy of carprofen (Rimadyl-V) in 209 
clinical cases of canine degenerative joint disease. Veterinary and Comparative 
Orthopaedics and Traumatology, 1992. 5: p. 140-144. 

247. Rodbell, M., Metabolism of Isolated Fat Cells. I. Effects of Hormones on Glucose 
Metabolism and Lipolysis. J Biol Chem, 1964. 239: p. 375-80. 

248. Vieira, N., et al., Isolation, characterization and differentiation potential of 
canine adipose-derived stem cells. Cell Transplant, 2009. 

249. Caplan, A.I. and S.P. Bruder, Mesenchymal stem cells: building blocks for 
molecular medicine in the 21st century. Trends Mol Med, 2001. 7(6): p. 259-64. 

250. Strem, B.M., et al., Multipotential differentiation of adipose tissue-derived stem 
cells. Keio J Med, 2005. 54(3): p. 132-41. 

251. Fraser, J.K., et al., Fat tissue: an underappreciated source of stem cells for 
biotechnology. Trends Biotechnol, 2006. 24(4): p. 150-4. 

252. Del Bue, M., et al., Equine adipose-tissue derived mesenchymal stem cells and 
platelet concentrates: their association in vitro and in vivo. Vet Res Commun, 
2008. 32 Suppl 1: p. S51-5. 

253. Vet-Stem. Available from: http://www.vet-stem.com. 
254. Nandakumar, K.S., L. Svensson, and R. Holmdahl, Collagen type II-specific 

monoclonal antibody-induced arthritis in mice: description of the disease and 
the influence of age, sex, and genes. Am J Pathol, 2003. 163(5): p. 1827-37. 

255. Vasseur, P.B., et al., Randomized, controlled trial of the efficacy of carprofen, a 
nonsteroidal anti-inflammatory drug, in the treatment of osteoarthritis in dogs. J 
Am Vet Med Assoc, 1995. 206(6): p. 807-11. 

256. Hielm-Bjorkman, A.K., H. Rita, and R.M. Tulamo, Psychometric testing of the 
Helsinki chronic pain index by completion of a questionnaire in Finnish by 
owners of dogs with chronic signs of pain caused by osteoarthritis. Am J Vet Res, 
2009. 70(6): p. 727-34. 

257. Wernham, B.G., et al., Dose reduction of meloxicam in dogs with osteoarthritis-
associated pain and impaired mobility. J Vet Intern Med, 2011. 25(6): p. 1298-
305. 

258. Brown, D.C., et al., Ability of the canine brief pain inventory to detect response to 
treatment in dogs with osteoarthritis. J Am Vet Med Assoc, 2008. 233(8): p. 
1278-83. 

259. Hudson, J.T., et al., Assessing repeatability and validity of a visual analogue scale 
questionnaire for use in assessing pain and lameness in dogs. Am J Vet Res, 
2004. 65(12): p. 1634-43. 

260. Doig, P.A., et al., Clinical efficacy and tolerance of meloxicam in dogs with 
chronic osteoarthritis. Can Vet J, 2000. 41(4): p. 296-300. 

261. Hanson, P.D., et al., Efficacy and safety of firocoxib in the management of canine 
osteoarthritis under field conditions. Vet Ther, 2006. 7(2): p. 127-40. 

262. Lipscomb, V.J., et al., Clinical efficacy and pharmacokinetics of carprofen in the 
treatment of dogs with osteoarthritis. Vet Rec, 2002. 150(22): p. 684-9. 

263. Read, R.A., D. Cullis-Hill, and M.P. Jones, Systemic use of pentosan polysulphate 
in the treatment of osteoarthritis. J Small Anim Pract, 1996. 37(3): p. 108-14. 

264. Wu, Y., et al., Mesenchymal stem cells enhance wound healing through 
differentiation and angiogenesis. Stem cells, 2007. 25(10): p. 2648-2659. 

http://www.vet-stem.com/


Chapter 8. References 

 217 

265. Khachigian, L.M., Collagen antibody-induced arthritis. Nat Protoc, 2006. 1(5): p. 
2512-6. 

266. Gonzalez-Rey, E., et al., Human adipose-derived mesenchymal stem cells reduce 
inflammatory and T-cell responses and induce regulatory T cells in vitro in 
rheumatoid arthritis. Ann Rheum Dis, 2009. 

267. Malek, S., et al., Effect of analgesic therapy on clinical outcome measures in a 
randomized controlled trial using client-owned dogs with hip osteoarthritis. 
BMC Vet Res, 2012. 8: p. 185. 

268. Innes, J.F., et al., Randomised, double-blind, placebo-controlled parallel group 
study of P54FP for the treatment of dogs with osteoarthritis. Vet Rec, 2003. 
152(15): p. 457-60. 

269. Moreau, M., et al., Clinical evaluation of a nutraceutical, carprofen and 
meloxicam for the treatment of dogs with osteoarthritis. Vet Rec, 2003. 
152(11): p. 323-9. 

270. Conzemius, M.G. and R.B. Evans, Caregiver placebo effect for dogs with lameness 
from osteoarthritis. J Am Vet Med Assoc, 2012. 241(10): p. 1314-9. 

271. Smith, R.K.W., et al., Isolation and implantation of autologous equine 
mesenchymal stem cells from bone marrow into the superficial digital flexor 
tendon as a potential novel treatment. Equine Veterinary Journal, 2003. 35(1): 
p. 99-102. 

272. Hall, M.N., et al., Evaluation of the potential use of adipose-derived mesenchymal 
stromal cells in the treatment of canine atopic dermatitis: a pilot study. Vet Ther. 
11(2): p. E1-E14. 

273. Neupane, M., et al., Isolation and characterization of canine adipose-derived 
mesenchymal stem cells. Tissue Eng Part A, 2008. 14(6): p. 1007-15. 

274. Spencer, N.D., et al., In vitro expansion and differentiation of fresh and 
revitalized adult canine bone marrow-derived and adipose tissue-derived 
stromal cells. Vet J, 2012. 191(2): p. 231-9. 

275. Brake, D.K., Smith, W.C., Flow Cytometry on the Stromal-Vascular Fraction of 
White Adipose Tissue, in Methods in Molecular Biology, K. Yang, Editor. 2008, 
Humana Press, a part of Springer Science + Business Media: Totowa, NJ. p. 
221-229. 

276. Pendleton, C., et al., Mesenchymal stem cells derived from adipose tissue vs bone 
marrow: in vitro comparison of their tropism towards gliomas. PLoS One, 2013. 
8(3): p. e58198. 

277. Togel, F. and C. Westenfelder, The role of multipotent marrow stromal cells 
(MSCs) in tissue regeneration. Organogenesis, 2011. 7(2): p. 96-100. 

278. Crisan, M., et al., Perivascular multipotent progenitor cells in human organs. Ann 
N Y Acad Sci, 2009. 1176: p. 118-23. 

279. Corselli, M., et al., Perivascular ancestors of adult multipotent stem cells. 
Arterioscler Thromb Vasc Biol, 2010. 30(6): p. 1104-9. 

280. Zannettino, A.C., et al., Multipotential human adipose-derived stromal stem cells 
exhibit a perivascular phenotype in vitro and in vivo. J Cell Physiol, 2008. 
214(2): p. 413-21. 

281. Mafi, R., et al., Sources of adult mesenchymal stem cells applicable for 
musculoskeletal applications - a systematic review of the literature. Open 
Orthop J, 2011. 5 Suppl 2: p. 242-8. 

282. Dahlke, M.H., et al., The biology of CD45 and its use as a therapeutic target. Leuk 
Lymphoma, 2004. 45(2): p. 229-36. 



Chapter 8. References 

 218 

283. Mosmann, T.R., et al., Two types of murine helper T cell clone. I. Definition 
according to profiles of lymphokine activities and secreted proteins. J Immunol, 
1986. 136(7): p. 2348-57. 

284. Amu, S., et al., B-cell CD25 expression in murine primary and secondary 
lymphoid tissue. Scand J Immunol, 2006. 64(5): p. 482-92. 

285. Jutel, M., et al., IL-10 and TGF-beta cooperate in the regulatory T cell response to 
mucosal allergens in normal immunity and specific immunotherapy. Eur J 
Immunol, 2003. 33(5): p. 1205-14. 

286. Rozemuller, H., et al., Prospective isolation of mesenchymal stem cells from 
multiple mammalian species using cross-reacting anti-human monoclonal 
antibodies. Stem Cells Dev, 2010. 19(12): p. 1911-21. 

287. Krampera, M., et al., Bone marrow mesenchymal stem cells inhibit the response 
of naive and memory antigen-specific T cells to their cognate peptide. Blood, 
2003. 101(9): p. 3722-9. 

288. Blaney Davidson, E.N., P.M. van der Kraan, and W.B. van den Berg, TGF-beta 
and osteoarthritis. Osteoarthritis Cartilage, 2007. 15(6): p. 597-604. 

289. Webster, R.A., et al., The role of mesenchymal stem cells in veterinary 
therapeutics - a review. N Z Vet J, 2012. 60(5): p. 265-72. 

290. Yang, S.H., et al., Soluble mediators from mesenchymal stem cells suppress T cell 
proliferation by inducing IL-10. Exp Mol Med, 2009. 41(5): p. 315-24. 

291. Moore, K.W., et al., Interleukin-10 and the interleukin-10 receptor. Annu Rev 
Immunol, 2001. 19: p. 683-765. 

292. Kishimoto, T., IL-6: from its discovery to clinical applications. Int Immunol, 
2010. 22(5): p. 347-52. 

293. Smith, K.A., The structure of IL2 bound to the three chains of the IL2 receptor 
and how signaling occurs. Med Immunol, 2006. 5: p. 3. 

294. Zheng, S.G., J. Wang, and D.A. Horwitz, Cutting edge: Foxp3+CD4+CD25+ 
regulatory T cells induced by IL-2 and TGF-beta are resistant to Th17 conversion 
by IL-6. J Immunol, 2008. 180(11): p. 7112-6. 

295. Hass, R., et al., Different populations and sources of human mesenchymal stem 
cells (MSC): A comparison of adult and neonatal tissue-derived MSC. Cell 
Commun Signal, 2011. 9: p. 12. 

296. Al-Khaldi, A., et al., Therapeutic angiogenesis using autologous bone marrow 
stromal cells: improved blood flow in a chronic limb ischemia model. Ann Thorac 
Surg, 2003. 75(1): p. 204-9. 

297. Feng, Z., et al., Fresh and cryopreserved, uncultured adipose tissue-derived stem 
and regenerative cells ameliorate ischemia-reperfusion-induced acute kidney 
injury. Nephrol Dial Transplant, 2010. 25(12): p. 3874-84. 

298. Manferdini, C., et al., Adipose-derived mesenchymal stem cells exert 
antiinflammatory effects on chondrocytes and synoviocytes from osteoarthritis 
patients through prostaglandin E2. Arthritis Rheum, 2013. 65(5): p. 1271-81. 

299. Le Blanc, K., et al., HLA expression and immunologic properties of differentiated 
and undifferentiated mesenchymal stem cells. Exp Hematol, 2003. 31(10): p. 
890-6. 

300. Klyushnenkova, E., et al., T cell responses to allogeneic human mesenchymal 
stem cells: immunogenicity, tolerance, and suppression. J Biomed Sci, 2005. 
12(1): p. 47-57. 



Chapter 8. References 

 219 

301. Liechty, K.W., et al., Human mesenchymal stem cells engraft and demonstrate 
site-specific differentiation after in utero transplantation in sheep. Nat Med, 
2000. 6(11): p. 1282-6. 

302. Arinzeh, T.L., et al., Allogeneic mesenchymal stem cells regenerate bone in a 
critical-sized canine segmental defect. Journal of Bone and Joint Surgery-
American Volume, 2003. 85A(10): p. 1927-1935. 

303. Nagaya, N., et al., Intravenous administration of mesenchymal stem cells 
improves cardiac function in rats with acute myocardial infarction through 
angiogenesis and myogenesis. Am J Physiol Heart Circ Physiol, 2004. 287(6): p. 
H2670-6. 

304. Timmers, L., et al., Human mesenchymal stem cell-conditioned medium improves 
cardiac function following myocardial infarction. Stem Cell Res, 2011. 6(3): p. 
206-14. 

305. Cho, Y.J., et al., Therapeutic effects of human adipose stem cell-conditioned 
medium on stroke. J Neurosci Res, 2012. 90(9): p. 1794-802. 

306. Bustos, M.L., et al., Activation of human mesenchymal stem cells impacts their 
therapeutic abilities in lung injury by increasing interleukin (IL)-10 and IL-1RN 
levels. Stem Cells Transl Med, 2013. 2(11): p. 884-95. 

307. Ramirez, M., et al., Mobilisation of mesenchymal cells into blood in response to 
skeletal muscle injury. Br J Sports Med, 2006. 40(8): p. 719-22. 

308. Goritz, C., et al., A pericyte origin of spinal cord scar tissue. Science, 2011. 
333(6039): p. 238-42. 

309. Blaber, S.P., et al., Analysis of in vitro secretion profiles from adipose-derived cell 
populations. Journal of translational medicine, 2012. 10(1): p. 172-188. 

310. Blaber, S.P., et al., Treatment of a mouse model of collagen antibody-induced 
arthritis with human adipose-derived secretions. Open Journal of Regenerative 
Medicine, 2013. 2: p. 80-91. 

311. Strauer, B.E., et al., Repair of infarcted myocardium by autologous intracoronary 
mononuclear bone marrow cell transplantation in humans. Circulation, 2002. 
106(15): p. 1913-8. 

312. Lee, K.H., et al., Human mesenchymal stem cell transplantation promotes 
functional recovery following acute spinal cord injury in rats. Acta Neurobiol 
Exp (Wars), 2007. 67(1): p. 13-22. 

313. Kang, K.S., et al., A 37-year-old spinal cord-injured female patient, transplanted 
of multipotent stem cells from human UC blood, with improved sensory 
perception and mobility, both functionally and morphologically: a case study. 
Cytotherapy, 2005. 7(4): p. 368-73. 

314. Singer, N.G. and A.I. Caplan, Mesenchymal stem cells: mechanisms of 
inflammation. Annu Rev Pathol, 2011. 6: p. 457-78. 

315. Blaber, P.S., et al., Treatment of a mouse model of collagen antibody-induced 
arthritis with human adipose-derived secretions. Open Journal of Regenerative 
Medicine, 2013. 2(3). 

316. Gonzalez, M.A., et al., Treatment of experimental arthritis by inducing immune 
tolerance with human adipose-derived mesenchymal stem cells. Arthritis 
Rheum, 2009. 60(4): p. 1006-19. 

317. Firestein, G.S., Evolving concepts of rheumatoid arthritis. Nature 2003. 
423(6937): p. 356-361. 

318. Williams, R.O., et al., Analysing the effect of novel therapies on cytokine 
expression in experimental arthritis. Int J Exp Pathol, 2005. 86(5): p. 267-78. 



Chapter 8. References 

 220 

319. Schulze-Koops, H. and J.R. Kalden, The balance of Th1/Th2 cytokines in 
rheumatoid arthritis. Best Pract Res Clin Rheumatol, 2001. 15(5): p. 677-91. 

320. Tukaj, S., et al., Cytokines of the Th1 and Th2 type in sera of rheumatoid arthritis 
patients; correlations with anti-Hsp40 immune response and diagnostic markers. 
Acta Biochim Pol, 2010. 57(3): p. 327-32. 

321. Horiuchi, T., et al., The increase of parathyroid hormone-related peptide and 
cytokine levels in synovial fluid of elderly rheumatoid arthritis and 
osteoarthritis. Endocr J, 1999. 46(5): p. 643-9. 

322. Firestein, G.S., et al., Synovial interleukin-1 receptor antagonist and interleukin-
1 balance in rheumatoid arthritis. Arthritis Rheum, 1994. 37(5): p. 644-52. 

323. Choy, E.H.S. and G.S. Panayi, Mechanisms of disease: cytokine pathways and joint 
inflammation in rheumatoid arthritis. New England Journal of Medicine, 2001. 
344: (12): p. 907-916. 

324. Chikanza, I.C., Mechanisms of corticosteroid resistance in rheumatoid arthritis: a 
putative role for the corticosteroid receptor beta isoform. Ann N Y Acad Sci, 
2002. 966: p. 39-48. 

325. Hopkins, R.L. and M.C. Leinung, Exogenous Cushing's syndrome and 
glucocorticoid withdrawal. Endocrinol Metab Clin North Am, 2005. 34(2): p. 
371-84, ix. 

326. NHS. Corticosteroids - Side effects. 2013. 
327. Burgess, A.W. and D. Metcalf, Serum half-life and organ distribution of 

radiolabeled colony stimulating factor in mice. Exp Hematol, 1977. 5(6): p. 456-
64. 

328. Muller, N., et al., Superior serum half life of albumin tagged TNF ligands. 
Biochem Biophys Res Commun, 2010. 396(4): p. 793-9. 

329. Laterveer, L., et al., Rapid mobilization of hematopoietic progenitor cells in 
rhesus monkeys by a single intravenous injection of interleukin-8. Blood, 1996. 
87(2): p. 781-8. 

330. Ohtsuki, K., et al., Detection of monocyte chemoattractant protein-1 receptor 
expression in experimental atherosclerotic lesions: an autoradiographic study. 
Circulation, 2001. 104(2): p. 203-8. 

331. Darbonne, W.C., et al., Red blood cells are a sink for interleukin 8, a leukocyte 
chemotaxin. J Clin Invest, 1991. 88(4): p. 1362-9. 

332. Ringden, O., et al., Mesenchymal stem cells for treatment of therapy-resistant 
graft-versus-host disease. Transplantation, 2006. 81(10): p. 1390-7. 

333. Fang, B., et al., Favorable response to human adipose tissue-derived 
mesenchymal stem cells in steroid-refractory acute graft-versus-host disease. 
Transplant Proc, 2007. 39(10): p. 3358-62. 

334. Wilke, M.M., D.V. Nydam, and A.J. Nixon, Enhanced early chondrogenesis in 
articular defects following arthroscopic mesenchymal stem cell implantation in 
an equine model. J Orthop Res, 2007. 25(7): p. 913-25. 

335. Semble, E.L., R.A. Turner, and E.L. McCrickard, Rheumatoid arthritis and 
osteoarthritis synovial fluid effects on primary human endothelial cell cultures. J 
Rheumatol, 1985. 12(2): p. 237-41. 

336. Martel-Pelletier, J., D. Lajeunesse, and J.P. Pelletier, Etiopathogenesis of 
Osteoarthritis in Arthritis and Allied Conditions. . A Textbook of Rheumatology, 
ed. W.J.K.a.L.W. Moreland. 2005, Baltimore: USA: Lippincott Williams & 
Wilkins. 



Chapter 8. References 

 221 

337. Pu, L.L., et al., Cryopreservation of adipose tissues: the role of trehalose. Aesthet 
Surg J, 2005. 25(2): p. 126-31. 

338. Lovelock, J.E., The mechanism of the protective action of glycerol against 
haemolysis by freezing and thawing. Biochim Biophys Acta, 1953. 11(1): p. 28-
36. 

339. Stankovic, A., et al., Serum and synovial fluid concentrations of CCL2 (MCP-1) 
chemokine in patients suffering rheumatoid arthritis and osteoarthritis reflect 
disease activity. Bratisl Lek Listy, 2009. 110(10): p. 641-6. 

340. Miller, R.E., et al., CCR2 chemokine receptor signaling mediates pain in 
experimental osteoarthritis. Proc Natl Acad Sci U S A, 2012. 109(50): p. 20602-
7. 

341. Boomsma, R.A. and D.L. Geenen, Mesenchymal stem cells secrete multiple 
cytokines that promote angiogenesis and have contrasting effects on chemotaxis 
and apoptosis. PLoS One, 2012. 7(4): p. e35685. 

342. Rodrigues, M., L.G. Griffith, and A. Wells, Growth factor regulation of 
proliferation and survival of multipotential stromal cells. Stem Cell Res Ther, 
2010. 1(4): p. 32. 

343. Zhu, Y., et al., Vascular endothelial growth factor promotes proliferation of 
cortical neuron precursors by regulating E2F expression. FASEB J, 2003. 17(2): 
p. 186-93. 

344. Nakano-Okuno, M., B.R. Borah, and I. Nakano, Ethics of iPSC-Based Clinical 
Research for Age-Related Macular Degeneration: Patient-Centered Risk-Benefit 
Analysis. Stem Cell Rev, 2014. 10(6): p. 743-52. 

345. Bennett, J.H., et al., Adipocytic cells cultured from marrow have osteogenic 
potential. J Cell Sci, 1991. 99 ( Pt 1): p. 131-9. 

346. Kraus, K.H. and C. Kirker-Head, Mesenchymal stem cells and bone regeneration. 
Veterinary Surgery, 2006. 35(3): p. 232-242. 

347. Griffin, M.D., et al., Anti-donor immune responses elicited by allogeneic 
mesenchymal stem cells: what have we learned so far? Immunol Cell Biol, 2013. 
91(1): p. 40-51. 

348. Health, U.S.N.I.o. ClinicalTrials.gov. 2014  [cited 2014 17th April 2014]; Search 
Term "Allogeneic MSC"]. Available from: clinicaltrials.gov. 

349. Al-Nbaheen, M., et al., Human stromal (mesenchymal) stem cells from bone 
marrow, adipose tissue and skin exhibit differences in molecular phenotype and 
differentiation potential. Stem Cell Rev, 2013. 9(1): p. 32-43. 

350. Varma, M.J., et al., Phenotypical and functional characterization of freshly 
isolated adipose tissue-derived stem cells. Stem cells and development, 2007. 
16(1): p. 91-104. 

351. Brogi, E., et al., Indirect angiogenic cytokines upregulate VEGF and bFGF gene 
expression in vascular smooth muscle cells, whereas hypoxia upregulates VEGF 
expression only. Circulation, 1994. 90(2): p. 649-52. 

352. Chen, C.W., et al., Perivascular multi-lineage progenitor cells in human organs: 
regenerative units, cytokine sources or both? Cytokine Growth Factor Rev, 
2009. 20(5-6): p. 429-34. 

353. Edelman, D.A., et al., Cytokine production in lipopolysaccharide-exposed rat lung 
pericytes. J Trauma, 2007. 62(1): p. 89-93. 

354. Cho, D.I., et al., Mesenchymal stem cells reciprocally regulate the M1/M2 balance 
in mouse bone marrow-derived macrophages. Exp Mol Med, 2014. 46: p. e70. 



Chapter 8. References 

 222 

355. Dong, Z., et al., The survival condition and immunoregulatory function of adipose 
stromal vascular fraction (SVF) in the early stage of nonvascularized adipose 
transplantation. PLoS One, 2013. 8(11): p. e80364. 

356. Piccin, D. and C.M. Morshead, Potential and pitfalls of stem cell therapy in old 
age. Dis Model Mech, 2010. 3(7-8): p. 421-5. 

357. Orozco, L., et al., Intervertebral disc repair by autologous mesenchymal bone 
marrow cells: a pilot study. Transplantation, 2011. 92(7): p. 822-8. 

358. Wakitani, S., et al., Mesenchymal cell-based repair of large, full-thickness defects 
of articular cartilage. The Journal of bone and joint surgery. American volume, 
1994. 76(4): p. 579-592. 

359. Tsuchiya, K., et al., The effect of coculture of chondrocytes with mesenchymal 
stem cells on their cartilaginous phenotype in vitro. Materials Science and 
Engineering, 2004. 24: p. 391-396. 

360. Mo, X.T., et al., Variations in the ratios of co-cultured mesenchymal stem cells 
and chondrocytes regulate the expression of cartilaginous and osseous 
phenotype in alginate constructs. Bone, 2009. 45(1): p. 42-51. 

361. Yan, H. and C. Yu, Repair of full-thickness cartilage defects with cells of different 
origin in a rabbit model. Arthroscopy, 2007. 23(2): p. 178-87. 

362. Chopp, M. and Y. Li, Treatment of neural injury with marrow stromal cells. 
Lancet Neurology, 2002. 1(2): p. 92-100. 

363. Schaller, J., et al., Human blood plasma proteins: structure and function. 2008, 
West Sussex: John Wiley & Sons. 

364. Yang, K.G., et al., Autologous interleukin-1 receptor antagonist improves function 
and symptoms in osteoarthritis when compared to placebo in a prospective 
randomized controlled trial. Osteoarthritis Cartilage, 2008. 16(4): p. 498-505. 

365. Baltzer, A.W., et al., Autologous conditioned serum (Orthokine) is an effective 
treatment for knee osteoarthritis. Osteoarthritis and cartilage / OARS, 
Osteoarthritis Research Society, 2009. 17(2): p. 152-60. 

366. Rutgers, M., et al., Cytokine profile of autologous conditioned serum for 
treatment of osteoarthritis, in vitro effects on cartilage metabolism and intra-
articular levels after injection. Arthritis research & therapy, 2010. 12(3): p. 
R114. 

367. Cook, A.D., et al., Granulocyte-macrophage colony-stimulating factor is a key 
mediator in experimental osteoarthritis pain and disease development. Arthritis 
Res Ther, 2012. 14(5): p. R199. 

368. Slavic, V., A. Stankovic, and B. Kamenov, The role of interleukin-8 and monocyte 
chemotactic protein-1 in rheumatoid arthritis. Facta Universitatis, Medicine 
and Biology Series1, 2005. 12(1): p. 19-22. 

369. Symons, J.A., et al., Interleukin 8 in rheumatoid and osteoarthritis. Scand J 
Rheumatol, 1992. 21(2): p. 92-4. 

370. Cawston, T.E., P. McLaughlin, and B.L. Hazleman, Paired serum and synovial 
fluid values of alpha 2-macroglobulin and TIMP in rheumatoid arthritis. Br J 
Rheumatol, 1987. 26(5): p. 354-8. 

371. Luan, Y., et al., Inhibition of ADAMTS-7 and ADAMTS-12 degradation of cartilage 
oligomeric matrix protein by alpha-2-macroglobulin. Osteoarthritis Cartilage, 
2008. 16(11): p. 1413-20. 

372. Camussi, G., et al., Exosomes/microvesicles as a mechanism of cell-to-cell 
communication. Kidney Int, 2010. 78(9): p. 838-48. 



Chapter 8. References 

 223 

373. Serhan, C.N., N. Chiang, and T.E. Van Dyke, Resolving inflammation: dual anti-
inflammatory and pro-resolution lipid mediators. Nat Rev Immunol, 2008. 8(5): 
p. 349-61. 

374. Guo, W., et al., Bone marrow stromal cells produce long-term pain relief in rat 
models of persistent pain. Stem Cells, 2011. 29(8): p. 1294-303. 

375. Capra, E., et al., Changes in the proteomic profile of adipose tissue-derived 
mesenchymal stem cells during passages. Proteome Sci, 2012. 10(1): p. 46. 

376. Osipova, E.Y., et al., Biological characteristics of mesenchymal stem cells during 
ex vivo expansion. British journal of medicine and medical research, 2011. 
1(3): p. 85-95. 

377. da Silva Meirelles, L., P.C. Chagastelles, and N.B. Nardi, Mesenchymal stem cells 
reside in virtually all post-natal organs and tissues. J Cell Sci, 2006. 119(Pt 11): 
p. 2204-13. 

378. Mendicino, M., et al., MSC-based product characterization for clinical trials: an 
FDA perspective. Cell Stem Cell, 2014. 14(2): p. 141-5. 

379. Watson, J.T., et al., CD271 as a marker for mesenchymal stem cells in bone 
marrow versus umbilical cord blood. Cells Tissues Organs, 2013. 197(6): p. 
496-504. 

380. Simmons, P.J. and B. Torok-Storb, Identification of stromal cell precursors in 
human bone marrow by a novel monoclonal antibody, STRO-1. Blood, 1991. 
78(1): p. 55-62. 

381. Dennis, J.E., et al., The STRO-1+ marrow cell population is multipotential. Cells 
Tissues Organs, 2002. 170(2-3): p. 73-82. 

382. Karlsson, E.K. and K. Lindblad-Toh, Leader of the pack: gene mapping in dogs 
and other model organisms. Nat Rev Genet, 2008. 9(9): p. 713-25. 

 
 





Chapter 9. Appendices 

 225 

CHAPTER NINE 

Chapter 9  

Appendices 
 

  



Chapter 9. Appendices 

 226 

Appendix I: Animal Ethics Approval 

 

1. Regeneus AEC Approved Project – RE006 

Evaluation of cultured stem cells for treating lameness in dogs and horses.  

MQ noted collaboration 17 May 2012   

2. Regeneus AEC Approved Project – RE 011    

Collection of data to assess efficacy of AdiCell allogeneic cells and adipose cell 
in dogs   

MQ noted collaboration 17 May 2012  

3. Regeneus AEC Approved Project – RE 012    

Collection of adipose tissue from dogs during desex operations.    

MQ noted collaboration 17 May 2012  

4. UQ AEC Approved Project – TETRAQ/332/11/Regeneus  

Anti-inflammatory efficacy assessment of REG001 and REG002 in mouse 
model of monoclonal   

MQ noted collaboration 14 June 2012 
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From: Animal Ethics <animal.ethics@mq.edu.au> 

Subject: Outcome of 17 May 2012 AEC meeting - Collaborative Notification 

Date: 31 May 2012 2:56:15 PM AEST 

To: Benjamin Herbert <benjamin.herbert@mq.edu.au> 

 

Dear Dr. Herbert,  

Ms. Rebecca 

Webster, PhD Student 

(Dr. Ben Herbert, 

Faculty of Science) 

  

Evaluation of cultured stem cells for treating lameness 

in dogs and horses 

  

  

Collection of data to assess efficacy of AdiCell, allogeneic 

cells and adipose cell secretions in dogs 

  

  

Collection of adipose tissue from dogs during desex 

operations 

  

 

Ms. Webster notified Macquarie University Animal Ethics Committee of the three 

collaborative projects under “Regeneus Animal Ethics Committee”.  

We have been provided copies of the applications, including the Research Proposal and 

documentation of their approval. 

 

  

mailto:animal.ethics@mq.edu.au
mailto:benjamin.herbert@mq.edu.au
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Decision 

The Committee noted and approved the above collaborative work. 

The above collaborative notification was acknowledged and approved by the 

Macquarie University Animal Ethics Committee at their meeting on 17 May 2012.  

 

Please note that should the project continue after the initial 12 months, the renewed 

Animal Research Authority (or other evidence of approval) from the host AEC should 

be forwarded to the MQ AEC. 

 

 

Kind regards, 

  

Prof Michael Gillings 

Chair, Animal Ethics Committee 

 

------- 

Office of the Deputy Vice Chancellor (Research) 

 

Animal Ethics Secretariat 

 

Research Office 

Level 3 C5C Research Hub East 

Macquarie University NSW 2109 

 

+61 2 9850 4456 / 7758 

animal.ethics@mq.edu.au 

 

 

 

tel:%2B61%202%209850%204456
mailto:animal.ethics@mq.edu.au
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Appendix II: Animal Ethics Approval 

 

Mice - Outbred (BALB/c, Female, Adults, Institutional Breeding Colony)

25 May 2012 Initial approval 408 408

Description Amount Balance

Approval Details

UQ Research and Innovation

Director, Research Management Office
Nicole Thompson

ANIMAL ETHICS APPROVAL CERTIFICATE 21-Jun-2012

Activity Details

Chief Investigator: Professor Maree Smith, Integrated Preclinical Drug Development

Title: Adipose cells as a treatment for collagen antibody induced arthritis (CAIA)

AEC Approval Number: CIPDD/225/12/TETRAQ/REGENEUS

Previous AEC Number:

Approval Duration: 25-Jun-2012 to 25-Jun-2015

Funding Body: TetraQ, Regeneus

Group: Molecular Biosciences

Other Staff/Students: Suzanne O'Hagan, Sunderajhan Sekar, Andy Kuo, Rahul Shankar, Angela Raboczyj, Chiew 
Yuen Dieu, Kelly Sweeney, Nematullah KHAN, WEI Goh, Arjun Muralidharan

Summary

Subspecies Strain Class Gender Source Approved Remaining

Mice - Outbred BALB/c Adults Female Institutional 
Breeding Colony

408 408

Permit(s):

Proviso(s):

Location(s): TetraQ - Level 3 Steele Building

Cumbrae-Stewart Building
Research Road
Brisbane Qld 4072 Australia

UQ Research and Innovation
The University of Queensland

T  +61 7 3365 2925 (Enquiries)
T  +61 7 3365 2713 (Manager)
F  +61 7 3365 4455

E  animalwelfare@research.uq.edu.au
W www.uq.edu.au/research/rid/

Page 1 of 2
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Please note the animal numbers supplied on this certificate are the total allocated for the approval duration

1. When ordering animals from Animal Breeding Houses
2. For labelling of all animal cages or holding areas.  In addition please include on the label, Chief Investigator's name and contact phone 
number.
3. When you need to communicate with this office about the project.

It is a condition of this approval that all Project Animals details be made available to Animal House OIC.
(UAEC Ruling 14/12/2001)

This certificate supercedes all preceeding certificates for this project (i.e. those certificates dated before 21-Jun-2012)

Please use this Approval Number:

Cumbrae-Stewart Building
Research Road
Brisbane Qld 4072 Australia

UQ Research and Innovation
The University of Queensland

T  +61 7 3365 2925 (Enquiries)
T  +61 7 3365 2713 (Manager)
F  +61 7 3365 4455

E  animalwelfare@research.uq.edu.au
W www.uq.edu.au/research/rid/

Page 2 of 2



Pages 231-245 of this thesis have been removed as they contain published 
material under copyright. Removed contents published as: 

Webster, R., Herbert, B., Blaber, S., Vesey, G. (2011) Mesenchymal stem cells in 
veterinary medicine, The Veterinary Nurse, Vol. 2, No.2, pp. 58-62. 
https://doi.org/10.12968/vetn.2011.2.2.58 

 

Webster, R., Blaber, S., Herbert, B., Wilkins, M., Vesey, G. (2012) The role of 
mesenchymal stem cells in veterinary therapeutics – a review, New Zealand 
Veterinary Journal, Vol. 60, No. 5, pp. 265-272, DOI: 
doi.org/10.1080/00480169.2012.683377 

 

 

 

https://doi.org/10.12968/vetn.2011.2.2.58
http://doi.org/10.1080/00480169.2012.683377


Chapter 9. Appendices 

 246 

Appendix V: Additional data for figure 4.2 (seven dogs) 

 

Figure 9.1 Phenotypical characterisation of canine SVF using CD markers and 
flow cytometry. 

Canine SVF was analysed on a FACScan flow cytometer for characteristic white blood cell markers, 
CD4-FITC, CD25-FITC, CD45-FITC and for characteristic stromal and endothelial cell markers CD44-
FITC, CD90-PE, CD34-PE and CD146-FITC. For each cell type and fluorescence conjugate, an unstained 
control (red line) was included. The blue line represents the stained sample. The percentage of positive 
cells is shown in each plot.  

 




