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Summary 

Osteoarthritis is a debilitating multi-factorial joint disease which currently has no 

cure. Due to the significant immune cell mediated component in this disease a 

therapy which can modulate this inflammation and promote cartilage healing is 

urgently required.  

An allogeneic cell therapy could be particularly beneficial in OA. One such 

allogeneic cell is the mesenchymal stem cell (MSC). MSC, in addition to their 

chondrogenic differentiation capacity, possess potent immunomodulatory 

capabilities in the undifferentiated state. The first part of this work focused on the 

immune properties of allogeneic MSC after differentiation to a chondrogenic 

lineage. The work found that after chondrogenic differentiation MSC upregulate 

immunogenic cell surface molecules such as MHCI, MHCII, CD80 and CD86 and 

are functionally more immunogenic in vitro. Additionally these cells were found to 

lose their ability to modulate allogeneic lymphocyte proliferation in in vitro co-

culture assays, possibly due to the loss of PGE2 and nitric oxide secretion. In vivo, it 

was shown that chondrogenically differentiated MSC, implanted subcutaneously, 

elicit significantly more infiltration of mononuclear phagocytes than their 

undifferentiated counterparts. Allogeneic differentiated MSC also resulted in higher 

memory T cell and allo-antibody responses compared to undifferentiated MSC, 

highlighting their immunogenicity. 

An alternative cell type for allogeneic cell therapy in OA is the chondrocyte itself. 

To test the immune properties of allogeneic chondrocytes, cartilage was excised and 

chondrocytes cultured from it in vitro. These cells were termed culture expanded 

primary chondrocytes (CEPC). In vitro CEPC were shown to be non-immunogenic, 

eliciting equivalent allogeneic T cell proliferation as undifferentiated MSC. This 

immunogenicity was not affected by culturing the cells in hypoxic conditions or 

exposing the cells to an inflammatory environment in vitro. Additionally CEPC 

could modulate both T cell and macrophage activity in vitro. This T cell 

immunomodulatory capacity was shown to be nitric oxide dependent. 

In summary, allogeneic chondrogenically differentiated MSC lose their 

immunomodulatory ability and become more immunogenic, while allogeneic CEPC 

are not immunogenic and have potent immunomodulatory activity in vitro. 
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1.1 Cartilage and Osteoarthritis 

Cartilage is a flexible connective tissue, derived from the mesoderm of the embryo 

found in many places in the mammalian body including the nose, ears, between the 

ribs, intervertebral discs, bronchial tubes and at the ends of long bones (1). Cartilage 

is composed of specialised cells called chondrocytes surrounded by a proteoglycan 

and collagen rich matrix with a high water content (1). There are three main types of 

cartilage; elastic cartilage, fibrocartilage and hyaline (or articular) cartilage (1).   

1.1.1 Function of articular cartilage 

Articular cartilage is found at the ends of long bones such as the femur (1, 2). Its 

main functions are those of load bearing and provision of a smooth surface in joints 

such as the knee or hip to reduce friction and allow the bones to glide past one 

another efficiently during motion (2, 3). It is an avascular and aneural tissue, 

deriving all of its nutrients from the synovial fluid by diffusion (4). Articular 

cartilage can be divided into four zones; the superficial, transitional, radial and 

calcified cartilage zones (4). Each zone of the cartilage has its own distinct 

organisation of matrix components and chondrocytes (4).  Articular cartilage is 

composed of collagens (mainly collagen-II), proteoglycans (mainly aggrecan) (4, 5) 

and chondrocytes (4). Mature chondrocytes are quiescent and provide the slow 

turnover of cartilage matrix components (3). It is generally accepted that articular 

cartilage has a poor intrinsic regenerative capacity and that damage which occurs to 

it is irreversible (6). 
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1.1.2 Pathology and symptoms of osteoarthritis 

Cartilage injury and osteoarthritis (OA) are common joint conditions, with, 10% of 

men and 18% of women over 60 diagnosed with OA (7-10) and these figures have 

been increasing steadily at a rate of 30% every ten years (4). Osteoarthritis is a 

significant social and healthcare burden, costing an estimated $185.5 billion dollars 

to insurers in the US annually (11), the socioeconomic cost of OA has been 

estimated at up to 2.5% of a country’s GDP (10, 12). OA generally can only be 

diagnosed once a patient presents with symptoms (10). These symptoms include pain 

and stiffness in the joint, loss of mobility and joint function and a reduced quality of 

life (10), in its most severe cases OA can result in muscle atrophy and limb 

deformity (13).  

OA was originally thought to be exclusively a disease of ‘wear and tear’ associated 

with risk factors including patient age, trauma, altered biomechanics and obesity 

(14). This results in mechanical breakdown of the cartilage resulting in a loss of 

freedom of movement, joint pain and swelling (10). However, in recent years it has 

become clear that OA is a disease of the whole joint with a complex pathophysiology 

(3, 10) which includes remodelling of the cartilage matrix, subchondral bone 

remodelling, osteophyte formation,  degeneration of ligaments and menisci, and 

synovial inflammation (3, 15-18).  

The classification of OA as a non-inflammatory arthritis is as a result of lower 

number of leukocytes being detected in the synovial fluid of OA patients compared 

to rheumatoid arthritis (RA) patients (14). However, it has been known since the late 

1950s indications that an inflammatory component is at play in OA, for example 

Nettelbladt and Sundblad reported increased inflammatory markers in the plasma of 
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OA patients in 1959 (14, 19) and synovial inflammation (synovitis) has been 

described since the 1970s (20). The healthy synovium is a highly metabolically 

active tissue, that functions  to nourish chondrocytes via the synovial fluid and to 

remove metabolites and products of matrix degradation (18). Healthy synovium is a 

2 to 3 cell thick layer with a notable lack of immune cell populations. When the 

synovium becomes inflamed hyperplasia of synovial lining cells is observed in 

addition to macrophage, T cell and B cell infiltration (21, 22). In more recent years 

synovitis has been strongly implicated in OA pathogenesis (14, 18). Although 

synovitis is an important part of the pathogenesis of OA it is likely not the primary 

cause (14). In fact, it is likely that, in the context of OA, synovitis is a secondary 

process initiated by activation of innate immune cells as a consequence of cartilage 

damage (14). This activation results in a cascade leading to synovitis and subsequent 

initiation and progression of OA (14).  

Diagnosis of OA is a difficult task. According to the American College of 

Rheumatology radiologically visible osteophytes are required before diagnosis. 

However, it is now clear that inflammation is present in joints much earlier than 

osteophyte formation can be visualised radiographically, this has been confirmed by 

a clear correlation between synovitis in symptomatic but not radiographically 

confirmed OA and subsequent loss of knee cartilage (14, 23). From a therapeutic 

point of view synovitis has been shown to be more pronounced in early OA 

compared to later OA with increased CD4+ and CD68+ cell infiltrate and increased 

expression of pro-inflammatory molecules, such as IL-1β and TNF-α, observed in 

earlier stages (24). 

The question then arises, how do mechanical processes translate to a chronic 

inflammatory response?  
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It is likely that OA associated inflammation begins via activation of innate immune 

cells or synoviocytes themselves (21, 25) through Pattern Recognition Receptors 

(PRRs) such as Toll like receptors (TLRs) (14, 26-28). These molecules recognise 

damage associated molecular patterns (DAMPs) which results in cell activation and 

effector function including recruitment of immune cell populations to the joint (14). 

In the context of OA, DAMPs can originate from several cellular sources. The 

breakdown of the cartilage extracellular matrix (ECM) is known to occur in early 

stages of OA due to injury or chondrocyte dysfunction (14, 29). ECM breakdown 

components such as fibronectin (30) have been shown to activate macrophages via 

TLR2 (27) and TLR4 (28) (Figure 1.1). Inflammation can result in vascular leakage 

locally (14), this can result in plasma proteins which can act as DAMPs such as Gc 

globulin and α-macroglobulin entering the joint, these plasma proteins can activate 

cells via TLR4 resulting in an upregulation of TNFα, IL-6 and IL-8 (14). Another 

type of DAMP which has been implicated in the initiation of synovitis are 

intracellular alarmins such as the S100 family of proteins (26), which can activate 

innate immune cells via TLR4 and result in upregulation of matrix 

metalloproteinases (MMPs) including MMP1, MMP3, MMP9 and MMP13 as well 

as upregulation of IL-6 production and downregulation of expression of cartilage 

matrix components such as aggrecan and collagen II (31). In addition to pro-

catabolic and pro-inflammatory cytokines chemokines and pro-angiogenic factors 

can be released by activated cells within the synovium (14, 18). These factors, such 

as CXCL13 and VEGF, result in lymphocyte recruitment and neovascularisation 

which leads to further infiltration of innate and adaptive immune cells (18). 
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___________________________________________________________ 

Figure 1.1 Initiation of synovitis by cartilage damage 

Inflammation of the synovium is initiated by cartilage breakdown resulting in  the 
release of DAMPs into the synovial fluid. These DAMPs are recognised by 

synoviocytes and macrophages via TLRs resulting in cell activation and induction of 
pro-inflammatory and pro-angiogenic factor secretion and synovitis. 

___________________________________________________________ 

 

 

 

 

 

Healthy cartilage Damaged cartilage 
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In synovitis, at a cellular level synovial macrophages have been shown to produce 

IL-1β, TNF-α, IL-6, IL-8, MCP-1, MMP1, MMP3, MMP9 and MMP13 (25), all of 

which contribute to progression of OA by interacting with chondrocytes in the 

cartilage and driving catabolic transcriptional programmes resulting in the 

upregulation of MMPs and down regulation of cartilage matrix components in the 

chondrocytes themselves (14). In addition to immune cells and chondrocytes 

synovial fibroblasts in OA have also been shown to express TLR4 and produce IL-

1β and TNF-α which contribute to the cartilage degeneration (32). 

T cells have also been reported to play an important role in the pathogenesis of OA 

(33). The ratio of CD4+ T cells to CD8+ T cells is reported to be higher in inflamed 

synovium compared to healthy synovium and these cells express activation antigens 

such as CD69, CD25, CD38, CD45RO, MHCII, CD80 and CD83 (33). Many T cell 

subtypes have been described in inflamed synovium including Th1, Th2, Th17 and 

regulatory T cells (Tregs). The Th1/Th2 cell ratio in OA has been reported as 1.5, 

whereas in RA it is 6 (33). T cells, present in the inflamed synovium have been 

reported to produce cytokines such as IFN-γ, IL-17 and TNF-α which further 

exascerbate the synovial inflammation and contribute to chondrocyte reprogramming 

and cartilage matrix degradation (22, 33). 
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___________________________________________________________ 

Figure 1.2 Progression of synovitis 

Synoviocytes, synovial macrophages and infiltrating activated T cells secrete pro-
inflammatory cytokines and MMPs into the synovium which result in further 
cartilage degradation through interaction with chondrocytes (Figure 1.3). Activated 
synovial cells secrete cytokines, chemokines and pro-angiogenic factors which result 
in recruitment of further immune cell populations to the synovium exascerbating the 
synovitis. 

___________________________________________________________ 

 

 

 

Cartilage Synovium 
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The inflammation as a result of synovitis and mechanical stimuli which take place in 

the osteoarthritic joint result in chondrocytes undergoing significant changes. OA 

chondrocytes have been reported to revert to a developmental phenotype including 

re-expression of Wnt (3, 34). These changes result in increased expression of both 

cartilage matrix proteins and degenerative enzymes such as proteases and 

collagenases (4). Chondrocytes also undergo proliferation and are frequently found 

clustered in OA cartilage as opposed to sparsely distributed throughout the matrix, as 

is the case in healthy cartilage (4).  
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___________________________________________________________ 

Figure 1.3 Effects of synovial inflammation on chondrocytes 

In  steady state, chondrocytes maintain a homeostatic balance between cartilage 
matrix degradation and production. On encountering pro-inflammatory cytokines as 
a result of synovitis this balance is disturbed and upregulation of MMPs and Wnt 
occurs in chondrocytes in addition to downregulation of Collagen II and aggrecan 
expression. 

___________________________________________________________ 

 

 

 

 

 

 

Cartilage 
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1.1.3 Non-surgical treatments for osteoarthritis 

Traditional OA treatments have focussed on symptom alleviation through the use of 

non-steroidal anti-inflammatory drugs and physiotherapy (35). These treatments, 

while providing temporary relief for an OA patient, do not slow the progress of the 

disease or impact on the underlying causes (36). The OA Research Society 

International (OARSI) has published a guideline document for the non-surgical 

treatment of OA in which several non-invasive treatment regimens have been 

recommended (37). Interventions such as weight management (5% weight loss in 

overweight patients over a 20 week period) and exercise are recommended by the 

OARSI guidelines as resulting in reductions in pain and physical disability (37). 

Biomechanical interventions such as knee braces or sleeves, foot orthoses and use of 

a walking stick result in reduced pain and stiffness and reduced drug dosage required 

in patients (37). Non-steroidal orally administered drugs such as paracetamol or non-

steroidal anti-inflammatory drugs (NSAIDs) are described as appropriate in the short 

term and in individuals without significant co-morbidities respectively, however 

both showed increased risk of adverse gastro-intestinal events and NSAIDs also 

increased the risk of cardiovascular and renal impairment (37).  

Corticosteroids are non-specific anti-inflammatory agents which can reversibly block 

T cell and antigen presenting cell cytokine and cytokine receptor expression as well 

as macrophage cytokine production, chemotaxis and phagocytosis (38). As they are 

hydrophobic they can freely enter the cytoplasm of cells where they bind to 

receptors. These receptor/corticosteroid complexes can then translocate to the 

nucleus where they prevent transcription of target genes (38). Due to their potent 

immunosuppressive abilities corticosteroids have been investigated for use in OA for 

many years (39) and have been described as appropriate for use in OA by the OARSI 
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as their use results in a significant short term reduction in pain (37). The pain 

reduction associated with intra-articular injection of corticosteroids is rapidly 

produced and can last up to 3 weeks (39). Their use is particularly effective in 

patients with overt signs of OA such as joint effusion and extensive local 

inflammation (39). However corticosteroids have many side effects including but not 

limited to Cushing’s syndrome, hypertension, weight gain, gastro-intestinal effects, 

personality changes and osteoporosis (38), and therefore as a long term treatment for 

symptomatic OA they are not recommended (37).  

Overall, non-surgical interventions for OA do not deal directly with the underlying 

causes of the disease and therefore disease modifying therapies for OA are required. 

1.1.4 Surgical treatments for osteoarthritis 

Surgical techniques have been developed to treat cartilage lesions. Once such 

technique is microfracture (40). In microfracture, specially designed awls are used to 

create small perforations in the subchondral bone under the defect (40). Marrow 

components, such as cells and growth factors diffuse through these perforations into 

the defect where they form a “surgically induced super clot”. The micro-environment 

in this clot is optimal for cartilage regeneration. An extensive period of rehabilitation 

is required post-procedurally (40, 41). Microfracture has been shown to be 

successful with a majority of patients reporting a reduction in pain and an 

improvement in mobility, however in the long-term some degenerative changes are 

present (42).  

Another surgical technique which is used to treat osteochondral defects is 

mosaicplasty. Mosaicplasty involves taking an osteochondral plug from a non-

weight bearing region of the cartilage and implanting it into the debrided defect (43). 
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Mosaicplasty is a successful procedure, with Emre et al reporting good or excellent 

results in 96% of cases in a retrospective study (44). However, other studies have 

demonstrated that the effectiveness of the procedure may decrease with age (45).  

1.1.5 Autologous Chondrocyte Implantation 

Since the late 1980s the field has begun to investigate the potential of various cell 

therapies for OA. Autologous Chondrocyte Implantation (ACI), which was initially 

developed in Sweden in 1988, is the current gold standard cell therapy for cartilage 

defects (46, 47). ACI involves expanding chondrocytes from a biopsy taken from a 

non-weight bearing region of the joint (8). These expanded cells are then injected 

into the defect under a collagen or periosteal flap or implanted in a matrix (MACI) 

(8). ACI shows good to excellent results on follow up with outcomes reported as 

being equivalent or superior to those of microfracture (8, 48, 49). 

1.1.6 Autologous Mesenchymal Stem Cells (MSC) 

Apart from autologous chondrocytes another cell type which may have great 

potential for the treatment of OA is the mesenchymal stem cell (MSC). The term 

MSC was introduced in 1991 by Arnold Caplan, and these cells can be isolated from 

many tissues including bone marrow, adipose tissue and umbilical chord (50-53). 

MSC are characterised as plastic adherent, fibroblastic cells which are capable of 

forming colonies, and were therefore described by Friedenstein as colony forming 

unit-fibroblast (CFU-F) (54). Further characterisation of this cell population has 

continued and, while there is no single marker which defines MSC, it is now 

generally accepted that MSC are positive for cell surface expression of CD105, 

CD73, and CD90 and negative for CD45, CD34, CD14 and CD11b expression. In 

addition to surface marker expression for a population to be considered as MSC they 
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must be capable of tri-lineage differentiation, that is capable of in vitro 

chondrogenesis, osteogenesis and adipogenesis (52, 55). 

MSC were originally proposed for use in OA due to their cartilage differentiation 

capacity, with the hypothesis that they would integrate into the damaged cartilage 

and directly regenerate the tissue through their own chondrogenic differentiation 

(56). However in recent years research suggests that the primary mode of action of 

MSC applied to OA models is paracrine action of the MSC facilitating native 

cartilage regeneration (56). This paracrine action of MSC is related to their well-

known potent anti-inflammatory and immunomodulatory capacities. 

The immunomodulatory ability of MSC is attributed to their secretion of several 

immunomodulatory molecules including Prostaglandin E2 (PGE2), nitric oxide, 

indoleamine-2, 3 dioxygenase (IDO) and tumour necrosis factor-α stimulated gene-

protein 6 (TSG-6) which can interfere with proliferation, activation and effector 

function of many cells of the immune system including CD4+ and CD8+ T cells, NK 

cells, B cells and Antigen Presenting cells (52, 57-64). MSC are also capable of 

increasing the population of regulatory T cells (65, 66). This immunosuppressive 

ability has been reported to be cell contact dependent and induced in vivo by 

activation of the cells through encountering inflammatory cytokines such as 

interferon-γ (IFN-γ) (64, 67). 

1.1.6.1 Prostaglandin E2 

Prostaglandin E2 (PGE2) is a 352 Da small molecule synthesised by active 

cyclooxygenases such as Cox2 from arachidonic acid. It binds to EP receptors, 

which are expressed on many cell types. Early in the inflammatory response PGE2 

promotes vasodilation and recruitment of innate immune cells such as neutrophils, 
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macrophages and mast cells, however later it promotes IL-10 secretion and can 

directly inhibit production of pro-inflammatory cytokines. Acting on macrophages 

PGE2, via the EP2 receptor, can limit phagocytosis and TLR dependent activation. 

On the adaptive side of the immune response, PGE2 can block T cell recruitment via 

inhibition of DC secreted chemokines such as CCL19. PGE2 can also directly act on 

T cells by inhibition of IL-2 and IL-2 receptor expression by T cells. Finally PGE2 

can shift the Th1/Th2 balance towards a more Th2 phenotype by selective inhibition 

of Th1 cytokines such as IFNγ but not Th2 cytokines such as IL-4 (68). 

1.1.6.2 Nitric oxide 

Nitric oxide is a rapidly diffusing bioactive gaseous molecule produced intra-

cellularly by nitric oxide synthases such as inducible nitric oxide synthase (iNOS). 

Nitric oxide can affect T cell receptor signalling, cytokine and cytokine receptor 

expression, T cell phenotype and T cell proliferation (64), of CD8+ T cells in 

particular (69).  

1.2 Transplantation of allogeneic cells, tissues or organs 

Transplantation of allogeneic, that is from a non-related donor, cells (e.g. 

hematopoetic stem cells), tissues (cornea) or organs (kidney) is an essential part of 

modern medicine. However, a thorough understanding of how the immune system 

interacts with allogeneic cells is essential before translation of any new 

transplantation therapy to the clinic (51). While the innate immune system 

(macrophages, dendritic cells, neutrophils and other cells) plays a role in the 

rejection of transplants, primarily by activating adaptive immune cells (70), it is 

widely accepted that the adaptive immune system (T and B cells) are the primary 

effectors of transplant rejection (71). Assuming that the transplant recipient has no 
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pre-formed antibodies which react against the donor antigen, allo-recognition and the 

subsequent adaptive immune response against a transplant occur via three distinct 

pathways (51).  

1.2.1 Direct allo-recognition pathway 

The direct allo-recognition pathway is associated with acute rejection of a graft. 

Donor antigen presenting cells (APCs) can be transplanted along with an organ or 

tissue, particularly if they are tissue resident APCs, such as Langerhans cells in the 

skin (51, 72, 73). These APCs can migrate to lymph nodes, where they interact with 

and activate recipient T cells, through interactions between the donor Major 

Histocompatibility Complex (MHC) molecules and the recipient T cells via the T 

cell receptor (TCR) (51). Following initial CD4+ T cell activation CD8+ T cells can 

become activated after receiving help from the CD4+ T cell, which results in 

expansion of the allo-antigen specific CD8+ T cell population and results in them 

carrying out their cytolytic functions (5, 51) (Figure 1.5).  

1.2.2 Indirect allo-recognition pathway 

Indirect allo-recognition can occur in the absence of donor derived APCs and is 

primarily associated with chronic graft rejection (51). In this scenario, donor MHC 

molecules, or other mismatched proteins (termed minor histocompatibility antigens), 

are phagocytosed by recipient APCs. The APCs process and present antigen via their 

own MHC molecules to recipient derived CD4+ and CD8+ T cells (51). This type of 

allo-recognition can occur at any time after transplantation (Figure 1.5).  
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1.2.3 Semi-direct allo-recognition pathway 

In recent years a third allo-recognition pathway has been proposed whereby intact 

MHC/peptide complexes from donor cells can be taken up by and presented by 

recipient derived APCs (51, 72, 74). These MHC/peptide complexes can be 

transferred from donor cells to recipient APCs via direct transfer between the cells or 

via extracellular vesicles such as exosomes which can fuse with the cell membrane 

of the APC (51, 72, 74). These ‘chimeric’ APCs can then activate CD4+ and CD8+ T 

cells in lymphoid organs and a donor-specific immune response can be initiated (51) 

(Figure 1.5).  
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___________________________________________________________ 

Figure 1.4 Allorecognition pathways 

Schematic diagram of the direct, semi-direct and indirect allorecognition pathways. 
Diagram adapted from Griffin et al, 2013. 

___________________________________________________________ 
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1.2.4 Allogeneic cell therapy 

Cell therapies which can be administered from unrelated donors to recipients in a 

fully allogeneic manner are attractive for several reasons; 

1. Age and disease severity of the recipient may preclude isolation of effective 

cells from the patient (51, 75) 

2. Donor site morbidity is a significant concern which could be avoided by the 

use of allogeneic cells (76) 

3. Allogeneic cells could be used where the recipient suffers from a genetic 

defect in the cells or tissue concerned (51) 

4. An off-the-shelf batch based production protocol, where several patients 

could be treated from a single donor which would reduce costs, increase 

efficiency (51) and allow more rigorous characterisation of the cell product 

(52) 

However, before any cell therapy can be translated to the clinic a full understanding 

of the immune response elicited by the allogeneic therapy must be established (5, 51, 

77). To address immunogenicity (capacity to induce anti-donor adaptive immune 

responses) this characterisation should include: (a) Analysis of the expression of 

major histocompatibility antigens and co-stimulatory molecules such as MHCI, 

MHCII, CD80 and CD86 which are required for direct as well as indirect T cell allo-

recognition (5, 71). (b) Characterisation of donor-specific T cell responses in in vitro 

stimulation assays, (c) Assessment of the in vivo allo-immune response to 

transplanted cells in appropriate pre-clinical models. 
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1.3 Allogeneic Mesenchymal Stem Cells 

1.3.1 Allogeneic MSC Immunogenicity 

MSC have been shown to elicit a weak cellular and humoral allogeneic immune 

response (here referred to as low immunogenicity) (51, 78). The weak 

immunogenicity of MSC can be attributed to their low expression levels of 

immunogenic cell surface molecules (5, 51, 77). MSC from numerous sources and 

species have been shown to express low levels of major histocompatibility complex 

class I (MHCI) proteins on their cell surface as well as low levels of co-stimulatory 

molecules such as CD80 and CD86, additionally, in the resting state, MSC express 

no major histocompatibility complex class II (MHCII) (55, 57, 60, 78-80). These 

properties contribute to the so-called hypo-immunogenicity of MSC, as lower 

expression of such immunogenic molecules reduces the risk of allo-specific T cell 

activation. However, despite the surface expression profile of allogeneic MSC 

evidence suggests they do induce adaptive and humoral immune responses. Some 

studies report survival of allogeneic MSC in vivo for up to 4 weeks (81-83). Other 

studies have reported allogeneic MSC are cleared from the host in less time however 

(84, 85). Inflammatory infiltrate into the area of administration also varies with some 

reports showing a higher infiltration of immune cells (81, 85), while others report 

lower numbers of infiltrating immune cells in allogeneic MSC treated wounds 

compared to untreated ones (82). Allogeneic MSC administration has been shown to 

induce increased anti-donor T cell activity (84-88), however characterisation of the 

specific T cell subsets involved in this activity needs to be carried out (51). Indeed, 

allogeneic MSC have been shown to expand regulatory T cell (Treg) and functional 

semi-mature dendritic cell populations which can promote an anti-inflammatory, 
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pro-tolerogenic environment (65, 66). In vivo, reduced T cell activity has been seen 

in baboons administered with allogeneic MSC intravenously followed by the same 

MSC administered intra-muscularly (83). Evidence that some level of allogeneic 

MSC immunogenicity may be a beneficial feature is prolonged or indefinite survival 

of allogeneic transplants which has been achieved with co-administration of 

allogeneic MSC in several models, potentially by antigen specific generation of 

Tregs (89-94) (Figure 1.5).   

The low level of immunogenicity of allogeneic MSC, in conjunction with their 

immunomodulatory capacities make them an attractive cell type for use in 

inflammatory conditions such as OA, where it would be envisioned that they could 

dampen inflammation and promote endogenous healing of the cartilage damage 

while not being recognised by allo-specific T cells which could exascerbate the 

inflammation. 
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___________________________________________________________ 

Figure 1.5 MSC immune properties 

MSC express low levels of MHCI and co-stimulatory molecules, in addition to no 
MHCII. These characteristics limit the ability of allogeneic T cells to receive their 
activation stimulus from allogeneic MSC thereby resulting in a weakly immunogenic 
phenotype for MSC. MSC secrete immunomodulatory molecules such as PGE2, 
nitric oxide, IDO and others which exert effects on many immune cell populations 
including T cells, B cells, dendritic cells and macrophages with the result that 
inflammation is reduced. 

___________________________________________________________ 
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1.3.2 Allogeneic differentiated MSC 

As allogeneic undifferentiated MSC are immunomodulatory and weakly 

immunogenic, a significant question which arises with regard to use of allogeneic 

MSC in tissue replacement therapies, is whether these cells maintain these 

characteristics when they are differentiated ex vivo or in situ to regenerate damaged 

tissue. Part of the development of an allogeneic differentiated MSC (dMSC) therapy 

should include analysis of the ability of these cells to retain their weak 

immunogenicity and immunomodulatory properties (77). 

Some pre-clinical and clinical studies have addressed these issues in various 

different models, but many questions still remain (77). 

1.3.3 Immunological consequences of osteogenic differentiation of allogeneic 

MSC 

Allogeneic dMSC have the potential for use in several diseases in vivo. One such 

environment is in bone regeneration after fracture, cancer or in conditions such as 

Osteogenesis Imperfecta (OI) (77). Use of allogeneic dMSC for bone regeneration 

has produced some contrasting results (77). Several studies showed that allogeneic 

dMSC could contribute to osteogenic repair in vivo without significant infiltration of 

immune cells to the graft (79, 95, 96). However, it has also been reported that 

allogeneic MSC require immunosuppressive treatment to survive and differentiate in 

vivo and these cells are rapidly cleared from the body without this therapy (97, 98). 

This rejection of osteogenically differentiated allogeneic MSC may be due to an 

increase in MHC molecules on the cell surface, e.g. porcine MSC have been shown 

to increase swine leukocyte antigen-I (SLAI) on their surface during osteogenic 

differentiation and this increase resulted in reduced in vivo efficacy (99). However, 
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in contrast no increase in MHCI antigens during MSC osteogenic differentiation has 

also been reported (100). As mentioned above undifferentiated MSC are negative for 

surface MHCII and reports suggest that MSC do not increase cell surface MHCII 

during osteogenic differentiation (79, 100). Despite no increase in surface MHCII, 

osteogenically differentiated MSC retain a rich deposit of intra-cytoplasmic MHCII 

mRNA transcript which are translated and displayed on the cell surface upon 

stimulation with IFN-γ (101). This upregulation of MHCII has been confirmed on 

osteogenically primed MSC in vivo (79). The effects of osteogenic differentiation on 

allogeneic MSC is summarised in Figure 1.6 and Table 1.1 
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___________________________________________________________ 

Figure 1.6 Effect of osteogenic differentiation on allogeneic MSC 

Summary figure of the effects of osteogenic differentiation on the immune 
characteristics of allogeneic MSC. Figure adapted from Lohan et al, 2014 (77) 

___________________________________________________________ 
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Paper Model In vitro 
Immunogenici

ty 

In vitro 
Immunosuppressi

ve ability 

In vivo 
engraftme

nt 

In vivo  
Immune 
marker 

expression 

In vivo 
Functional 

Benefits 

In vivo Cellular 
response 

In vivo 
antibody 
response 

Wang et 
al (102) 

In vitro 
assessment of 
osteogenically 
dMSC from 
swine 

No increase in 
SLAI. Slight 
increase in 
SLAII. 
Osteogenically 
dMSC were 
equivalently 
immunogenic 
as 
undifferentiated 
MSC 

Osteogenically 
differentiated and 
undifferentiated 
MSC displayed 
equivalent 
immunosuppressiv
e ability 

NT NT NT NT NT 

Liu et al 
(79) 

Osteogenically 
differentiated 
rabbit MSC; 
ectopic 
transplant  

Osteogenically 
dMSC lacked 
surface MHCII. 
No difference 
in in vitro 
immunogenicit
y or 
susceptibility to 
cytotoxic lysis 

No difference in 
immunosuppressiv
e ability between 
differentiated and 
undifferentiated 
MSC 

NT Upregulatio
n of MHCII 
on 
implanted 
differentiate
d MSC 

Implanted 
allogeneic dMSC 
produced 
osteonectin and 
osteopontin in 
vivo 

No increased 
rejection of 
allogeneic skin 
grafts after dMSC 
treatment 

NT 

Le Blanc 
et al 
(101) 

In vitro 
assessment of 
human dMSC 

No significant 
increase in in 
vitro 
immunogenicit
y despite 
increase in 
HLAI cell 
surface 
expression 
 

Osteogenically 
differentiated MSC 
retained their 
immunosuppressiv
e ability in vitro 

NT NT NT NT NT 

Kang et 
al (103) 

Allogeneic 
MSC in 
allogeneic 
bone matrix to 
radial defect in 
New Zealand 
White rabbit 

NT NT Both 
autologous 
and 
allogeneic 
MSC were 
capable of 
facilitating 
bone 
regeneratio
n 

NT Initial bone 
quality index 
equivalent 
between 
autologous and 
allogeneic MSC, 
however 
significantly 
higher in 
autologous MSC 
treated group after 
12 weeks. 

No cellular 
infiltrate observed 

NT 

Arinzeh 
et al (96) 

Scaffold 
loaded 
allogeneic 
MSC to canine 
critical sized 
femoral defect 

NT NT Implanted 
allogeneic 
MSC 
detected up 
to 16 weeks 

NT Bone regeneration 
observed at 16 
weeks 

No lymphocytic 
infiltration 
observed 

No 
alloantibodi
es detected 

Kotobuk
i et al 
(97) 

Lewis MSC 
on 
Hydroxyapatit
e scaffolds to 
F344 rats 

NT  NT NT NT Immunosuppressi
on was required 
for in vivo 
osteogenic 
differentiation of 
allogeneic MSC 

Possible 
infiltration of 
inflammatory 
cells 

NT 

Chatterj
ea et al 
(98) 

Allogeneic 
MSC derived 
osteoprogenito
rs in ectopic 
rat model 

NT NT NT NT Allogeneic 
osteoprogenitors 
require 
immunosuppressi
on to form bone 

T and B cell 
infiltration to 
allogeneic graft. 
Effects were 
mediated by 
immunosuppressi
on 

NT 

Ren et al 
(99) 

MHCI knock-
down MSC in 
various animal 
models 

NT NT NT NT MHCI knock-
down MSC 
treated animals 
showed better 
bone regeneration 

Higher frequency 
of circulating 
activated 
lymphocytes in 
animals treated 
with wild-type 
MSC  

NT 

Horwitz 
et al 
(104) 

OI patients 
who had 
previously 
received bone 
marrow 
transplants 
administered 
MSC derived 
from the same 
donor 

NT NT 5 of 6 
patients 
demonstrate
d MSC 
engraftment 

NT 5 of 6 patients 
demonstrated 
markedly 
increased growth 
velocity 

Cellular response 
to viral antigens 
in some patients 

1 patient 
produced 
anti-FBS 
antibodies  

Le Blanc 
et al 
(105) 

Allogeneic 
Foetal liver 
derived MSC 
to foetus 
diagnosed 
with OI                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

NT NT Allogeneic 
dMSC 
detected in 
bone biopsy 
at 9 months 
(up to 
7.4%) 

NT Patient growth 
could be 
attributed to 
allogeneic MSC 
therapy 

No memory 
response against 
donor 
undifferentiated 
MSC 
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___________________________________________________________ 

Table 1.1 Effect of osteogenic differentiation on allogeneic MSC 

An analysis of the literature concerning the immunologically relevant changes which 
occur in allogeneic MSC as they differentiate towards an osteogenic lineage was 
performed. Data concerning in vitro immunosuppressive ability and immunogenicity 
and in vivo engraftment, immune marker expression, functional benefits, cellular 
response against the differentiated MSC and allo-antibody production was collated 
and is presented here. NT designates the particular parameter was not tested in this 
paper (77). 

___________________________________________________________ 
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1.3.4 Immunological consequences of cardiomyocytic differentiation of 

allogeneic MSC 

Myocardial infarction (MI) occurs in heart muscle as a result of restriction or loss of 

blood flow to an area of the muscle. Loss of circulation leads to tissue hypoxia, cell 

death and loss of muscle function in the affected area. The result of an MI can be 

permanent loss of cardiac function and potentially death (77, 106). MSC have been 

proposed as a potential therapeutic after MI due to their ability to secrete 

regenerative, anti-inflammatory and pro-angiogenic factors, their ability to home to 

sites of injury and their, admittedly controversial (107), capacity to differentiate to 

smooth muscle, cardiomyocyte and endothelial lineages (77, 106, 108, 109). 

However, due to the fact that an MI is an acute condition which requires immediate 

intervention an allogeneic MSC therapy may be necessary for an effective outcome 

(60, 77). 

MSC, administered after MI, have been shown to express markers of cardiac muscle, 

smooth muscle and vascular endothelium (60, 77, 106, 110-112). In vitro 

myocardially differentiated MSC (with 5-azacytidine treatment) are known to 

upregulate both MHCI and MHCII (77, 113), and when these cells were 

administered to a myocardial infarct they were recognised by immune cells and 

rapidly rejected, with an accompanying loss of the functional benefits of the therapy 

(77, 113).  

Administering undifferentiated allogeneic MSC to a myocardial infarct may be more 

beneficial. Indeed, allogeneic undifferentiated MSC administered to a myocardial 

infarct resulted in improved cardiac function recovery, such as left ventricular 

ejection fraction, up to 3 months post administration (60, 77, 110-114). These results 
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are very promising, however as cardiac differentiated MSC upregulate MHCI and 

MHCII in situ differentiation of MSC and consequent immune rejection is a major 

concern (77).  

Huang et al showed that undifferentiated allogeneic MSC could engraft, provide 

functional improvement up to 3 months and differentiate to cardiomyocytes, vascular 

endothelium and smooth muscle in a rat MI model (60, 61). This group demonstrated 

that these cells elicited an allogeneic antigen-specific immune response. This 

immune response was in the form of anti-donor antibodies which were specifically 

targeted against differentiated but not undifferentiated allogeneic MSC (60). These 

antibodies were detectable 5 weeks post cell administration (60). Functionally 

allogeneic MSC were shown to be equally effective as syngeneic MSC at 3 months 

but by 6 months allogeneic MSC treated animals had reduced cardiac function 

compared to syngeneic MSC treated animals (60). In a follow up paper this group 

showed that rejection of allogeneic MSC in the rat MI model may be due to loss of 

PGE2 expression in the cells as they differentiate (61). Dhingra et al demonstrated 

that allogeneic MSC administered together with exogenous PGE2 to an MI were not 

rejected and provided equivalent functional benefits to syngeneic MSC (61).  

Allogeneic MSC have also been administered to humans in early phase clinical trials 

after MI. However, it was not determined if these cells differentiated in situ or just 

exerted a trophic effect (77). No significant adverse events were noted as a result of 

the cell treatment after 12 months. The allogeneic MSC treatment resulted in 

significantly increased left ventricular ejection fraction compared to placebo and this 

improvement was maintained over 12 months (115). The effects of cardiomyocytic 

differentiation on allogeneic MSC is summarised in Figure 1.7 and Table 1.2. 
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___________________________________________________________ 

Figure 1.7 Effect of cardiomyocytic differentiation on allogeneic MSC 

Summary figure of the effects of cardiomyocytic differentiation on the immune 
characteristics of allogeneic MSC. Figure adapted from Lohan et al, 2014 (77) 

___________________________________________________________ 
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Paper Model In vitro 
Immunogenici

ty 

In vitro 
Immunosuppressi

ve ability 

In vivo 
engraftment 

In vivo  
Immune 
marker 

expression 

In vivo 
Functional 

Benefits 

In vivo 
Cellular 
response 

In vivo 
antibody 
response 

Xia et 
al (113) 

Balb/C 
cardiomyocyte 
differentiated 
MSC to 
C57/BL6 mouse 
MI model 

Increased 
MHCI and 
MHCII 
expression on 
cardiomyocyte 
dMSC 

NT Both 
undifferentiat
ed and 
differentiated 
allogeneic 
MSC 
engrafted. 
Over 4 weeks 
dMSC were 
cleared 
quicker than 
undifferentiat
ed 

NT Both 
differentiated 
and 
undifferentiated 
MSC improved 
function at 2 
weeks over 
controls. 
However by 4 
weeks benefit 
due to dMSC 
was lost 

CD4+ and 
CD8+ 
infiltration in 
both 
undifferentiat
ed and 
differentiated 
groups. 
Significantly 
more in 
differentiated 

NT 

Huang 
et al 
(60) 

Wistar rat 
(allogeneic) or 
Lewis 
(syngeneic) 
MSCs to Lewis 
rat MI model 

MHCIa 
upregulated 
and MHCIb 
downregulated 
after in vitro 
differentiation. 
MHCII and 
CD86 co-
expressed by 
dMSC. 
Increased 
susceptibility 
to cytotoxic 
lysis 

NT Significantly 
more 
undifferentiat
ed MSC than 
dMSC were 
engrafted at 
day 7 

Engrafted 
dMSC co-
expressed 
MHCI or 
MHCII with 
differentiati
on markers 

Allogeneic MSC 
treated animals 
displayed loss of 
functional 
benefit over time 
compared to 
syngeneic MSC 
treated animals 

Leukocyte 
infiltration 
into 
allogeneic 
MSC treated 
hearts 

Allo-
antibodies 
produced 
against 
differentiated 
but not 
undifferentiat
ed MSC 

Dhingr
a et al 
(61) 

Wistar MSC to 
Lewis rat MI  

dMSC more 
susceptible to 
cytotoxic lysis 

MSC lose ability to 
secrete PGE2 as 
they differentiate 
which results in 
reduced ability to 
induce Tregs 

MSC were 
eliminated by 
5 weeks, 
some 
remained 
engrafted 
after PGE2 
augmentation 

NT Improvement 
noted, however 
this was 
significantly less 
than if PGE2 
was co-
administered 
with allogeneic 
MSC 

Increased 
CD8+ T cell 
infiltration in 
dMSC treated 
hearts which 
could be 
rescued by 
PGE2 

Allo-
antibodies 
produced 
against dMSC 
which could 
be reduced by 
PGE2 

Amado 
et al 
(116) 

Allogeneic 
porcine MSCs 
to porcine MI 

NT NT Reported 42.4 
±15% 
engraftment 
at 8 weeks. 
Labelled 
engrafted 
cells co-
expressed 
differentiation 
markers 

NT Significant 
improvement 
after 8 weeks 

NT NT 

Makka
r et al 
(110) 

Allogeneic 
porcine MSC to 
porcine heart 
one month after 
MI 

NT NT Engrafted 
cells detected 
2 months after 
injection 

NT No further 
deterioration in 
treated group 
compared to 
control 

NT NT 

Perin et 
al (111) 

Allogeneic 
canine MSC to 
canine MI 
model delivered 
either intra-
coronarily or 
transendocardial
ly 

NT NT Engrafted 
cells detected 
14 days after 
administration 

NT Transendocardial
ly delivered allo-
MSCs provided a 
functional 
benefit 

NT NT 

Quevad
o et al 
(117) 

Allogeneic 
porcine MSC to 
porcine MI  

NT NT Engrafted 
cells detected 
at 84 days co-
expressing 
differentiation 
markers 
 

NT Improved 
cardiac function 
compared to 
control group 

NT NT 

___________________________________________________________ 

Table 1.2 Effect of myocardial differentiation on allogeneic MSC 

An analysis of the literature concerning the immunologically relevant changes which 
occur in allogeneic MSC as they differentiate down a myocardial lineage was 
performed. Data concerning in vitro immunosuppressive ability and immunogenicity 
and in vivo engraftment, immune marker expression, functional benefits, cellular 
response against the differentiated MSC and allo-antibody production was collated 
and is presented here. NT designates the particular parameter was not tested in this 
paper (77). 

___________________________________________________________ 
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1.3.5 Immunological consequences of chondrogenic differentiation of allogeneic 

MSC 

There is sufficient evidence to now suggest that OA is a disease with an 

inflammatory component as well as its degenerative component which results in loss 

of articular cartilage. Due to MSC ability to modulate inflammation and differentiate 

down a chondrogenic lineage they are envisioned as a potential therapeutic for OA 

(58, 62-64, 77, 118, 119). However, as with any allogeneic cell therapy the immune-

relevant characteristic of chondrogenically differentiated allogeneic MSC need to be 

thoroughly investigated before any potential therapy can be translated to the clinic 

(51, 77). A limited number of studies have addressed the immune consequences of 

chondrogenic differentiation of rodent and human MSC (120-123). While Zheng et 

al demonstrated retention of the immunosuppressive ability of chondrogenically 

differentiated allogeneic MSC (120), Chen et al showed that chondrogenically 

differentiated MSC were incapable of suppressing allogeneic dendritic cell function 

(121).  In fact Chen et al showed that allogeneic chondrogenically differentiated 

MSC induced allogeneic dendritic cell maturation and increased the cytotoxic 

activity of peripheral blood leukocytes compared to undifferentiated MSC (121). 

Chondrogenic differentiation has also been shown to result in an upregulation of 

immunogenic cell surface molecules such as MHCs (121, 122). These studies used 

in vitro differentiation conditions to produce chondrocytes from MSC, however 

should in situ chondrogenic differentiation take place, the effects may be the same 

and this could explain the discrepancies between studies using allogeneic MSC as a 

therapeutic in models of OA (77).  
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The literature with regard to the immune properties of allogeneic chondrogenic MSC 

is not comprehensive and part of this work has sought to address these shortcomings 

in the collective understanding. 
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Paper Model In vitro 
Immunogenicity 

In vitro 
Immunosuppressive 

ability 

In vivo 
engraftment 

In vivo  
Immune 
marker 

expression 

In vivo 
Functional 

Benefits 

In vivo Cellular 
response 

In vivo 
antibody 
response 

Zheng et 
al (120) 

Human RA 
patients T cells 
with allogeneic 
chondrogenically 
differentiated 
MSC 

No Collagen II 
specific T cell 
proliferation to 
dMSC 

dMSC could suppress 
allogeneic T cell 
proliferation and 
activation.  
dMSC could suppress 
CD4+ and CD8+ 
inflammatory cytokine 
production.  
dMSC and 
undifferentiated MSC 
secreted similar 
TGFβ1 levels 

NT NT NT NT NT 

Technau 
et al 
(122) 

In vitro 
assessment of 
human 
chondrogenically 
dMSC 

dMSC stained 
positive for HLA-
ABC and HLA-
DR. 
dMSC secreted 
IFNγ 

NT NT NT NT NT NT 

Chen et 
al (121) 

In vitro 
assessment of rat 
chondrogenically 
dMSC 

Upregulation of 
CD80 and CD86 

NT NT NT NT NT NT 

 

___________________________________________________________ 

Table 1.3 Effect of chondrogenic differentiation on allogeneic MSC 

An analysis of the literature concerning the immunologically relevant changes which 
occur in allogeneic MSC as they differentiate down a chondrogenic lineage was 
performed. Data concerning in vitro immunosuppressive ability and immunogenicity 
and in vivo engraftment, immune marker expression, functional benefits, cellular 
response against the differentiated MSC and allo-antibody production was collated 
and is presented here. NT designates the parameter was not tested in this paper. 

___________________________________________________________ 
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1.4 Allogeneic chondrocytes 

ACI and MACI take advantage of the pre-programmed chondrogenic ability of 

native chondrocytes to regenerate damaged cartilage. However, these treatments 

require two procedures to be undertaken on the injured joint, one to isolate the 

cartilage biopsy and the second to implant the cultured chondrocytes to the defect (8, 

48). These two procedures raise the issues of donor-site morbidity, increased 

infection risk, inconvenience for the patient and increased procedural costs. It seems 

that donor site morbidity is a significant concern in procedures such as ACI and 

MACI, with one study reporting a reduction in knee function at the donor site in 

70% of patients (76). Due to the demonstrated efficacy of ACI and MACI in treating 

cartilage injury it is worthwhile to examine the potential utility of allogeneic 

chondrocytes in order to eliminate the problem of donor site morbidity, reduce risk 

to the patient and reduce overall costs of the therapy. 

1.4.1 Immune characteristics of articular chondrocytes 

As with allogeneic differentiated MSC, a full characterisation of the immune 

characteristics of allogeneic chondrocytes is necessary prior to translation of such a 

therapy to a clinical setting (51). It is often assumed that terminally differentiated 

cells, such as chondrocytes will elicit a strong immune response in vivo, and 

evidence backing this up has been published for allogeneic chondrocytes, showing 

that osteochondral allografts (124, 125) and isolated chondrocytes (126) elicit an 

immune response in vivo. On the contrary, studies have also been published which 

demonstrate in vivo survival of allogeneic chondrocytes for up to 24 weeks (127) and 

a functional benefit of the cell therapy (128, 129). The discrepancies observed 

between studies may be due to differences in cell isolation techniques, culture 
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conditions and experimental models used in the studies. For example, 

subcutaneously or intra-muscularly implanted cells would encounter a different 

immune response to those implanted into the joint (128, 130, 131).  

The expression of MHC proteins and co-stimulatory molecules on the surface of 

cells is very important from an allo-recognition perspective (51). Chondrocytes have 

been previously shown to express low or no MHC molecules and low levels of co-

stimulatory molecules (132, 133). Adkisson et al (132) (human) and Huey et al (133) 

(bovine and leporine) showed that these cells do not induce allogeneic T cell 

proliferation in in vitro assays. These important data demonstrate the potential that 

allogeneic chondrocytes could be used to treat cartilage defects. A commercial 

product, developed by Zimmer, known as DeNovo® NT which is a suspension of 

juvenile cartilage chips has been administered to patients and good results were 

reported up to 24 months post implantation (134).  

1.4.2 Influence of oxygen tension on chondrocyte biology 

Articular cartilage is a hypoxic environment, with the partial pressure of oxygen 

(pO2) in the cartilage reported to be between 1% and 10% (135-137). Oxygen 

tension is important for the normal function of articular cartilage derived 

chondrocytes. Low oxygen tension is important for regulation of chondrocyte 

specific genes such as Sox9, collagens and aggrecan through hypoxia-inducible 

factors (HIFs) (135, 136, 138) and the response of chondrocytes to inflammatory 

stimuli (139). Hypoxic culture conditions (5% pO2) have been shown to increase the 

chondrogenic ability of articular chondrocytes (140). These important characteristics 

of chondrocytes in hypoxic culture conditions mean that chondrocytes expanded 

under hypoxic conditions may maintain their chondrogenic phenotype better than 
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those cultured under atmospheric conditions and hypoxic chondrocytes may be 

therapeutically more beneficial. 

1.5 Strategies to improve allogeneic cell therapy 

As mentioned previously allogeneic cells and tissues can be recognised by the 

immune system and attacked, resulting in graft damage and ultimate failure of the 

therapy. Strategies which could reduce the immunogenicity, enhance the 

immunosuppressive ability or shield allogeneic cells from the immune system may 

improve the therapeutic benefit of the cells  

1.5.1 Immuno-isolation using biomaterials 

One strategy to ensure an allogeneic cell transplant evades the immune system is to 

encapsulate the cells in a semi-permeable biomaterial membrane which itself does 

not induce an immune response. Such a barrier allows the free passage of oxygen, 

nutrients, therapeutic cell products and waste while not allowing immune cells in or 

the allogeneic cells out (141, 142), thereby preventing direct and indirect allo-

recognition. It is likely that, despite prevention of direct and indirect allorecognition, 

semi-direct allorecognition could still occur in this case. However due to the fact that 

immune cells, activated by DCs which have taken up MHC-antigen complexes via 

the semi-direct pathway, could not access the transplanted cells then this may not be 

a major concern.  Encapsulating cells or tissues in biomaterials which allow 

diffusion of essential molecules in and out while preventing influx of immune cells 

is under investigation in a number of fields including islet of langerhans 

transplantation (143-146), liver transplantation (147, 148), retina (149) and for 

treatment of central nervous system diseases such as Alzheimer’s and Huntingtons 

(150). Many different encapsulation materials can be employed to shield allogeneic 
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or xenogeneic cells from the immune system including poly-ʟ-lysine (151), alginate 

(141, 142, 151), gelatin (149) and sodium cellulose (152).  

1.5.2 Genetic modification to reduce the immune response to a cell therapy 

Genetic modification of allogeneic cells to reduce the ability of immune cells to 

recognise them or by over-expression of immunosuppressive molecules to inhibit 

immune cell activity has the potential to increase the survival time of transplanted 

cells or tissues, thereby improving therapeutic efficacy (61, 153-155). 

Overexpression or co-administration of immunosuppressive molecules such as PGE2 

(61) and interleukin-10 (IL-10) (153) has improved survival of allogeneic 

transplants. Programmed death ligand 1 (PD-L1) is a cell surface marker, which 

when it interacts with its receptor on a T cell can limit T cell proliferation (156). PD-

L1 overexpression in allogeneic cornea transplantation has been shown to prolong 

graft survival time (154). Another strategy to reduce the immune response to 

allogeneic cells is to reduce the expression of immunogenic molecules such as 

MHCI on the surface of the transplanted cells (155). Reduction of MHCI by 

transduction with an intra-body which prevents exportation of the MHCI molecule to 

the cell surface has been shown to reduce the ability of anti-MHCI antibodies to bind 

to and mediate destruction of transduced cells (157). Such modification techniques 

could play an important role in improving allogeneic differentiated MSC or 

chondrocyte therapeutics in the context of osteoarthritis. 
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1.6 Focus of the work 

Osteoarthritis and cartilage injury are debilitating conditions which affect millions of 

people worldwide. Due to the degenerative and inflammatory nature of these 

conditions anti-inflammatory, pro-regenerative (either through direct regeneration or 

paracrine effects) cell therapies would be an ideal treatment which could provide 

benefit to many patients. This work examines two allogeneic cell types which could 

provide benefit to patients suffering from osteoarthritis or focal cartilage damage.  

1.6.1 Allogeneic chondrogenically differentiated MSC 

While several pre-clinical studies have investigated the use of allogeneic 

undifferentiated MSC in OA models, the immunological consequences of MSC 

chondrogenic differentiation has not been comprehensively analysed. These 

consequences are relevant if allogeneic MSC were to be differentiated ex vivo and 

administered into a knee defect or if allogeneic undifferentiated MSC engrafted and 

differentiated in situ.   

Hypothesis 1: It was hypothesised that allogeneic chondrogenically differentiated rat 

MSC lose their immunosuppressive ability and become more immunogenic and may 

require localised shielding to survive in vivo. 

To test this hypothesis rat MSC were chondrogenically differentiated in an alginate 

hydrogel system. The immunogenicity and immunomodulatory capacity of the cells 

were assessed in vitro (Chapter 3). Allogeneic chondrogenically differentiated MSC 

were implanted or injected subcutaneously in the rat. The cellular and humoral 

immune response was assessed 6 weeks following implantation (Chapter 4). 
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1.6.2 Allogeneic culture expanded primary chondrocytes 

Autologous chondrocyte implantation has shown good results for treatment of 

damaged articular cartilage. However, from a translational point of view an 

allogeneic cell therapy using chondrocytes would have significant advantages, 

namely eliminating donor site morbidity and significantly reducing the economic 

cost of the procedure. From earlier studies it was consistently observed that CEPC 

did not induce allogeneic T cell proliferation or activation in vitro when used a 

positive control in allogeneic mixed lymphocyte reactions. These observations  led to 

the second hypothesis. 

Hypothesis 2: Allogeneic culture expanded primary chondrocytes (CEPC) are not 

immunogenic and have immunosuppressive abilities that would support their 

potential use as an allogeneic cell therapy.  

To test this hypothesis CEPC, grown in either normoxia (CEPC-N) or hypoxia 

(CEPC-H) were assessed for their immunogenicity and immunomodulatory capacity 

in vitro (Chapter 5). 
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All buffers, media, reagents, plasticware and laboratory equipment used as part of 

the project are listed in tables at the end of this chapter. 

2.1 in vitro tissue culture techniques 

2.1.1 Rat Mesenchymal Stem Cells (MSC) 

Rat MSC were isolated from Dark Agouti (DA) rats. These cells were differentiated 

towards a chondrogenic lineage to test the immunomodulatory and immunogenic 

properties of allogeneic chondrogenic differentiated MSC in vitro (Chapter 3) and in 

vivo (Chapter 4). Undifferentiated MSC were also used as controls in experiments 

investigating the immunological characteristics of allogeneic culture expanded 

primary chondrocytes (Chapter 5). 

2.1.1.1 Rat MSC Isolation 

Dark Agouti (DA) Mesenchymal Stem Cells (MSC) were isolated from bone 

marrow of male DA rats. Animals were euthanized by CO2 inhalation and femurs 

and tibias removed. The bone marrow was flushed from the bones in rat MSC 

medium. Isolated bone marrow was then washed once with Dulbecco’s Phosphate 

Buffered Saline (PBS), centrifuged at 400G for 5 minutes to pellet cells, resuspended 

in rat MSC medium and plated in T-175 flasks (NUNC) at a density of 9x105 

cells/cm2 and cultured in a 37˚C 5% CO2 humidified incubator . 3 days after plating 

all medium and non-adherent cells were removed and the medium replenished, cells 

were then allowed to grow to 90% confluency, at which point they were passaged. 3 

separate MSC preparations were performed as part of this project with at least 5 

animals per preparation. 

3 independent MSC preparations were used as part of this project from at least 5 

animals in each preparation. 



Chapter Two 
 

42 
 

2.1.1.2 Rat MSC Cryopreservation 

MSC were frozen at the end of passage 0 to provide stocks for future experiments. 

MSC were detached from the flask by removing the culture medium, washing once 

with PBS and incubating with 5ml 0.25% trypsin/ 1mM EDTA for 5 minutes. The 

trypsin was then neutralised with 5ml rat MSC medium, cells were removed from 

the flask, centrifuged, counted and frozen in cryovials at a concentration of 1 X 106 

cells per ml of 10% dimethylsulfoxide (DMSO) in foetal bovine serum (FBS). 

Cryovials were slowly cooled to -80˚C in a 2-propanol filled freezing box which 

allowed the temperature to decrease gradually to -80˚C for 24 hours before 

transferring them to liquid nitrogen for long term storage.  

2.1.1.3 Rat MSC culture 

To obtain MSC for use in experiments, a cryovial of P0 cells was quickly brought to 

37˚C by immersion in a waterbath. 5ml rat MSC medium was slowly added to the 

cells over 5 minutes so that the cells were not osmotically shocked. MSC were then 

centrifuged at 400G for 5 minutes, washed once with PBS and plated at a density of 

1 X 106 cells per T-175. Medium was changed every 3 days and cells were passaged 

when they reached 90% confluency by trypsinisation as outlined in section 2.1.2. 

Cells were then plated in fresh T-175 flasks at a density of 1 X 106 cells per flask. 

2.1.1.4 Rat Osteogenic differentiation culture 

Monolayer cultured MSC were trypsinised and counted. 3 X 104 cells were seeded 

per well of a 6 well plate in rat MSC medium. 24 hours later adherence of the cells 

was confirmed, 2ml rat MSC medium added to control wells and 2ml osteogenic 

differentiation medium added to test wells. The medium was changed in wells every 
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2 days. During the course of differentiation the wells were monitored and cells were 

harvested before they began to peel. 

2.1.1.5 Verification of MSC osteogenic differentiation 

Intracellular calcium was stained in osteogenically differentiated MSC by staining 

with Alizarin Red S. Medium was removed from the wells and the cells were washed 

twice with PBS. The cells were fixed with 95% methanol for 10 minutes at room 

temperature followed by two 5 minutes washes with distilled water. The cell 

monolayer was covered with 2% Alizarin Red S solution for 30 seconds at room 

temperature. The dye was removed and the cells rinsed with distilled water for 10 

seconds. The monolayer was allowed to air dry at room temperature. Just prior to 

imaging a film of distilled water was added over the cells.  

To quantify calcium produced during osteogenic differentiation the StanBio Calcium 

Liquicolour kit was used. Medium was removed from wells and the cells were 

washed twice with PBS. 0.5ml 0.5M HCl was added to the each well and the cells 

were scraped off using a cell scraper into a 1.5ml Eppendorf tube. The solution was 

gently shaken overnight at 4˚C. A working solution of 1:1 binding reagent and 

working dye was made (700µl for each sample and standard). Calcium standards 

ranging from 0-1µg/ml were made up. 10µl of each sample was added to 200µl 

working reagent and absorbance measured at 595nm on a plate reader. Results were 

plotted against the standard curve to obtain calcium concentration.  

2.1.1.6 Rat Adipogenic differentiation culture 

Monolayer cultured MSC were trypsinised and counted. The cells were seeded into 

wells of a 6 well plate at a density of 2 X 105 cells per well in rat MSC medium. 
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Cells were allowed to grow to confluency and once confluent 2ml of adipogenesis 

induction medium was added to each test well. After 3 days the induction medium 

was replaced with 2ml maintenance medium for 24 hours. This induction regimen 

was repeated twice. During the procedure control wells had their medium 

replenished with rat MSC medium at the same time as the test wells.  

2.1.1.7 Verification of MSC adipogenic differentiation 

To stain for lipids in the adipogenically differentiated MSC test wells were stained 

with Oil Red O. A working solution of Oil Red O was made by mixing 6 parts Oil 

Red O stock solution with 4 parts distilled water. This solution was allowed to stand 

for 10 minutes at room temperature before being filtered through a Whatman no.1 

filter. The medium was removed from the wells and the cells washed twice with 

PBS. The cells were then fixed in 10% neutral buffered formalin for 10 minutes at 

room temperature. The formalin was removed and the cells washed once with 

distilled water. The Oil Red O working solution was added onto the cell monolayer, 

the dish gently swirled and allowed to stand for 5 minutes at room temperature. The 

Oil Red O was removed and the cells washed with 60% isopropanol followed by a 

wash with tap water. A 20% hematoxylin solution was added for 1 minute before 

being removed and the cells washed in warm tap water until the water ran clear. 

Cells were covered with water and imaged. 

To quantify Oil Red O staining after imaging the water was removed and the Oil Red 

O was extracted from the cells by pipetting 100% isopropanol over the surface of the 

well several times. The isopropanol and dye was transferred to a 1.5ml Eppendorf 

tube. Identical volumes of isopropanol and pipetting technique was used for each 

well to ensure consistency. The Eppendorf was centrifuged at 500G for 5 minutes to 
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remove cell debris. 200µl of the supernatant was transferred to a 96 well flat 

bottomed plate and absorbance measured on a plate reader at 520nm.  

2.1.1.8 Rat MSC chondrogenic differentiation in alginate layers 

Monolayer cultured MSC were trypsinised and counted. MSC were resuspended in 

0.15M NaCl at a concentration of 25 X 106 cells per ml. The MSC solution was 

mixed with an equal volume of 2.4% sodium alginate to make a 1.2% sodium 

alginate solution with a cell density of 1 X 106 cells per 40μl. 40μl of this solution 

was carefully pipetted into a 24 well transwell so that an approximately 1mm thick 

disk of alginate was sitting on top of the membrane. The transwell was then 

immersed in 0.1M CaCl2/0.15M HEPES for 3 minutes to begin the polymerisation 

of the alginate. 50μl of 0.1M CaCl2/0.15M HEPES was carefully pipetted on top of 

the layer and left for a further 3 minutes to polymerise the alginate layer. The layers 

were washed twice in PBS and once with Incomplete Chondrogenic Medium (ICM). 

The transwells with the polymerised layers were placed in 24 well tissue culture 

plates with 200μl Complete Chondrogenic Medium (CCM) (ICM supplemented with 

10ng/ml TGFβ-3 and 100ng/ml BMP-2) in the transwell and 500μl ICM in the plate. 

The medium was changed daily for 21 days to induce chondrogenic differentiation 

(5, 158).  

2.1.1.9 Isolation of a single cell suspension of chondrogenically differentiated 

cells from alginate 

To obtain a single cell suspension of chondrogenically differentiated MSC for use in 

subsequent assays alginate layers were dissociated with Sodium citrate solution. The 

alginate layer was removed from the transwell and added to 3ml sodium citrate 

solution in a 15ml tube. The tube was gently vortexed until the layer was no longer 
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visible. The cell suspension was then centrifuged at 400G for 5 minutes, after which 

the supernatant was removed and the cells washed once in PBS before use in 

subsequent assays. 

2.1.1.10 Verification of rat MSC chondrogenesis 

To stain for the presence of glycosaminoglycans in the matrix produced by rat MSC 

after chondrogenic differentiation Safranin-O histological staining was used. The 

layers were removed from the transwell, washed once in PBS and fixed in 10% 

neutral buffered formalin for 30 minutes. Layers were then dehydrated through 

graded alcohols (70, 90, 95 and 100%) for 5 minutes at each concentration. The 

dehydrated specimens were left in molten paraffin wax at 60˚C overnight and then 

embedded in paraffin blocks. 

5μm sections were cut on a microtome onto glass slides and dried overnight in an 

oven at 50˚C. Safranin-O staining was carried out as shown in Table 2.1. After 

Safranin-O staining, a coverslip was placed on each slide, and they were allowed to 

dry before imaging. 

Chondrogenic differentiation was also confirmed by quantitative real time PCR 

(qPCR). RNA was isolated from alginate layers by placing the layers directly into 

Trizol reagent and isolating the RNA as indicated in section 2.3.1. cDNA was 

synthesised as outlined in section 2.3.2. Primers for Collagen IIa1, Sox9, Aggrecan 

and β2-microglobulin were used in Sybr Green qPCR. Data were analysed and 

presented as fold change increase normalised to the housekeeping gene which was 

β2-microglobulin. (5) 
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Reagent Time 

Histoclear 5 minutes 

Histoclear 5 minutes 

100% IMS 2 minutes 

100% IMS 2 minutes 

95% IMS 20 seconds 

70% IMS 20 seconds 

dH2O 1 minute 

Mayers Hematoxylin 6 minutes 

Running tap water 2 minutes 

Running tap water 2 minutes 

0.02% Fast Green 6 minutes 

1% acetic acid 3 seconds 

0.1% Safranin-O 6 minutes 

95% IMS 1 minute 

100% IMS 2 minutes 

100% IMS 2 minutes 

Histoclear 2 minutes 

Histoclear 2 minutes 

 

___________________________________________________________ 

Table 2.1 Safranin-O staining protocol workflow 

Safranin-O staining workflow to stain paraffin embedded alginate layer sections for 
glycosaminoglycans in the matrix. 

___________________________________________________________ 
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2.1.2 Rat Culture expanded primary chondrocytes (CEPC)  

Primary articular chondrocytes were isolated from the articular cartilage of DA rats. 

These cells were used in experiments to assess their immunological properties 

(Chapter 5).  

2.1.2.1 Rat CEPC Isolation 

The articular cartilage from the condyles of the knees and femoral heads was scraped 

off with a scalpel blade. Cartilage chips were washed with PBS and incubated with 

2mg/ml protease in serum free alpha-minimum essential medium at 37˚C for 90 

minutes in a 15ml tube. Chips were washed twice with PBS and incubated with 

1.5mg/ml collagenase D in serum free alpha-MEM for 18 hours at 37˚C in the base 

of a T-25 flask. The digested cartilage chips and released cells were washed twice 

with PBS and plated in T-75 culture flasks in 19% (CEPC-N) or 2% (CEPC-H) 

oxygen at 37˚C. MSC, CEPC-N and CEPC-H were cultured in rat MSC medium. 2% 

oxygen culture conditions were maintained in an incubator set to 37˚C, 5% CO2, 2% 

O2.  

3 independent CEPC-N and CEPC-H preparations were used as part of this project. 

2.1.2.2 Rat CEPC Cryopreservation 

CEPC were frozen at the end of passage 0 to provide stocks for future experiments. 

CEPCC were detached from the flask by removing the culture medium, washing 

once with PBS and incubating with 5ml 0.25% trypsin/ 1mM EDTA for 5 minutes. 

The trypsin was then neutralised with 5ml rat MSC medium, cells were removed 

from the flask, centrifuged, counted and frozen in cryovials at a concentration of 1 X 

106 cells per ml of 10% dimethylsulfoxide (DMSO) in foetal bovine serum (FBS). 

Cryovials were slowly cooled to -80˚C in a 2-propanol filled freezing box which 
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allowed the temperature to decrease gradually to -80˚C for 24 hours before 

transferring them to liquid nitrogen for long term storage.  

2.1.2.3 Rat CEPC culture 

To obtain CEPC-N or CEPC-H for use in experiments, a cryovial of P0 cells was 

quickly brought to 37˚C by immersion in a waterbath. 5ml rat MSC medium was 

slowly added to the cells over 5 minutes so that the cells were not osmotically 

shocked. CEPC-N or CEPC-H were then centrifuged at 400G for 5 minutes, washed 

once with PBS and plated at a density of 1 X 106 cells per T-175. Medium was 

changed every 3 days and cells were passaged when they reached 90% confluency 

by trypsinisation as outlined in section 2.2.2. Cells were then plated in fresh T-175 

flasks at a density of 1 X 106 cells per flask (Figure 2.1). 
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___________________________________________________________ 

Figure 2.1 CEPC-N and CEPC-H isolation and culture 

To test the immunological characteristics of CEPC-N and CEPC-H (A) a fully 
allogeneic rat strain using the Dark Agouti (DA) rat as cell donors of CEPC-N, 
CEPC-H and MSC and the Lewis rat as the source of lymphocytes and macrophages 
was used. (B) CEPC-N and CEPC-H were isolated by scraping the articular cartilage 
of the knee and hip off in chips with a scalpel blade. The chips were digested with 
protease and collagenase to release the cells and then cultured in 19% (CEPC-N) or 
2% (CEPC-H) O2. 

___________________________________________________________ 
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2.1.2.4 Rat CEPC growth curve 

To assess the growth rate of CEPC-N and CEPC-H cells 1 X 106  of each cell type 

were plated in separate T-175 flasks and cultured in their respective culture 

conditions. At the end of each passage cells were counted and the total number of 

cells obtained plotted. 

2.1.2.5 Cytokine treatment of CEPC-N and CEPC-H 

CEPC-N or CEPC-H were plated at 2 x 104 cells per cm2 in 6 well tissue culture 

plates. After 24 hours, the medium was changed to medium supplemented with 

100U/ml rat interleukin-1β (IL-1β), rat interferon-γ (IFN-γ) and rat tumour necrosis 

factor-α (TNF-α) alone or in combination and the cells were incubated for a further 

48 hours. 

2.1.2.6 Inactivation of CEPC-N and CEPC-H 

In order to inactivate CEPC-N and CEPC-H, the cells were exposed to UV light for 

10 minutes or incubated with 4% paraformaldehyde for 5 minutes at 37˚C. Before 

subsequent use in immune assays inactivated chondrocytes were rested overnight in 

their respective culture conditions.  

2.1.3 Human Peripheral Blood Mononuclear Cell (PBMC) isolation 

Blood was taken from a healthy donor into an EDTA blood tube to prevent the blood 

from coagulating. The blood was taken from the tube and layered onto a 50% 

volume of Ficoll. The tube was centrifuged at 800G for 20 minutes with the brake 

off on the centrifuge. The tube was carefully removed and the PBMC containing 

buffy coat was carefully removed from the tube and transferred to a fresh tube. The 

PBMC were washed twice with PBS and counted.  
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2.1.4 Rat bone marrow derived macrophages (BMDM) 

Rat bone marrow derived macrophages were generated from the bone marrow of DA 

rats and used in co-culture experiments to assess the immunomodulatory capacities 

of CEPC-N and CEPC-H (Chapter 5). 

2.1.4.1 Rat bone marrow derived macrophage generation 

A Lewis rat was humanely sacrificed and the femur and tibias removed. The bone 

marrow was removed from the bones under sterile conditions by cutting the ends of 

the bones with a bone cutter and flushing the bone marrow using a needle and 

syringe. The collected marrow was washed once with PBS and then incubated with 

5ml ACK buffer for 5 minutes at room temperature to lyse red blood cells. 15ml 

Macrophage differentiation medium was added to the tube and the cells were 

centrifuged at 800G for 5 minutes. The cells were then washed a further 2 times in 

PBS and counted. After counting the bone marrow cells were resuspended at a 

concentration of 1.5X106 cells/ml in macrophage differentiation medium and 3ml of 

this plated per well of a 6 well plate to give 4.5X106 cells per well. The medium was 

replenished at day 3 and day 5 and differentiation was complete at day 6. (159) 

Macrophage phenotype was verified morphologically and by flow cytometry for 

CD45-V450 MHCII-PE, CD86-FITC (all BD), CD11b/c-APC (BioLegend) and 

CD163-FITC (BioRad, Hertfordshire, UK). For each experiment using rat bone 

marrow derived macrophages a fresh preparation from one animal was used. 

Macrophage cultures staining over 90% positive for CD45 and CD11b/c were 

included in the study. 
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2.1.4.2 L-929 cell culture 

L-929 cells were obtained from Prof Afshin Samali, Apoptosis Research Cluster, 

NUI Galway. The cells were recovered from frozen and cultured in L-929 medium. 

The medium was changed the following day. Thereafter the medium was changed 

every 72 hours, while the cells were passaged when appropriate. The conditioned 

medium was saved and frozen at -20˚C for use in macrophage differentiation 

medium. 

2.1.5 Rat bone marrow derived dendritic cells (BMDC) 

Rat bone marrow derived dendritic cells were generated from the bone marrow of 

DA rats and were used as positive controls in cell surface marker expression 

experiments to assess the expression of MHCI, MHCII, CD80 and CD86 on 

chondrogenically differentiated rat MSC (Chapter 3) 

2.1.5.1 Rat bone marrow derived dendritic cell generation 

A Lewis rat was humanely sacrificed and the femur and tibias removed. The bone 

marrow was removed from the bones under sterile conditions by cutting the ends of 

the bones with a bone cutter and flushing the bone marrow using a needle and 

syringe. The collected marrow was washed once with PBS and then incubated with 

5ml ACK buffer for 5 minutes at room temperature to lyse red blood cells. 15ml 

dendritic cell n medium was added to the tube and the cells were centrifuged at 800G 

for 5 minutes. The cells were then washed a further 2 times in PBS and counted. 

After counting the bone marrow cells were resuspended at a concentration of 

1.5X106 cells/ml in dendritic cell medium supplemented with 5ng/ml rat 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and 5ng/ml rat IL-4 

and 3ml of this plated per well of a 6 well plate to give 4.5X106 cells per well. 
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Medium was replenished every 3 days and 1 µg/ml lipopolysaccharide (LPS) added 

at day 9 to mature the BMDC. Cells were harvested at day 10 by gentle pipetting.   

2.1.6 in vitro immune assays 

2.1.6.1 Isolation and CFSE staining of rat lymphocytes 

Lymphocytes were isolated from spleen and lymph nodes of rats as follows; the 

animal was humanely sacrificed and cervical, submandibular, axillary and 

mesenteric lymph nodes isolated (160) and stored on ice in sterile T-cell medium 

(TCM). The spleen was also isolated and stored in sterile TCM. The tissues were 

brought to a Biological Safety Cabinet and a single cell suspension obtained by 

mashing the lymph nodes or spleen through a 0.4µm cell strainer into a sterile petri 

dish containing sterile PBS with the plunger of a sterile 1ml syringe. The cell strainer 

was washed 3 times with PBS to wash all cells through, the cells were then 

centrifuged at 800G for 5 minutes. The cells were incubated in 5ml ACK buffer for 5 

minutes at room temperature to lyse red blood cells. 15ml TCM was then added and 

the cell centrifuged. After two washes in PBS the cells were washed in PBS 

supplemented with 0.1% bovine serum albumin (BSA) and stained, if required, with 

37˚C 10µmol/l Vybrant CFDA SE (CFSE) in PBS/0.1% BSA for 6 minutes at 37˚C. 

Following staining the reaction was stopped by added 5 volumes of ice cold TCM 

and keeping the cells on ice, protected from light, for 5 minutes. The cells were then 

centrifuged, washed three times with TCM and counted with trypan blue to exclude 

dead cells before being resuspended at the required concentration for use in in vitro 

immune assays. 

 

 



Chapter Two 
 

55 
 

2.1.6.2 Induction of T cell activation and proliferation using anti-CD3/anti CD-

28 stimulatory beads 

To activate T cells for use in immune assays anti-CD3/anti-CD28 stimulatory beads 

were used. 1 X 108 pan mouse IgG Dynabeads were transferred to a 15ml tube and 

3ml 1% BSA/PBS was added to the tube. The tube was held against a magnetic 

particle concentrator for 1 minute to concentrate the beads at the bottom of the tube, 

the supernatant was removed while the tube was still in the magnetic field. 0.8µg 

anti-CD3 purified monoclonal antibody and 4µg anti-CD28 purified monoclonal 

antibody were suspended in 120µl BSA/PBS. The beads were resuspended in this 

solution and incubated for 30 minutes at 4˚C, during this incubation the tube was 

gently vortexed every 5 minutes. Following incubation, the beads were washed 4 

times with 3ml 1% BSA/PBS and resuspended in 1ml 1% BSA/PBS. Anti-CD3/anti-

CD28 Beads were added to lymphocytes at a 1:1 ratio for T cell stimulation. 

2.1.6.3 T cell immunosuppression assays 

For cell contact immunosuppression assays MSC/CEPC-N/CEPC-H were added to 

wells of a 96 well plate in 50µl rat MSC medium. The number of MSC/CEPC-

N/CEPC-H varied depending on the ratio required. MSC/CEPC-N/CEPC-

H:lymphocyte ratios varied from 1:10 to 1:1000. For each ratio 2 x 105 CFSE-stained 

lymphocytes were added with a 1:1 ratio of anti-CD3/anti-CD28 beads in 100µl 

TCM.  Co-cultures were maintained in standard culture conditions for 4 days. 

To test the effects of inhibition of inducible nitric oxide synthase (iNOS) in CEPC-

N/CEPC-H on their T cell immunomodulatory capacity, a final concentration of 

100µM of the specific iNOS inhibitor S-methylisothiourea (SMT) was added to the 

co-cultures. This concentration was optimised by incubating IL-1β treated CEPC 
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with increasing concentrations of SMT for 48 hours and measuring nitric oxide 

production by Griess assay. 100μM was found to produce optimal inhibition of nitric 

oxide. 

To test the effects of inhibition of cyclo-oxygenase-2 (Cox-2) in CEPC-N/CEPC-H 

on their T cell immunomodulatory capacity, a final concentration of 10µM of the 

Cox-2 inhibitor NS-398 was added to the co-cultures (58). 

To test the ability of MSC/CEPC-N/CEPC-H to modulate T cell proliferation in a 

non-contact dependent manner  1 x 104 DA MSC/CEPC-N/CEPC-H were seeded per 

well of a 24 well plate in 500µl rat MSC medium. 24 hours later 1 x 105 CFSE 

stained LEW lymphocytes with a 1:1 ratio of anti CD3/anti CD28 beads were added 

in transwells above the MSC/CEPC-N/CEPC-H to achieve a final ratio of 1:10. 

Cultures were again incubated in standard cell culture conditions for 4 days. 

For all immunosuppression assays anti-CD3/anti-CD28 bead stimulated lymphocytes 

in the absence of MSC/CEPC-N/CEPC-H served as positive controls, while 

unstimulated lymphocytes in the absence of MSC/CEPC-N/CEPC-H served as 

negative controls. 

2.1.6.4 T cell immunogenicity assays 

MSC/CEPC-N/CEPC-H were added to wells of a 96 well plate in 50µl rat MSC 

medium. The number of MSC/CEPC-N/CEPC-H varied depending on the ratio 

required. MSC/CEPC-N/CEPC-H:lymphocyte ratios varied from 1:5 to 1:1000. For 

every ratio 2 x 105 CFSE-stained (to assess proliferation) or unstained (to assess 

activation and Granzyme B expression) lymphocytes were added in 100µl TCM.  

Co-cultures were maintained in standard culture conditions for 5 days. For 
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immunogenicity assays anti-CD3/anti-CD28 bead stimulated lymphocytes in the 

absence of MSC/CEPC-N/CEPC-H served as positive controls, while unstimulated 

lymphocytes in the absence of MSC/CEPC-N/CEPC-H served as negative controls. 

2.1.6.5 MSC/CEPC co-culture with inflammatory macrophages 

Lewis rat macrophages were generated as outlined in section 2.1.6.1. 5 X 104 

macrophages were added per well of a 96 well round bottomed plate and allowed to 

adhere for 4 hours. The macrophages were activated by overnight stimulation with 

IFN-γ (100U/ml), followed by 4 hour stimulation with Lipopolysaccharide (LPS) 

(10ng/ml). The wells containing activated macrophages were washed three times 

with PBS and 100µl macrophage medium added. 1 X 104 MSC/CEPC were added to 

the macrophages in 50µl rat MSC medium and the co-cultures were incubated in 

standard cell culture conditions for 24 or 48 hours.  

2.1.6.6 Magnetic activated cell sorting (MACS) sorting macrophages from co-

cultures 

Unlike in lymphocyte co-cultures, where the lymphocytes can be simply washed 

from the wells at the end of the experiment for further analysis, macrophages adhere 

to tissue culture plastic and must be trypsinised to remove them from the flask, 

therefore at the end of the co-culture period a mixed population of macrophages and 

either MSC or CEPC would be obtained. To remove the contaminating MSC/CEPC 

and allow analysis of macrophage phenotype the macrophages were positively 

selected from the trypsinised cell suspension. 

Cells were isolated from co-culture well by trypsinisation, washed twice in 

fluorescence activated cell sorting (FACS) buffer and stained with anti-rat-CD45-PE 
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flow cytometry antibody for 40 minutes at 4˚C in FACS buffer. Cells were counted 

using a hemocytometer and resuspended in 80µl MACS buffer for a maximum of 1 

X 107 cells. 20µl of anti-PE MACS microbeads were added, the tube was vortexed 

and incubated for 15 minutes at 4˚C. After the incubation period 2ml MACS buffer 

was added and the cells were centrifuged at 300G for 10 minutes. The supernatant 

was completely removed and the cells were resuspended in 500µl MACS buffer. An 

LS MACS column was placed in the MPC and rinsed with 3ml MACS buffer. The 

cell suspension was then added to the column and allowed to drain into a clean 15ml 

tube. The column was then washed out 3 times into the same tube with 3ml MACS 

buffer. To elute the macrophages from the column, it was removed from the MPC, 

5ml MACS buffer was added and the plunger was used to remove the labelled cells 

to a fresh 15ml tube. The eluted macrophages were then washed twice with PBS 

before isolation of RNA.  
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2.2 Flow cytometry 

2.2.1 Staining of cell surface molecules for flow cytometry 

Cell surface antigens were stained with fluorescently labelled antibodies for flow 

cytometric analysis as follows. Cells were removed from culture and transferred to a 

96 well V-bottomed plate. The cells were washed with 100μl FACS buffer twice, 

centrifuging at 600G for 3 minutes between each wash. Extracellular proteins were 

stained with fluorescently conjugated flow cytometry antibodies for 40 minutes at 

4˚C in 50μl FACS buffer. The cells were then washed three more times in FACS 

buffer and resuspended in 300μl FACS buffer in a FACS tube.  

2.2.2 Staining intra-cellular Granzyme B for flow cytometry 

Extracellular proteins were stained with specific fluorescently labelled antibodies  

first and following washing, the cells were resuspended in 200μl 

Fixation/Permeabilisation buffer and incubated overnight at 4˚C. The cells were 

centrifuged and washed twice in Permeabilisation buffer. Intracellular protein was 

stained with antibody diluted in 50μl Permeabilisation buffer for 1 hour at 4˚C. The 

cells were washed twice in Permeabilisation buffer and twice times in FACS buffer 

and resuspended in 300μl FACS buffer in a FACS tube.  

2.2.3 Flow cytometry data collection and analysis 

Flow cytometry samples were acquired on either BD FACSCanto or BD FACSCanto 

II flow cytometers. Gating and compensation was applied on FACSDiva software. 

Data were analysed using FlowJo software. Gates were drawn based on isotype 

control of fluorescence minus one staining. 
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___________________________________________________________ 

Figure 2.2 Gating strategy for cell surface marker expression analysis 

To determine specific cell surface marker expression on cells debris was first gated 
out, followed by doublet discrimination. Isotype or fluorescence minus one controls 
were used to determine position of gate to determine % of cells staining positive for 

a specific marker.  

___________________________________________________________ 
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___________________________________________________________ 

Figure 2.3 Gating strategy for T cell proliferation analysis 

To determine the proliferation of CD4+ or CD4- T cells from co-culture experiments 
lymphocytes were first gated based on forward and side scatter. Doublets were then 
excluded and cells were gated based on CD4 expression. CD4+ and CD4- cells were 
analysed separately for proliferation based on CFSE dilution.  

___________________________________________________________ 
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___________________________________________________________ 

Figure 2.4 Gating strategy to determine lymphocyte CD25 expression 

To determine the CD25 expression on CD4+ or CD8+ T cells from co-culture 
experiments lymphocytes were first gated based on forward and side scatter. 
Doublets were then excluded and cells were gated based on differential CD4 and 
CD8 expression. CD4+ and CD8+ cells were analysed separately for CD25 expression 
by drawing the CD25+ gate based on a fluorescence minus one control.  
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___________________________________________________________ 

Figure 2.5 Gating strategy to determine lymphocyte Granzyme B expression 

To determine the CD25 expression on CD8+ T cells from co-culture experiments 
lymphocytes were first gated based on forward and side scatter. Doublets were then 
excluded and CD8+ cells were gated. CD8+ cells were analysed for Granzyme B 
expression by drawing the Granzyme B+ gate based on a fluorescence minus one 
control.  

___________________________________________________________ 
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___________________________________________________________ 

Figure 2.6 Allo-antibody assay gating strategy 

Specific binding of allo-antibody was determined by incubating serum with DA 
thymocytes. Thymocytes were stained for specific binding with isotype specific 
fluorochrome conjugated antibodies. Debris was gated out based on forward and side 
scatter, this was followed by doublet exclusion. % cells bound with allo-antibody 
was determined by drawing a gate on the unstained sample. 

___________________________________________________________ 
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2.3 Quantitative real time Polymerase Chain Reaction (qPCR) 

2.3.1 RNA Isolation 

RNA was isolated from cells using the Trizol extraction method (161), all plastic-

ware used for RNA isolation, cDNA synthesis and qPCR were RNAase free. Cells 

were lysed in 1ml Trizol reagent and incubated for 5 minutes at room temperature. 

0.2ml molecular biology grade chloroform was added to the samples and the tubes 

were vortexed for 15 seconds followed by incubation at room temperature for 3 

minutes. The samples were then centrifuged at 12000g at 4˚C for 15 minutes. 

Following this centrifugation three distinct layers could be observed, a lower red 

phenol layer containing cell fragments and proteins, a middle white layer composed 

of DNA and an upper clear aqueous phase containing the RNA. This aqueous phase 

was transferred to a new RNAase free tube. The RNA was precipitated from the 

aqueous phase by adding 0.5ml molecular biology grade 2-propanol. The samples 

were incubated at room temperature for 10 minutes and centrifuged at 12000G for 10 

minutes at 4˚C. The RNA pellet was washed by adding 1ml 75% molecular biology 

grade ethanol to the tube and centrifuging at 7500G for 5 minutes, this wash was 

then repeated. The ethanol was removed from the tube and the pellet was allowed to 

air dry at room temperature to allow any residual ethanol to evaporate. Once the 

pellet was dry it was resuspended in 30μl molecular biology grade water. The tube 

was incubated at 50˚C for 5 minutes to ensure all RNA had entered suspension. 1μl 

of the RNA was used to determine concentration on a Nanodrop. 

2.3.2 cDNA Synthesis 

The Thermo-Fisher first strand cDNA synthesis kit was used to synthesise first 

strand cDNA from RNA. Kit components (Reaction buffer, RiobLock R1, 
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Oligo(dT)18, RevertAid H Minus RT and water) and RNA samples were thawed on 

ice, mixed and centrifuged briefly. 1μg of RNA was added to a sterile nuclease free 

tube, 1μl oligo(dT)18 primer was then added to the tube and the volume was made up 

to a total volume of 12μl with molecular biology grade water. The solution was 

gently mixed and incubated at 65˚C for 5 minutes and immediately put back on ice. 

4μl 5X reaction buffer, 1μl RiboLock™ RNase Inhibitor, 2μl 10mM dNTP Mix and 

1μl RevertAid™ H Minus M-MuLV Reverse Transcriptase were added to the tube. 

The tube was gently mixed and incubated at 42˚C for 60 minutes. The reaction was 

terminated by heating the tube to 70˚C for 5 minutes. 

2.3.3 SYBR Green qPCR 

12.5μl 2X SYBR Green reagent, 2.5μl Quantitect 10X primer mix for the gene of 

interest, 1-2.5μl cDNA and molecular grade water up to a total volume of 25μl were 

added per well of a 96 well PCR plate. The plate was read on a StepOne Plus qPCR 

instrument using the protocol depicted in Figure 2.6. 
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___________________________________________________________ 

Figure 2.7 StepOne Plus SYBR green qPCR run protocol 

qPCR cycling protocol from StepOnePlus machine used to assess gene expression. 

___________________________________________________________ 
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Gene Name Source Product Code 

Chondromodulin Qiagen Quantitect QT00178192 

Collagen IaI Qiagen Quantitect QT01081059 

Collagen IIaI Qiagen Quantitect QT02380840 

Collagen XaI Qiagen Quantitect QT00402479 

Interleukin 10 Qiagen Quantitect QT00177618 

Interleukin 12 Qiagen Quantitect QT00188839 

Sox9 Qiagen Quantitect QT00427602 

Βeta-2 Microglobulin Qiagen Quantitect QT00176295 

 

___________________________________________________________ 

Table 2.2 Real time PCR primers 

List of primers used for quantitative real time PCR 

___________________________________________________________ 
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2.4 Assays to measure secreted molecules 

2.4.1 IFN-γ and TNF-α detection by ELISA 

eBioscience Ready-Set-Go ELISA kits were used to detect rat IFN-γ or TNF-α in 

cell  culture supernatant. 100 µl/well of capture antibody in PBS was added to he 

ELISA plate supplied with the kit and the plate was incubated overnight at 4˚C to 

coat. Residual antibody was aspirated and the wells were washed 3 times with 200 

µl/well of wash buffer. Wash buffer was removed and the wells were blocked with 

200 µl/well of 1X assay diluent and incubated at room temperature for 1 hour. Assay 

diluent was removed and the plate was washed again with wash buffer. 100 µl/well 

of samples or standards, diluted in assay diluent, were added to the wells and the 

plate was incubated for 2 hours at room temperature. Following incubation, wells 

were aspirated and washed 3 times with wash buffer. 100 µl/well of detection 

antibody was diluted in assay diluent and added to each well, and for 1 hour at room 

temperature. Detection antibody was aspirated from the wells and they were washed 

3 times with wash buffer. 100 µl/well of Avidin-HRP diluted in 1X assay diluent 

was added to each well, the plate was sealed and incubated at room temperature for 

30 mins. Wash buffer was added to each well, allowed to stand for 1 minute and then 

aspirated, this step was repeated 5 times. 100 µl/well of substrate solution was added 

to each well and the plate was incubated for 15 minutes at room temperature. 50 µl 

of stop solution was added to each well and the plate was read at 450 nm on a plate 

reader. 

2.4.2 Detection of Prostaglandin E2 (PGE2) by ELISA 

To detect PGE2 in culture supernatants a R&D Systems Parameter competitive 

ELISA kit was used. 200µl calibrator diluent was added to non-specific binding 
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wells, 150µl calibrator diluent was added to standard, control and sample wells. 50µl 

of the primary antibody solution provided was added to all wells except the non-

specific binding wells. The plate was sealed and incubated at room temperature for 1 

hour on a plate shaker. After shaking the seal was removed and 50µl PGE2 conjugate 

was added to the wells, except for non-specific binding wells. The plate was re-

sealed and incubated for 2 hours at room temperature on the plate shaker. The seal 

was removed, liquid aspirated from each well and the wells were washed 4 times 

with 400µl wash buffer. After the last wash all residual wash buffer was removed 

and 200µl substrate solution was added to each well. The plate was incubated for 30 

minutes at room temperature in the dark. 100µl stop solution was added to each well 

and the optical density was measured on a plate reader at 450nm. 

2.4.3 Griess assay 

Nitric oxide levels in cell culture supernatants were quantified using the Griess 

assay. 2µl of Griess assay standard solution was added to 998µl appropriate cell 

culture medium to make a 1st standard with a concentration of 100µM. 7 2 fold serial 

dilutions of this 1st standard were made. 100µl of standards or samples were added to 

a 96 well flat bottomed plate. Griess assay working solution was made up by mixing 

Griess Solution A and Griess Solution B at a 1:1 ratio. 100µl of Griess assay 

working solution was added to each well and absorbance was read at 540nm on a 

plate reader. 

2.4.4 Zymography 

Zymography was used to assess the presence of matrix metalloproteinases (MMPs) 

in culture supernatants. To examine the activity of MMPs in the medium gelatin was 

used as a substrate to the gel. Gels were prepared as outlined in Table 2.3. Cell 
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culture supernatants were concentrated and protein content quantified using the BCA 

assay. Protein was loaded in each well of the gel. Samples were mixed 3:1 with 4X 

zymography sample buffer (10% glycerol, 0.25M Tris-HCl(pH6.8), 0.1% 

Bromophenol Blue) and loaded onto the gel. Gels were run at 30mA per gel until the 

dye front reached the bottom of the gel in zymography gel running buffer (0.025M 

Tris, 0.19M Glycine, 0.1% SDS). The gel was then soaked in 2.5% Triton-X for 30 

minutes at room temperature. Gels were incubated overnight in substrate buffer 

(50mM Tris-HCl pH8, 5mM CaCl2) at 37˚C. Gels were then stained in 2.5mg/ml 

Coomassie blue for 2 hours followed by destaining for approximately 2 hours in 

destain solution (50ml acetic acid, 150ml 2-propanol, 300ml dH2O) until clear bands 

of clearance were visible. Gels were scanned on a standard desktop scanner and 

analysed using ImageJ software. 
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Gel Component 10% Resolving Gel Stacking Gel 

Distilled Water 1.7ml 2ml 

3M Tris-HCl, pH 8.8 2.5ml  

2M Tris-HCl, pH 6.8  0.8ml 

30% 

Acrylamide/Bisacrylamide 

3.3ml 0.5ml 

3mg/ml Gelatin 2.5ml  

10% Ammonium Persulfate 99μl 99μl 

TEMED 5μl 5μl 

 

___________________________________________________________ 

Table 2.3 Reagent list for zymography running and stacking gel 

List and volumes of reagents required to make zymography gels  

___________________________________________________________ 
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2.5 In vivo procedures 

2.5.1 Ethics Statement 

All procedures involving animals were approved by the Animal Research and Ethics 

Committee, NUI Galway and performed under a license granted by the Department 

of Health. All animals were housed and cared for under Standard Operating 

Procedures of the Animal Facility at the National Biomedical Science Institute, NUI 

Galway. Animal work was approved by the NUI Galway Animal Care Research 

Ethics Committee (ACREC) under approval number 011/11 and by the Irish 

Department of Health under licence number B100/3859. 

2.5.2 Tissue Isolation 

Animals were sacrificed humanely by CO2 asphyxiation followed by cervical 

dislocation. Cervical, submandibular, axillary, mesenteric, inguinal and popliteal 

lymph nodes were isolated from the rat. Lymph nodes, thymi and spleens were 

stored in PBS on ice and used as quickly as possible after isolation.(160)  

Femurs and tibias were isolated from rats by removing the skin and muscle from the 

legs aseptically, dislocating the hip joint and storing the bones in PBS on ice before 

isolating bone marrow and/or cartilage from the bones.  

2.5.3 Subcutaneous alginate layer implant 

The animal was anaesthetised with isoflurane and the area around the right shoulder 

blade was shaved and sterilised with Videne and 70% IMS. A 2cm incision was 

made in the skin and a subcutaneous pocket made with a blunt nosed forceps. An 

alginate layer containing 1 X 106 cells was inserted gently into the subcutaneous 

pocket. The incision was closed with 4 intra-dermal sutures. The animal was 



Chapter Two 
 

74 
 

administered buprenorphine intra-peritoneally as pain relief and allowed to recover 

on a heated surface for 30 minutes . (5) 

2.5.4 Subcutaneous cell injection 

The animal was anaesthetised with isoflurane and the area around the right shoulder 

blade was shaved. The shaved area was sterilised with videne and 70% IMS. A pinch 

of skin was taken and 1 X 106 cells suspended in 500µl sterile saline were injected 

under the skin. The needle was carefully withdrawn and the animal was allowed to 

recover from the anaesthetic on a heated surface (5). 

2.5.5 Subcutaneous study end-point 

6 weeks after injection or implantation the animals were sacrificed. Blood was taken 

by cardiac puncture to assess allo-antibody levels. The area around the right shoulder 

blade was shaved and a scalpel used to remove the cutaneous and subcutaneous 

tissue. The skin was fixed in formalin for 3 days, cut into 1cm wide sections, 

embedded in paraffin wax and cut into 5μm sections. Local draining lymph nodes 

(right axillary) and spleen were isolated for recall response. 

2.5.6 Allo-antibody assay 

Serum was isolated from blood by centrifugation at 2000g for 15 minutes with the 

brake off. 5 X 105 freshly isolated DA thymocytes per well were washed twice with 

FACS buffer and incubated with anti-CD32 purified monoclonal antibody for 5 

minutes. The cells were washed with FACS buffer and then incubated for 45 minutes 

with 1:50 dilution of serum at 4˚C. Following two further washes in FACS buffer 

flow cytometry antibodies against rat IgG1 and IgG2 were added and incubated for 

45 minutes. The cells were washed with FACS buffer and analysed on a BD 

FACSCanto.  
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2.5.7 Ex vivo restimulation ‘Recall Response’ 

Implanted/injected animals were sacrificed at day 42 and spleen, draining lymph 

nodes (axillary lymph nodes on the animals right side) were isolated. Single cell 

suspensions were obtained from the spleen and lymph nodes and CFSE stained, as 

described in section 2.1.3.1. 1 X 105 of these cells were incubated with donor derived 

(Dark Agouti) or third party (Wistar-Furth) irradiated Ox62+ splenocytes a ratio of 

either 1:10 responder:stimulator cells for 4 days in standard culture conditions. 

Proliferation of CD4+ and CD8+ cells from the responder animals were determined 

by flow cytometry (Figure 2.3).   
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___________________________________________________________ 

Figure 2.8 Recall response assay workflow 

Animals were sacrificed at day 42 after implantation or injection of cells. Axillary 
draining lymph nodes and spleen were excised and a single cell suspension from 

these organs CFSE stained. Lymphocytes or splenocytes were co-cultured at a ratio 
of 10:1 with irradiated donor derived (DA) or 3rd party (Wistar Furth) 

Ox62+ dendritic cells for 4 days. Antigen specific lymphocyte proliferation was 
measured by CFSE dilution on a flow cytometer. 

___________________________________________________________ 
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2.5.8 Hematoxylin and eosin staining 

Sections were stained with hematoxylin and eosin to assess mononuclear cell 

infiltrate. A microtome was used to cut 5µm sections onto glass slides and the 

sections were stained with hematoxylin and eosin as outlined in Table 2.4. After 

staining sections were mounted in DPX medium. 

Reagent Time 

Xylene 5 minutes 

Xylene 5 minutes 

100% IMS 5 minutes 

100% IMS 5 minutes 

95% IMS 5 minutes 

90% IMS 5 minutes 

70% IMS 5 minutes 

Harris hematoxylin 40 seconds 

Wash in tap water 2 minutes 

Eosin 7 minutes 

Wash in tap water 2 minutes 

70% IMS 5 minutes 

90% IMS 5 minutes 

95% IMS 5 minutes 

100% IMS 5 minutes 

100% IMS 5 minutes 

Xylene 5 minutes 

Xylene 5 minutes 

 

___________________________________________________________ 

Table 2.4 Hematoxylin and eosin staining protocol 

Protocol to stain sections with hematoxylin and eosin. 

___________________________________________________________ 
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2.5.9 Immunohistochemistry 

Subcutaneous sections were stained for infiltration of CD3+ and CD68+ cells by 

immunohistochemistry. Sections were cut and placed onto positively charged 

microscope slides on a microtome and dried overnight at 50˚C. 

Immunohistochemical staining was performed as outlined in table 2.5. After staining 

the slides were mounted with DPX, allowed to dry and imaged. 

2.5.10 Statistical analysis 

All statistical analyses were performed using GraphPad Prism® software (La Jolla, 

USA). Between-group comparisons were made by one-way ANOVA, two-way 

ANOVA or Student’s t test as appropriate to the experimental design. In the case of 

ANOVA, Tukey’s post-tests were used to account for multiple comparisons. In all 

experiments, significance was assigned to p ≤ 0.05. Error bars are presented as mean 

± SEM. 
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Reagent Time 

Xylene 5 minutes 

Xylene 5 minutes 

100% Ethanol 5 minutes 

100% Ethanol 5 minutes 

95% Ethanol 5 minutes 

95% Ethanol 5 minutes 

70% Ethanol 5 minutes 

96˚C Antigen Retrieval Solution 20 minutes 

PBS 5 minutes 

PBS 5 minutes 

0.3% H2O2 in methanol (in the 

dark) 30 minutes 

PBS 5 minutes 

PBS 5 minutes 

Goat serum 1 hour 

1:100 primary antibody in goat 

serum (4˚C) Overnight 

PBS 5 minutes 

PBS 5 minutes 

Streptavidin-Peroxidase 30 minutes 

PBS 5 minutes 

PBS 5 minutes 

DAB 10 minutes 
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Distilled water 5 minutes 

PBS 5 minutes 

PBS 5 minutes 

Harris hematoxylin 20 seconds 

Running tap water 

Until water runs 

clear 

70% Ethanol 2 minutes 

95% Ethanol 2 minutes 

95% Ethanol 2 minutes 

100% Ethanol 2 minutes 

100% Ethanol 2 minutes 

Xylene 5 minutes 

Xylene 5 minutes 

 

___________________________________________________________ 

Table 2.5 Immunohistochemistry staining protocol 

Protocol to stain paraffin embedded sections on positively charged microscope slide 
immunohistochemically for CD3 or CD68. 

___________________________________________________________ 
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Rat MSC and CEPC medium (500ml) 

Reagent Final concentration 

Alpha-MEM medium 225ml 

F-12 Nutrient mix 225ml 

Foetal bovine serum 50ml 

Penicillin/streptomycin 1% 

Macrophage differentiation medium 

Reagent Final concentration 

RPMI-1640 - 

L-929 cell conditioned medium 15% 

FBS 10% 

ʟ-glutamine 2 mmol/l 

Non-essential amino acids 1% 

Sodium pyruvate 1 mmol/l 

Penicillin/streptomycin 1% 

Dendritic cell differentiation medium 

Reagent Final concentration 

RPMI-1640 - 

FBS 10% 

L-glutamine 2 mmol/l 

Nonessential amino acids 0.1mol/l 

Sodium pyruvate 1 mmol/l  

Penicillin 100U/ml 

Streptomycin 100 μg/ml 

2β-Mercaptoethanol 55 μmol/l 

Rat granulocyte-macrophage colony-stimulating 

factor (GM-CSF)  

5ng/ml 

rat IL-4 5ng/ml 

Osteogenic differentiation medium 

Reagent Final Concentration 
Alpha-MEM medium - 

FBS 10% 
Dexamethasone 1mM 100nM 

Ascorbic acid 2-P 10mM 50µM 
β glycerophosphate 1M 10mM 

Penicillin 100U/mL  
 

Streptomycin 100µg/mL  
 

Adipogenesis Induction Medium 

Reagent Final Concentration 
DMEM (high glucose) - 

FBS 10% 
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Rabbit serum 5% 
Dexamethasone 1mM 1µM 

Insulin 1mg/ml 10µg/ml 
Indomethacin 100mM 200µM 

500mM MIX 500µM 
Penicillin 100U/mL  

Streptomycin 100µg/mL 
Adipogenesis Maintenance Medium 

Reagent Final Concentration 
DMEM (high glucose) - 

FBS 10% 
Insulin 10µg/ml 

Penicillin 100U/mL  
Streptomycin 100µg/mL 

Incomplete chondrogenic medium (ICM) 

Reagent Final Concentration 
High Glucose DMEM - 

FBS 1% 
ITS+ solution 1% 

Ascorbic acid-2-phosphate 50µg/ml 
Proline 40µg/ml 

Sodium pyruvate 1mM 
Penicillin 100U/ml 

Streptomycin 100µg/ml  
 

___________________________________________________________ 

Table 2.6 Cell culture media 

List of cell culture media used as part of the project with final concentrations of 
additives included. 

___________________________________________________________ 
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ACK buffer 

Reagent Concentration/volume 

Distilled water 500ml 

Ammonium chloride (NH4Cl) 0.15M 

Potassium bicarbonate (KHCO3) 10mM 

Sodium EDTA  0.1mM 

Alizarin Red S Solution (2%) 

Reagent Concentration/volume 

Distilled water 100ml 

Alizarin Red S 2g 

ELISA wash buffer 

Reagent Concentration/volume 

PBS - 

Tween-20 0.05% 

FACS buffer (500ml) 

Reagent Concentration/volume 

PBS 490ml 

FBS 10ml 

Sodium azide 0.005% 

Griess assay stock standard solution 

Reagent Concentration/volume 

Distilled water - 

Sodium nitrite (NaNO2) 50mM 

Griess solution A (300ml) 

Reagent Concentration/volume 

Distilled water 291ml 

Phosphoric acid 9ml 

Sulfanilamide 3g 

Griess solution B (300ml) 

Reagent Concentration/volume 

Distilled water 291ml 

Phosphoric acid 9ml 

N-(1-naphthyl ethylenediamine dihydrocholride 0.9g 

Oil Red O Stock solution 

Reagent Concentration/volume 

Isopropanol 100ml 

Oil Red O 0.3g 

Safranin-O solution (0.1%) 

Reagent Concentration/volume 
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Distilled water 100ml 

Safranin-O 0.1g 

Zymography Destain solution (500ml) 

Reagent Concentration/volume 

Distilled water 300ml 

Isopropanol 150ml 

Acetic acid 50ml 

Zymography gel running buffer 

Reagent Concentration/volume 

Distilled water - 

Tris 0.025M 

Glycine 0.19M 

Sodium dodecyl sulphate (SDS) 0.1% 

Zymography Substrate buffer (pH8) 

Reagent Concentration/volume 

Distilled water - 

Tris-HCl 50mM 

Calcium chloride (CaCl2) 5mM 

Zymography sample buffer (4X) 

Reagent Concentration/volume 

Distilled water - 

Glycerol 10% 

Tris-HCl 0.25M 

Bromophenol blue 0.1% 

Magnetic Activated cell sorting (MACS) buffer 

Reagent Concentration/volume 

PBS - 

BSA 0.5% 

EDTA 0.5M 

 

___________________________________________________________ 

Table 2.7 Buffer recipes 

List of buffers and ingredients used as part of the project. 

___________________________________________________________ 
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Antibody 
description Fluorochrome Clone Manufacturer Catalogue no. 

Anti-rat MHC class I FITC OX-18 AbD Serotec, 
Kidlington, UK MCA5IFT 

Anti-rat MHC class II 
(RT1B) FITC OX-6 BioLegend, San Diego, 

CA, USA 205305 

Anti-rat CD4 APC W3/25 BioLegend 201509 

Anti-rat CD25 FITC OX-39 BD Biosciences. San 
Jose, CA, USA 554865 

Anti-rat CD29 FITC Ha2/5 BD Biosciences 555005 

Anti-rat CD44H FITC OX-49 BD Biosciences 550974 

Anti-rat CD45 PE/Brilliant 
violet OX-1 BD Biosciences 554878 

Anti-rat CD73 PE 5F/B9 BD Biosciences 551124 

Anti-rat CD90 FITC OX-7 BD Biosciences 551401 

Anti-rat CD8 PE OX-8 BioLegend 201706 

Anti-rat CD11b/c APC OX-42 BioLegend 201809 

Anti-rat CD45RA PE/FITC OX-33 BioLegend 202307 

Anti-rat CD80 PE 3H5 BioLegend 200205 

Anti-rat CD86 PE 24F BioLegend 200308 

Anti-rat IgG1 FITC Heavy chain Antibodies-Online, 
Aachen, Germany SM1030F 

Anti-rat IgG2a FITC Heavy chain Antibodies-Online SM10301F 

Anti-rat Granzyme B AF647 GB11 BioLegend 515405 

Isotype control Fluorochrome Clone Manufacturer Catalogue no. 

Mouse IgG1, κ Alexa 647 MOPC-21 BioLegend 400130 

Mouse IgG1, κ APC MOPC-21 BioLegend 400122 

Mouse IgG1, κ PE MOPC-21 BioLegend 400112 

Mouse IgG2a, κ APC MOPC-173 BioLegend 400222 

Mouse IgG2a, κ PE MG2b-57 BioLegend 401208 

Mouse IgM, κ FITC MM-30 BioLegend 401607 

Mouse IgG1, κ FITC MOPC-21 BioLegend 400110 

Mouse IgG3, κ FITC B10 eBioscience 11-4742-73 

 

___________________________________________________________ 

Table 2.8 List of Antibodies 

List of flow cytometry antibodies used as part of the project. 

___________________________________________________________ 
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Reagent Source Product code 

10% neutral buffered formalin Sigma-Aldrich HTS01320 

Acetic acid Sigma-Aldrich 33209 

Alizarin Red S Sigma-Aldrich A5533-25G 

Alpha-MEM medium Invitrogen 32561-029 

Ammonium chloride (NH4Cl) Sigma-Aldrich A9434 

Ascorbic acid-2-phosphate Sigma-Aldrich 49752 

BMP-2 Peprotech 120-02 

Bovine serum albumin (BSA) Sigma-Aldrich A2153 

Bromophenol blue Sigma-Aldrich B5525-25G 

Calcium chloride (CaCl2) Sigma-Aldrich C8106-500G 

CFSE Invitrogen C34554 

Collagenase D Roche 11088882001 

Coommassie Blue C Sigma-Aldrich 27815 

DAB Abcam Ac94665 

Dexamethasone Sigma-Aldrich D4902 

Dimethylsulfooxide (DMSO) Sigma-Aldrich D2650 

DMEM High Glucose Invitrogen 31966-021 

DPX Sigma-Aldrich 317616-100ML 

Dulbecco’s Phosphate buffered 

saline (PBS) 

Lonza BE17-512F 

Dynabeads Invitrogen 11041 

eBioscience ELISA Assay 

diluent 

eBioscience 88-7340 

eBioscience ELISA Stop 

solution 

eBioscience 88-7340 

eBioscience ELISA Substrate 

solution 

eBioscience 88-7340 

eBioscience ELISA wash buffer eBioscience 88-7340 

Eosin Y Sigma-Aldrich HT110216-500ML 

F12 Nutrient Mix Invitrogen 21765-029 

Fast green Polysciences 02745 

Ficoll GE Healthcare 17-5446-52 

Fixation/permeabilisation buffer eBioscience 00-5223-56 

Foetal bovine serum (FBS) Sigma-Aldrich F7524 

Glycerol Sigma-Aldrich G5516-500ML 

Glycine Sigma-Aldrich G8898-1KG 

GMCSF Peprotech 400-23 

Goat serum KPL 71-00-27 
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Harris hematoxylin Sigma-Aldrich HHS16-500ML 

HEPES Fisher BP310-1 

Hydrochloric Acid Sigma-Aldrich H1758-500ML 

Hydrogen peroxide Sigma-Aldrich H1009-500ML 

IFN-γ Peprotech 400-20 

IL-1β Peprotech 400-01 

IL-4 Peprotech 400-04 

Indomethacin Sigma-Aldrich I7378 

Industrial methylated spirits 

(IMS) 

Lennox S1-033-0716 

Insulin Sigma-Aldrich I2643 

Isopropanol Sigma-Aldrich I9516 

ITS+ Corning 354352 

Lanthanum chloride Sigma-Aldrich 449830 

L-glutamine Sigma-Aldrich G7513 

Lipopolysaccharide (LPS) Sigma-Aldrich L2630 

L-proline Sigma-Aldrich 81709 

MACS anti rat OX62 beads Miltenyi 120-000-965 

MACS anti-PE beads Miltenyi 130-048-801 

Mayer’s hematoxylin Sigma-Aldrich MHS16 

MEM Non essential amino acids Sigma-Aldrich M7145 

Methanol Sigma-Aldrich 494437 

MIX Sigma-Aldrich I5879 

Molecular biology grade 2-

propanol 

Sigma-Aldrich I9516 

Molecular biology grade 

chloroform 

Sigma-Aldrich C2432 

Molecular biology grade ethanol Sigma-Aldrich E7023 

Molecular biology grade water Sigma-Aldrich W4502 

N-(1-naphthyl ethylenediamine 

dihydrocholride 

Sigma-Aldrich N9125 

Oil Red O Sigma-Aldrich 0-0625 

Paraformaldehyde Sigma-Aldrich 533998 

Penicillin-streptomycin Sigma-Aldrich P4333 

Permeabilisation buffer eBioscience 00-8333-56 

Phosphoric acid Sigma-Aldrich 43808 

Potassium bicarbonate (KHCO3) Sigma-Aldrich P9144-500G 

Protease Sigma-Aldrich P6911 

R&D systems ELISA Calibrator R&D systems KGE004B 
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diluent 

R&D systems ELISA PGE2 

conjugate 

R&D systems KGE004B 

R&D systems ELISA stop 

solution 

R&D systems KGE004B 

R&D systems ELISA substrate 

solution 

R&D systems KGE004B 

R&D systems ELISA wash 

buffer 

R&D systems KGE004B 

Rabbit Serum Sigma-Aldrich R9133 

RPMI-1640 Lonza BE12-702F 

Safranin-O Sigma-Aldrich S8884-25G 

Sodium alginate International Speciality Products 1132420 

Sodium azide Sigma-Aldrich S2002 

Sodium chloride (NaCl) Sigma-Aldrich S7653-1KG 

Sodium citrate Sigma-Aldrich S4641-500G 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich L3771 

Sodium EDTA  Fisher BP120-1 

Sodium nitrite (NaNO2) Sigma  

Sodium Pyruvate Sigm-Aldrich S8636 

Streptavidin-Peroxidase KPL 71-00-38 

Sulfanilamide Sigma S9251 

SYBR Green master mix Roche 11610000 

TGF-β3 Peprotech 100-36 

TNF-α Peprotech 400-14 

Tris Fisher BP152-1 

Tris-HCl Fisher BP153-1 

Triton-X Sigma-Aldrich T9284 

TrIzol Invitrogen 15596018 

Trypsin Invitrogen 25300-054 

Tween-20 Sigma-Aldrich P1379 

Videne Medguard 3030440 

Xylene Lennox SX-002-1614 

β-glycerophosphate Sigma-Aldrich G9422 

β-mercaptoethanol Sigma-Aldrich M3148 

___________________________________________________________ 

Table 2.8 List of reagents List of reagents used as part of the project. 

___________________________________________________________ 
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Item Source Product code 

0.4µm transwell insert Grenier BioOne 662641 

1.5ml Eppendorf tube Sarstedt 72.690.001 

15ml tube Sarstedt 62.554.502 

1ml sterile syringe Fisher 005028233 

24 well culture plate Fisher 142475 

40µm cell strainer Corning 431750 

50ml tube Sarstedt 62.547.254 

6 well culture plate Sarstedt 83.3920 

96 well flat bottom plate Sarstedt 83.1835.300 

96 well round bottom plate Sarstedt 83.1837 

96 well V bottom plate Sarstedt 82.1583 

Cell scraper Sarstedt 83.1830 

Coplin jar Sigma-Aldrich S5516 

Cryovial Fisher 368632 

EDTA blood tube Beckton Dickinson 367525 

FACS tube Sarstedt 55.1578 

MACS LS column Miltenyi 130-042-401 

Microscope slide Sigma-Aldrich S8400 

Microscope slide (positively 

charged) 

Fisher 22-037-247 

Optical cover for PCR plate Applied Biosystems 4360954 

PCR plate Applied Biosystems 4346906 

Petri dish Sarstedt 94.6077.331 

Pipette tips (0.2-10µl) Sarstedt 70.760.001 

Pipette tips (200-1000µl) Sarstedt 70.760.002 

Pipette tips (2-200µl) Sarstedt 70.762 

Pipette tips-filtered (0.2-10µl) StarLab S1121-3810 

Pipette tips-filtered (200-

1000µl) 

StarLab S1122-1830 

Pipette tips-filtered (20-200µl) StarLab S1120-8810 

Pipette tips-filtered (2-20µl) StarLab S1120-1810 

Serological pipette-sterile 

(10ml) 

Sarstedt 86.1254.001 

Serological pipette-sterile 

(25ml) 

Sarstedt 86.1685.001 

Serological pipette-sterile (5ml) Sarstedt 86.1253.001 

T 175 cell culture flask Fisher 159910 

T 25 culture flask Sarstedt 83.3910.002 
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T 75 culture flask Sarstedt 658175 

Whatman No1 filter paper Fisher 1001150 

 

___________________________________________________________ 

Table 2.9 Plastics and consumables 

List of plastics, glassware and other consumables used as part of the project. 

___________________________________________________________ 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Two 
 

91 
 

Machine name Use Company 

ThermoForma Series II Cell culture incubator (19% O2) Fisher 

New Brunswick Galaxy 

170R 

Cell culture incubator (2% O2) Eppendorf 

Telstar Bio II Advance Biological Safety cabinet Telstar 

UVM-26 Mineralight UV light source UVP 

Perkin Elmer Victor3V Plate reader Perkin Elmer 

Olympus BX43 Microscope (slide imaging) Olympus 

Olympus IX71 Microscope (cell culture plastic 

imaging) 

Olympus 

StepOne Plus qPCR machine Applied Biosystems 

Eppendorf 5424 Centrifuge (room temperature, 

1.5ml tubes) 

Eppendorf 

Hettick Mikro 200R Centrifuge (4˚C, 1.5ml tubes) Hettick 

Eppendorf 5810R Centrifuge (15ml and 50ml tubes) Eppendorf 

BD FACSCanto Flow cytometer Beckton Dickinson 

BD FACSCanto II Flow cytometer Beckton Dickinson 

Nanodrop 2000 RNA quantification Fisher 

GeneAmp PCR System 

9700 

cDNA synthesis Applied Biosystems 

Vortex Genie 2 Vortexing samples Scientific Industries 

Hotplate Antigen retrieval Fisher 

MidiMACS Concentrating magnetic particles Miltenyi 

 

___________________________________________________________ 

Table 2.10 Equipment 

List of laboratory equipment used as part of the project. 

___________________________________________________________ 
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3.1 Introduction to Chapter 3 

MSC are an adult, non-hematopoeitic stem cell population, that can be readily 

isolated from a number of tissues including bone marrow, adipose tissue and 

umbilical cord (162). The tri-lineage differentiation potential of MSC makes them a 

very attractive cell type for use in regenerative medicine and tissue engineering 

applications to replace damaged or defective tissue (163, 164), especially bone and 

cartilage. Several pre-clinical and clinical studies have showed that MSC are 

efficacious in cartilage repair (165-168) in diseases such as OA. 

Recent data suggests that the pathology of OA involves a significant immune 

component (15, 16, 22), and MSC immunomodulatory capacities enhance their 

attractiveness to treat the pathological inflammatory component of this disease. Anti-

inflammatory molecules such as PGE2, TSG-6 and NO (58, 63, 64) released by MSC 

could modulate the OA associated inflammation, thereby slowing damage, in 

addition to enhancing repair (15, 16). In addition to their immunomodulatory 

capabilities, MSC express low levels of MHC and co-stimulatory molecules (78). 

While, growing evidence suggests they are not fully immune privileged (51, 78), 

MSC are generally considered weakly immunogenic and their application in an 

allogeneic setting is considered realistic and safe (169). 

Using allogeneic MSC in conditions such as OA is attractive for a number of 

reasons;  

• MSC from aged or diseased individuals have limited expansion capacity and 

are less efficacious than those obtained from younger, healthy donors (120, 

170) 
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• Allogeneic MSC can be readily isolated from healthy donors and expanded in 

vitro to significant numbers, with the potential to be useful in treating a 

number of patients, thereby reducing costs (171) 

• There is reduced risk of donor site morbidity to the patient with an allogeneic 

cell therapy (77, 172) 

MSC have tri-lineage differentiation capabilities, that is they can differentiate to 

osteogenic, adipogenic and chondrogenic lineages (77). As mentioned in the general 

introduction, pre-clinical and some clinical studies using differentiated allogeneic 

MSC have been conducted in various models including cardiac, bone and cartilage 

regeneration (77). Recent results indicate that differentiated MSC may lose their 

immunosuppressive properties (60, 61, 77). However, to date, a comprehensive 

study on the effects of differentiation on the immune properties of MSC after 

chondrogenic differentiation has not been undertaken.  

The immunological consequences of an allogeneic therapy must be clearly 

understood prior to translation to the clinic (71). Analysis of the cellular 

immunogenicity (potential to induce anti-donor adaptive immune responses) of the 

cells should include  

• Expression levels of cell surface proteins responsible for T cell 

allorecognition; e.g. MHCI, MHCII, CD80 and CD86 (5, 71)  

• The functional response of allogeneic immune cells to the allogeneic therapy 

in vitro. 

• Assessment of the in vivo allo-immune response to transplanted cells in 

appropriate pre-clinical models. 
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3.1.2 Hypothesis 

“Allogeneic MSC lose their ability to modulate an activated immune response upon 

chondrogenic differentiation and possess enhanced immunogenicity” 

3.1.3 Aims 

• To characteriste DA bone marrow derived rat MSC following chondrogenic 

differentiation in an alginate layer culture system which would allow retrieval 

of the cells 

• To assess immunologically relevant changes in cell surface marker 

expression on the MSC after chondrogenic differentiation 

• To functionally determine the immunogenicity and immunomodulatory 

capacity of the differentiated MSC by co-culture with allogeneic immune 

cells 
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3.2 Results 

3.2.1 Isolation and characterisation of rat MSC 

MSC are a rare cell population in the bone marrow stroma, estimated to account for 

less than one mononuclear cell per hundred thousand (173). MSC can be isolated 

from the bone marrow by their ability to adhere to tissue culture plastic. 

MSC were isolated from the femurs and tibias of male DA rats. Cells grew readily in 

monolayer culture and exhibited a fibroblastic morphology characteristic of MSC (5, 

54) (Figure 3.1). Flow cytometry was used to characterise the cell surface expression 

of classical MSC markers  (55). All MSC stained positive for classical MSC markers 

CD90, CD29 and CD73 and weak or negative for MHCI, MHCII, CD45, CD80 and 

CD86 (Figure 3.2). MSC are characterised by their ability to differentiate to an 

osteogenic (Figure 3.3) and adipogenic (Figure 3.4) lineage after culture in 

respective induction media. This differentiation capacity was confirmed by Alizarin 

Red and Oil Red O staining, respectively. Additionally, quantification of calcium 

content confirmed that osteogenically differentiated MSC contained significantly 

more calcium than undifferentiated MSC.  

From an immunological point of view, MSC are characterised by their ability to 

suppress activated T cells in a dose dependent manner, both in a syngeneic and 

allogeneic manner (5, 58, 80). To confirm this, DA and Lewis MSC were co-

cultured in contact with CFSE labelled Lewis rat T cells at ratios ranging from 

1:1000 to 1:100 in the presence of anti-CD3/anti-CD28 stimulatory beads for 4 days 

and the proliferation of the T cells measured by CFSE dilution on a flow cytometer 

(Figure 3.5 A). The MSC were capable of suppressing T cell proliferation in both a 
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syngeneic and allogeneic setting and this suppression was dose dependent (Figure 

3.5 B) 
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___________________________________________________________ 

Figure 3.1 MSC have a characteristic fibroblastic morphology 

4x image of DA MSC in monolayer culture showing the characteristic fibroblastic 
morphology of MSC. Representative Image is shown. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 3.2 Cell surface characterisation of DA MSC 

MSC isolated from DA bone marrow were characterised by flow cytometry for 
MHCI, MHCII, CD80, CD86, CD29 CD73, CD90 and CD45. Median fluorescence 
intensity (MFI) was calculated for each marker and expressed relative to appropriate 
isotype control antibodies. (A) Black histograms represent specific antibody stained 
cells, grey shaded histograms represent appropriate isotype controls. (B) Graphical 
representation from three independent experiments expressed relative to isotype 
control. 

___________________________________________________________ 
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Figure 3.3 Osteogenic differentiation of DA MSC 

MSC were cultured for 10 days in osteogenic induction medium. Alizarin Red 
staining was used to assay osteogenic differentiation in (A) control or (B) osteo-
conductive conditions. (C) Calcium was quantified in control and osteogenically 
differentiated MSC. Data presented as mean ± SEM from three independent 
experiments. Statistical analysis was performed using two-tailed T test, 
**p<0.01. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 3.4 Adipogenic differentiation of DA MSC 

MSC were cultured in adipogenic differentiation conditions (detailed description 
in Materials and Methods section). Oil Red O staining was used to assay 
adipogenic differentiation in (A) control or (B) adipo-conductive conditions. (C) 
Oil Red O quantification was performed in control and adipogenically 
differentiated MSC. Data presented as mean ± SEM from three independent 
experiments. Statistical analysis was performed using two-tailed T test, 
***p<0.001. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 3.5 T cell immunomodulatory activity of DA rat MSC 

To test the T cell immunomodulatory capacity of DA MSC, (A) DA (syngeneic) or 
Lewis (allogeneic) lymphocytes were CFSE stained and co-cultured with DA MSC 
in the presence of anti-CD3/anti-CD28 beads for 4 days. Proliferation was measured 
by CFSE dilution by flow cytometry. (B) Graphical representation of >3 generations 
of CD4+ T cell proliferation in this assay at MSC:lymphocyte ratios ranging from 
1:1000 to 1:100. Data presented as mean ± SEM from three independent 
experiments. 
___________________________________________________________ 
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3.2.2 Chondrogenic differentiation of rat MSC in alginate  

In addition to the osteogenic and adipogenic differentiation potential, MSC are also 

defined by their ability to undergo chondrogenesis in defined culture conditions 

containing TGF-β and BMP-2 (174, 175). In the field of MSC research, 

chondrogenic differentiation of these cells has been traditionally performed in 

micromass pellet culture, where the cells are gently centrifuged and cultured in 

medium containing TGF-β (174, 175). However, performing MSC chondrogenesis 

in this manner does not allow to obtain a single cell suspension of viable 

differentiated MSC for further analysis after the differentiation period. This is 

because the micromass pellet is a hard, dense, matrix rich mass in which the cells are 

embedded. 

However, MSC can be induced to undergo chondrogenesis in various hydrogel 

platforms which allow the cells to be retrieved in a viable state after chondrogenesis 

(5, 158). These platforms include photopolymerising hydrogels composed of poly-

ethylene glycol (176) and in chemically polymerising hydrogels such as alginate 

(158, 177).  

Alginic acid (alginate) is a linear glycuronan polymer found primarily in the cell 

walls of brown algae of the class Phaeophyceae. It is composed of β-(1-4)-ᴅ-

mannosyluronic acid and α-(1-4)-ʟ-gulosyluronic acid residues, with a general 

chemical formula of (C6H8O)n and a molecular weight ranging from 20000-240000 

(178). Sodium alginate, in the presence of calcium ions polymerises to a hydrogel 

which is capable of supporting MSC chondrogenesis when the cells are embedded 

within it (5, 158).  
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To induce chondrogenic differentiation in alginate hydrogel layers, 1 X 106 DA MSC 

were suspended per 20µl PBS. This MSC suspension was mixed with an equal 

volume of 2.4% sodium alginate solution and gently pipetted into a 0.4µm pore size 

24 well transwell insert so that a uniform, 1mm thick, layer of alginate was formed 

on the membrane of the insert. The sodium alginate was polymerised by incubation 

with CaCl2, after which layers were cultured in the presence of TGF-β3 and BMP-2 

for 21 days (Figure 3.6) (5, 158).  

MSC, cultured in alginate layers for 21 days in chondrogenic induction medium 

stained positive with Safranin-O indicating the presence of sulphated 

glycosaminoglycans in the matrix which was not the case in the absence of TGF-β3 

and BMP-2 during the 21 day time course (Figure 3.7 A&B). CCM supplemented 

alginate layers had a significantly higher GAG:DNA ratio than ICM supplemented 

layers as measured by the DMMB assay (Figure 3.7 D). Finally CCM supplemented 

alginate layers containing MSC expressed significantly more mRNA transcript for 

cartilage markers collagen-IIa, aggrecan and Sox-9 as measured by qPCR (Figure 

3.7 E). 
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___________________________________________________________ 

Figure 3.6 3D alginate layer culture system for chondrogenic differentiation of 
DA MSC 

MSC, grown in monolayer, were trypsinised and suspended in PBS at a 
concentration of 1 X 106 cells per 20µl. This cell suspension was mixed with an 
equal volume of 2.4% sodium alginate to make a 1.2% sodium alginate cell 
suspension with 1 X 106 MSC per 40µl. 40µl of this suspension was carefully 
pipetted into a transwell insert to form a uniform layer on the membrane. The layer 
was polymerised using CaCl2 and differentiation was induced by culturing for 21 
days in the presence of TGF-β3 and BMP-2. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 3.7 Evaluation of MSC chondrogenesis in 3D alginate layer system 

MSC, embedded in calcium alginate layers in (A) ICM  or (B) CCM were 
stained with Safranin-O to assess proteoglycan production. As a positive control 
(C) MSC were differentiated in micromass pellet culture and stained with 
Safranin-O. (D) Glycosaminoglycan:DNA ratio was calculated for 
undifferentiated (white bars) and chondrogenically differentiated MSC (black 
bars) by DMMB and pico-green assays. (E) qPCR was used to assess expression 
of chondrogenic markers Collagen IIa1 (Col2a1), Aggrecan and Sox-9 after 
chondrogenic differentiation in alginate layers. Images are representative. 
Graphical data presented as mean ± SEM from three independent experiments. 
Statistical analyses performed using Student’s two-tailed T test. *p<0.05, 
***p<0.001 

___________________________________________________________ 
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3.2.3 Phenotypic analysis of chondrogenically differentiated MSC 

Allo-recognition takes place via recognition of amino acid differences in MHC 

proteins in conjunction with co-stimulation by an allogeneic cell (51). This 

recognition can take place directly, by host T cells interacting with and becoming 

activated by administered allogeneic cells, or indirectly, after uptake of allo-antigen 

by host APCs, which then go on to present to and activate T cells. With this in mind, 

the expression of MHCI, MHCII, CD80 and CD86 on chondrogenically 

differentiated MSC after isolation from alginate was examined in comparison to 

undifferentiated MSC. As a  positive control, DA rat bone marrow derived LPS 

treated mature dendritic cells (BMDC) were used in this assay as they display high 

levels of expression of MHCI, MHCII, CD80 and CD86 (179).  

A significantly higher proportion of DA chondrogenically differentiated MSC 

stained positively for MHCI, MHCII, CD80 and CD86 (Figure 3.8 A) compared to 

undifferentiated DA rat MSC. For each of these markers the percentage of cells 

staining positively for each marker was not statistically different from BMDC. When 

the median fluorescence intensity (MFI) of expression of each of the three markers 

was calculated it was found that DA chondrogenically differentiated MSC had 

similar staining intensity of MHCI as DA BMDC (Figure 3.8 B) and significantly 

lower intensity of MHCII (Figure 3.8 B), CD80 (Figure 3.8 B) and CD86 (Figure 3.8 

B). However in the case of all four markers the staining intensity observed on DA 

chondrogenically differentiated MSC was significantly higher than on DA 

undifferentiated MSC (Figure 3.8 B) indicating that these cells may have a more 

immunogenic phenotype. 
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___________________________________________________________ 

Figure 3.8 Cell surface analysis of chondrogenically differentiated MSC 

DA MSC differentiated in alginate layers were isolated from the layers by 
dissociation with sodium citrate. The resultant single cell suspension, 
undifferentiated MSC and bone marrow derived dendritic cells (BMDC) (positive 
control) were stained with fluorochrome conjugated antibodies against MHCI, 
MHCII, CD80 and CD86.(a) % cells staining positive for each marker were 
calculated as was the (b) median fluorescence intensity (MFI) of each marker. 
Graphical data presented as mean ± SEM from three independent experiments. 
Statistical analysis was performed using One Way ANOVA with Tukeys’s post-test. 
*p≤0.05, **p≤0.01, ***p≤0.001.  

___________________________________________________________ 
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3.2.4 Immunogenicity of chondrogenically differentiated MSC 

T cell proliferation, activation, pro-inflammatory cytokine secretion and cytotoxic 

molecule production are indicative of an increased immunogenic phenotype (5). To 

investigate if the increase in immunogenic cell surface markers on chondrogenically 

differentiated DA MSC resulted in a functional increase in immunogenicity, 

differentiated MSC were first co-cultured for 5 days with allogeneic Lewis 

lymphocytes (Figure 3.9). By measuring CFSE dilution on lymphocytes it was found 

that differentiated MSC induced significantly higher levels of allogeneic T cell 

proliferation than undifferentiated MSC. This was true for both CD4+ and CD8+ T 

cells and the difference was statistically significant at two different ratios (1:100 and 

1:50) (Figure 3.10 A&B). The IL-2 receptor gamma subunit (IL-2Rg or CD25) is up-

regulated on the surface of activated T and B cells (5). Upon co-culture with 

chondrogenically differentiated MSC, a significantly higher proportion of allogeneic 

CD4+ and CD8+ T cells expressed CD25 on the cell surface compared to T cells co-

cultured with undifferentiated MSC (Figure 3.10 C&D). IFN-γ is a Th1 cytokine, 

secreted by activated pro-inflammatory T cells, to further confirm that allogeneic 

differentiated MSC are more immunogenic than undifferentiated MSC, significantly 

higher levels of IFN-γ were detected in co-culture supernatants of differentiated 

MSC compared to undifferentiated MSC (Figure 3.11) 

CD8+ T cells lyse target cells through cytotoxic molecules such as Granzyme B (5). 

To test if co-culture with allogeneic differentiated MSC resulted in an increase in the 

cytotoxic activity of T cells, intra-cellular flow cytometric staining for Granzyme B 

was performed after 5 day co-culture at a ratio of 1:10. The results showed that 

allogeneic differentiated MSC elicited significantly more expression of Granzyme B 

in CD8+ T cells than undifferentiated MSC (Figure 3.12).  
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___________________________________________________________ 

Figure 3.9 T cell immunogenicity assay 

Chondrogenically differentiated or undifferentiated MSC were co-cultured at ratios 
of 1:100 and 1:50 with allogeneic CFSE stained lymphocytes. At the end of the co-
culture CD4+ and CD4- T cell proliferation was measured by CFSE dilution by flow 
cytometry. T cell activation was measured by flow cytometry. Granzyme B 
expression in CD8+ T cells from co-cultures was measured by intra-cellular staining 
flow cytometry. Levels of the pro-inflammatory cytokine Interferon-γ (IFN-γ) was 
measured by performing ELISA on the co-culture supernatants. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 3.10 Evaluation of immunogenicity of DA chondrogenically 
differentiated MSC 

DA chondrogenically differentiated (black bars) or undifferentiated (white bars) 
MSC were co-cultured with allogeneic Lewis lymphocytes at ratios of 1:100 and 
1:50 for 5 days. (A) CD4+ T cell proliferation was measured by CFSE dilution by 
flow cytometry. (B) CD4- T cell proliferation was measured by CFSE dilution by 
flow cytometry. (C) Percentage of CD4+ T cells expressing CD25 was measured by 
flow cytometry. (D) Percentage of CD4- T cells expressing CD25 was measured by 
flow cytometry.  Graphical data presented as mean ± SEM from three independent 
experiments. Statistical analysis was performed using One Way ANOVA with 
Tukeys’s post-test. *p≤0.05, **p≤0.01, ***p≤0.001.  

___________________________________________________________ 
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___________________________________________________________ 

Figure 3.11 Detection of IFN-γ in co-culture supernatants 

IFN-γ levels were assayed in chondrogenically differentiated (black bar) or 
undifferentiated MSC (white bar) immunogenicity assay supernatants by ELISA. 
Graphical data presented as mean ± SEM from three independent experiments. 
Statistical analysis was performed using One Way ANOVA with Tukeys’s post-test. 
*p≤0.05.  

___________________________________________________________ 
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___________________________________________________________ 

Figure 3.12 Analysis of cytotoxic Granzyme B expression in CD8+ T cells co-
cultured with allogeneic chondrogenically differentiated MSC 

Granzyme B expression in CD8+ T cells was measured by fixing and permeabilising 
the T cells after co-culture with allogeneic undifferentiated (white bar) or 
differentiated (black bar) MSC. T cells were then stained for intra-cellular Granzyme 
B and the expression was measured by flow cytometry. Graphical data presented as 
mean ± SEM from three independent experiments. Statistical analysis was performed 
using One Way ANOVA with Tukeys’s post-test. **p≤0.01, ***p<0.001. 

___________________________________________________________ 
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3.2.5 Immunosuppressive ability of chondrogenically differentiated MSC 

An important feature of a cell therapy for OA treatment should include an 

immunomodulatory component to reduce the inflammation present in the diseased 

tissue. Undifferentiated MSC have been extensively confirmed to secrete various 

immunomodulatory molecules such as PGE2, TSG-6 and NO (5).  

To test the immunosuppressive ability of chondrogenically differentiated rat DA 

MSC they were co-cultured with allogeneic CFSE labelled Lewis lymphocytes for 4 

days in the presence of anti-CD3/anti-CD28 co-stimulation (Figure 3.13). 

Proliferation of lymphocytes was measured by flow cytometry. As expected 

undifferentiated MSC were capable of suppressing T cell proliferation in a dose 

dependent manner, however after chondrogenic differentiation this ability was lost. 

Indeed, allogeneic lymphocytes co-cultured with chondrogenically differentiated 

MSC proliferated as much as stimulated T cells alone (Figure 3.14) 

MSC have been previously confirmed to suppress T cell proliferation through 

secretion of soluble mediators such as NO and PGE2 (58, 64). When the supernatants 

of the co-cultures from Figure 3.14 were analysed for these secreted factors by the 

Griess assay and ELISA, a significant reduction in the concentration of NO and 

PGE2 respectively was detected indicating that chondrogenically differentiated MSC 

lose the ability to secrete these molecules (Figure 3.15) 
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___________________________________________________________ 

Figure 3.13 Assay to assess the immunosuppressive ability of chondrogenically 
differentiated MSC 

To test the T cell immunomodulatory capacity of DA chondrogenically MSC, Lewis 
(allogeneic) lymphocytes were CFSE stained and co-cultured at ratios of 100:1 or 
50:1 with DA undifferentiated or chondrogenically differentiated MSC in the 
presence of anti-CD3/anti-CD28 beads for 4 days. Lymphocyte proliferation was 
measured by CFSE dilution by flow cytometry. 

___________________________________________________________ 

 

 

 

 

 

 



Chapter Three 
 

116 
 

 

___________________________________________________________ 

Figure 3.14 Immunosuppressive ability of allogeneic chondrogenically 
differentiated MSC 

DA undifferentiated (white bars) or chondrogenically differentiated (black bars) 
MSC were co-cultured at ratios of 1:100 and 1:50 with CFSE stained Lewis rat 
lymphocytes for 4 days. Lymphocyte proliferation was measured by CFSE dilution 
by flow cytometry. Graphical data presented as mean ± SEM from three independent 
experiments. Statistical analysis was performed using One Way ANOVA with 
Tukeys’s post-test. *p≤0.05, ***p<0.001. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 3.15 Immunomodulatory molecule secretion in immunosuppression 
assays 

Secretion of immunomodulatory molecules (A) nitric oxide and (B) prostaglandin E2 
were assayed in immunosuppression co-culture supernatants of undifferentiated 
(white bars) or chondrogenically differentiated (black bars) MSC by Griess assay 
and ELISA respectively. Graphical data presented as mean ± SEM from three 
independent experiments. Statistical analysis was performed using One Way 
ANOVA with Tukeys’s post-test. *p≤0.05, **p<0.01. 

___________________________________________________________ 
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3.2.6 Immunosuppressive ability of human chondrogenically differentiated 

MSC 

To validate the results obtained with the rat MSC in the human setting, 3 

independent human MSC donors were obtained and chondrogenically differentiated 

in alginate layers for 21 days. Differentiated human MSC were isolated from the 

layers and co-cultured with allogeneic CFSE labelled human peripheral blood 

mononuclear cells (PBMCs) in the presence of polyclonal anti-CD3/anti-CD28 

stimulation for 4 days. Similar to rat MSC, undifferentiated human MSC 

significantly suppressed allogeneic lymphocyte proliferation in a dose dependent 

manner and chondrogenically differentiated human MSC failed to suppress 

allogeneic lymphocyte proliferation (Figure 3.16). 
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Figure 3.16 Human immunosuppression assay 

Human undifferentiated (white bars) or chondrogenically differentiated (black bars) 
MSC were co-cultured at ratios of 1:100 and 1:10 with CFSE allogeneic human 
PBMC for 4 days. Lymphocyte proliferation was measured by CFSE dilution by 
flow cytometry. Graphical data presented as mean ± SEM from three independent 
experiments. Statistical analysis was performed using One Way ANOVA with 
Tukeys’s post-test. *p≤0.05, **p<0.01. 

___________________________________________________________ 
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3.3 Discussion 

The data generated in this part of the study confirm the hypothesis that allogeneic 

chondrogenically differentiated MSC lose their immunosuppressive ability and 

become more immunogenic in vitro.  

Chondrogenic differentiation of DA rat bone marrow derived MSC was achieved 

and proved a robust system which supported effective MSC chondrogenesis. This 

was shown by the production of GAG by MSC embedded in alginate layers treated 

with chondrogenic induction medium. At the mRNA level rat MSC differentiated in 

the alginate hydrogel layers expressed the cartilage-specific transcription factor Sox-

9 (180). Generation of hyaline cartilage is important to produce effective repair of 

cartilage in joints such as the knee as hyaline cartilage is a more effective shock 

absorbing and lubricating material than fibrocartilage (4). DA rat MSC, 

chondrogenically differentiated in alginate, were shown to express markers of 

hyaline cartilage at the mRNA level such as collagen II and aggrecan (180). MSC, 

chondrogenically differentiated in alginate, also laid down matrix which stained 

positively for sulphated glycosaminoglycans by Safranin-O staining (181). The 

alginate layer system also allowed retrieval of a single cell suspension of viable cells 

which could be used in downstream co-culture assays as well as cells which could be 

stained for analysis by flow cytometry (5, 158). As has been previously shown the 

alginate layer differentiation system proved successful with human MSC also (158). 

The proposed use of allogeneic MSC for OA takes advantage of two important 

properties of MSC, namely their chondrogenic differentiation potential and their 

potent immunomodulatory properties, allied to their weak immunogenicity (5). 

However, before either ex vivo differentiated or in situ differentiating MSC can be 
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employed in pre-clinical OA models or in the clinic a thorough understanding of the 

immune-relevant changes which occur to these cells as they differentiate is required 

(5, 51, 77, 182). These changes were analysed in vitro in this work. 

The use of chondrogenically differentiated MSC in an allogeneic setting to treat 

diseases such as OA would rely on the administered cells evading the host immune 

system. Allorecognition, through host T cells becoming activated by allogeneic 

MHC molecules on the transplanted cells’ surface and the subsequent T cell 

proliferation and inflammatory immune response could exascerbate the inflammation 

already present in the diseased joint through recruitment of further immune cells and 

production of inflammatory cytokines. These effects could potentially worsen the 

condition and would result in clearance of the administered cells, eliminating the 

potential for repair. An exascerbation of the inflammatory milieu in the joint can also 

contribute to further breakdown of the cartilage matrix as pro-inflammatory 

cytokines such as IL-1β lead to an upregulation of catabolic pathways in 

chondrocytes (183-185).  

The upregulation of MHCI, MHCII, CD80 and CD86 seen here on differentiated 

MSC indicates a more immunogenic phenotype than undifferentiated MSC (5), as 

the likelihood of activation of T cells via either the indirect or semi-direct allo-

recognition pathways is increased the more mismatched donor antigen is present 

(51). The heightened immunogenicity of allogeneic chondrogenically differentiated 

MSC was confirmed by co-culture assays as differentiated MSC induce significantly 

increased proliferation and activation of both CD4+ and CD4- T cells in mixed 

lymphocyte reactions indicating that the T cells are either recognising the cells 

directly via direct interaction with MHCI, for CD4+ T cells, or MHCII, for CD4- T 

cells, on the differentiated MSC or antigen presenting cells present in the co-culture 
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are taking up and presenting antigen via both MHCI and MHCII (186). Mixed 

lymphocytes, co-cultured with allogeneic chondrogenically differentiated MSC also 

produced significantly more pro-inflammatory and cytotoxic molecules than those 

co-cultured with allogeneic undifferentiated MSC (5). As mentioned earlier, an 

increased pro-inflammatory environment in the osteoarthritic joint could lead to 

further deterioration of the cartilage and a worse outcome for the patient therefore 

this increased inflammatory cytokine production is a serious concern. The presence 

of the cytotoxic molecule, Granzyme B, in CD8+ T cells co-cultured with allogeneic 

chondrogenically differentiated MSC confirms that these cells are more 

immunogenic than their undifferentiated counterparts. Granzyme B is involved in 

lysis of target cells by cytotoxic T cells (187) and induction of these cells in vivo, 

coupled with heightened allorecognition, could lead to accelerated clearance of the 

administered allogeneic chondrogenically differentiated MSC, thereby decreasing 

the chances that the therapy will prove successful. 

In addition to increased immunogenicity, this work also shows that chondrogenically 

differentiated MSC lose their ability to suppress T cell proliferation in in vitro co-

culture assays. As previously mentioned, undifferentiated MSC use secreted factors 

such as nitric oxide and PGE2 to exert their anti proliferative effects on T cells (5, 

58) and amelioration of the inflammatory activity in OA by an allogeneic MSC 

based therapy would rely on production of these molecules by the cells. PGE2 is a 

lipid mediator produced when arachidonic acid is metabolised by cyclooxygenase-2 

(188). It is known to inhibit activation and proliferation of T cells via the EP2 

receptor (188). Mechanistically, PGE2 inhibits production of IL-2 and IFN-γ in 

mature T cells (188, 189) and promotes the production of Th2 type cytokines such as 

IL-4 and IL-5, as well as inducing immunoglobulin class switching in B cells to IgE 
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(188). The observation that chondrogenically differentiated MSC produce 

significantly less PGE2 than their undifferentiated counterparts could mean that, in 

vivo, the inflammatory activity of T cells in the synovium, where they have been 

shown to produce IFN-γ (22), would not be modulated.  MSC, particularly rodent 

MSC, also modulate inflammatory activity via inducible nitric oxide synthase 

(iNOS) mediated production of nitric oxide (190). Nitric oxide plays roles in many 

facets of the immune system, several of these seemingly contradictory (191, 192). 

The mechanism of action of NO on T cell activity could be by reducing Th1 

cytokine production, T cell proliferation, the adhesion and infiltration of leukocytes 

and potentially increased T cell apoptosis (193). The reduction of nitric oxide 

secretion in chondrogenically differentiated MSC co-cultured with stimulated 

allogeneic lymphocytes, similar to the reduction of PGE2, could result in 

significantly reduced efficacy of the cells in vivo. 

In summary, chondrogenically differentiated rat MSC become more immunogenic 

and lose their immunosuppressive abilities in vitro. For effective use of these cells in 

vivo, they may need to be protected from the immune system by shielding within a 

matrix or scaffold, by genetic manipulation or by co-administration of 

immunosuppressive drugs. As T cells are known to be present in the synovium 

during OA (33, 194), the potential for allorecognition and exascerbation of 

inflammation by differentiated MSC exists with allogeneic chondrogenically 

differentiated MSC. 
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4.1 Introduction to Chapter 4 

Pre-clinical in vivo assessment of the immune response to a cell therapy is an 

essential part of the translational pathway. As mentioned previously allo-recognition 

and subsequent effector responses occur via the action of several cells of the immune 

system encompassing innate and adaptive immune cells including macrophages, 

dendritic cells, T cells and B cells (51, 71). Because of the complex nature of the 

immune response, administration of the allogeneic cell therapy in vivo, followed by 

appropriate assays to assess the innate and adaptive immune response to the therapy 

is very important (5, 51, 77).  

In light of the results presented in Chapter 3 that allogeneic chondrogenically 

differentiated MSC lose their immunomodulatory capacity and become more 

immunogenic (5), the effect of localised shielding on the immune response to these 

cells was tested here. To achieve this allogeneic chondrogenically differentiated 

MSC were implanted subcutaneously in alginate layers or injected subcutaneously 

after in vitro differentiation in alginate (5). A subcutaneous model was chosen as the 

implantation or injection could be reliably placed in the same location and a strong 

immune response can be elicited in this location thereby providing a strong test of 

the cells (195). 
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4.1.1 Hypothesis 

Allogeneic chondrogenically differentiated MSC require localised shielding to limit 

the immune response in vivo 

4.1.2 Aims 

• To implant or inject allogeneic chondrogenically differentiated MSC 

subcutaneously in the rat 

• To assess the local immune response to the implants histologically 

• To determine the memory T cell response to allogeneic chondrogenically 

differentiated MSC using an ex vivo recall response assay 

• To assess the humoral immune response to allogeneic chondrogenically 

differentiated MSC implantation or injection 
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4.2 Results 

4.2.1 Optimisation of subcutaneous implantation 

An accurate determination of the draining lymph node after cell implantation or 

injection was critical for subsequent assays. To determine which lymph node drained 

the subcutaneous area on the top right side of the back of the rat, an alginate layer 

was immersed in 1% Chicago Sky Blue 6B dye for 15 minutes until the dye had 

infiltrated the alginate. This layer was implanted subcutaneously and 96 hours later 

the animal was sacrificed (Figure 4.1 A). The axillary lymph nodes on the right side 

of the rat were found to contain Chicago Sky Blue 6B indicating that they are the 

draining lymph nodes for this area (Figure 4.1 B). No other lymph nodes, including 

the contralateral axillary, were found to contain any trace of the chicago blue dye 

(data not shown). 

4.2.2 Subcutaneous implantation of alginate encapsulated allogeneic 

chondrogenically differentiated MSC 

To test the immunogenicity of allogeneic chondrogenically differentiated MSC 

encapsulated in alginate an in vivo study was devised (Figure 4.2, 4.3 & 4.4). In this 

study 6 groups of 4 animals received alginate implants subcutaneously on the right 

side of the back (Figure 4.3). The animals tolerated the surgery well and returned to 

normal behaviour quickly after recovery from the anaesthesia. No signs of infection 

or discomfort were observed over the 6 week observation period. To assess whether 

localised shielding with alginate was an effective method of reducing the immune 

response to allogeneic chondrogenically differentiated MSC, 3 other groups of 4 

Lewis rats received cell injections (undifferentiated or differentiated DA MSC and 

DA splenocytes) in the same area of the back as the implanted animals (Figure 4.4). 
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All animals tolerated the injections well and returned to normal behaviour quickly 

after recovery from the anaesthesia. No signs of infection or discomfort were 

observed over the 6 week observation period. 

Animals were sacrificed 6 weeks after implantation. The area of skin and 

subcutaneous tissue where the implant or injection was administered was isolated 

and prepared for histological analysis. H&E staining was performed on sections. 

Cell-loaded alginate layers were clearly distinguishable from surrounding tissue. 

Layers exhibited stronger Eosin staining than surrounding tissue and defined 

boundaries (Figure 4.5).  
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Figure 4.1 Chicago blue loaded alginate layer implantation 

A 1.5cm incision was made above the shoulder blade on the right side (RHS) of the 
back of a Lewis rat (A) a Chicago Blue dye loaded alginate layer was inserted into 
the subcutaneous pocket created by this incision. (B) 96 hours later the axillary 
lymph nodes from the RHS and left hand side (LHS) were excised. N=1 

___________________________________________________________ 
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___________________________________________________________ 

Figure 4.2 in vivo study design 

Male Lewis rats were implanted with alginate encapsulated cells or injected with 
cells differentiated in alginate in the upper right side of the back. Animals were 
monitored for 42 days, with serum isolated for detection of allo-antibodies at days 14 
and 28. At day 42 all animals were sacrificed and draining lymph nodes and spleen 
were isolated for an ex-vivo restimulation recall response assay where recipient 
lymphocytes and splenocytes were incubated with donor derived or third party 
Ox62+ splenocytes for 4 days. Proliferation and activation of donor derived cells 
were measured by flow cytometry. 

___________________________________________________________ 
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Group Description 
Alginate Alone  
 

Freshly prepared alginate 
layer without cells 

DA Splenocytes  
 

Freshly prepared DA 
Splenocytes in alginate layer 

Undifferentiated Syngeneic 
MSC 

Undifferentiated Lewis 
MSC in freshly prepared 
alginate layer 

Undifferentiated Allogeneic 
MSC 

Undifferentiated DA MSC 
in freshly prepared alginate 
layer 

Differentiated Syngeneic 
MSC 

Differentiated Lewis MSC 
in Alginate 

Differentiated Allogeneic 
MSC 

Differentiated DA MSC in 
Alginate 

 

___________________________________________________________ 

Figure 4.3 List of treatment groups to elucidate immune response against 
alginate encapsulated allogeneic chondrogenically differentiated MSC 

To assess the immune response to allogeneic alginate encapsulated differentiated 
MSC in vivo 6 groups of animals with 4 animals per group received implants. The 
groups were alginate alone, DA splenocytes, undifferentiated syngeneic MSC, 
undifferentiated allogeneic MSC, differentiated syngeneic MSC and differentiated 
allogeneic MSC. Implants were performed on the right side of the back of the Lewis 
rat and were incubated in vivo for 6 weeks 

___________________________________________________________ 
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Group Description 
DA Splenocytes  
 

Freshly prepared DA 
Splenocytes in 1ml sterile 
saline 

Undifferentiated Allogeneic 
MSC 

Undifferentiated DA MSC 
in 1ml sterile saline 

Differentiated Allogeneic 
MSC 

Differentiated DA MSC in 
1ml sterile saline 

 

___________________________________________________________ 

Figure 4.4 List of treatment groups to elucidate immune response against 
injected allogeneic chondrogenically differentiated MSC 

To assess the immune response to allogeneic injected differentiated MSC in vivo 3 
groups of animals with 4 animals per group received subcutaneous injections. The 
groups were DA splenocytes, undifferentiated allogeneic MSC and differentiated 
allogeneic MSC. Injections were performed on the right side of the back of the 
Lewis rat and were incubated in vivo for 6 weeks 

___________________________________________________________ 
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___________________________________________________________ 

Figure 4.5 H&E staining to visualise implanted cell containing alginate layers 

The area of skin and subcutaneous tissue where the implant procedure was 
performed was excised, fixed in formalin, embedded in paraffin wax and sectioned. 
After H&E staining alginate layers were easily distinguishable from the surrounding 
tissue. Representative image of syngeneic undifferentiated MSC shown here.  

___________________________________________________________ 
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4.2.3 Immune cell infiltration in the graft 

Immune cells infiltrating the site of an allograft can lead to destruction of the graft 

and further immune cell activation. The skin where the implant procedure was 

performed was excised, fixed in formalin, embedded in paraffin wax, sectioned and 

stained with Hematoxylin and Eosin to examine the infiltration and structural 

integrity of the implanted layers. (Figure 4.5 and 4.6). Some infiltration was 

observed in all implants, however animals which received allogeneic cells had more 

infiltrating mononuclear cells than animals which received syngeneic cells (Figure 

4.6). While with undifferentiated allogeneic MSC, mononuclear cell infiltration was 

detected, more mononuclear cell infiltration was observed in differentiated 

allogeneic MSC (Figure 4.6), with yet more infiltration again seen in animals which 

received allogeneic splenocyte implants as control (Figure 4.6). Another notable 

result was that the implanted alginate layers were more damaged in allogeneic 

differentiated MSC and allogeneic splenocytes than allogeneic undifferentiated MSC 

(Figure 4.6).  

CD3+ T cells are an important part of the allo-immune response, as their cytotoxic 

activity can directly kill allogeneic cells (5, 51, 71). The infiltrating CD3+ cells in 

implanted alginate layers were detected by immunohistochemistry. Sections 

underwent antigen retrieval to unmask the antigens which would have been 

crosslinked during the formalin fixation. Immunohistochemical staining was then 

carried out using an anti-rat CD3 antibody. Allogeneic undifferentiated MSC 

implantation resulted in some CD3+ infiltrating cells compared (Figure 4.7). 

However when allogeneic undifferentiated MSC implants were compared to 

allogeneic differentiated MSC implants there were significantly more infiltrating 

CD3+ cells in differentiated implants (Figure 4.7). When allogeneic splenocytes were 
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implanted in alginate as a positive control there were significantly more infiltrating 

CD3+ cells (Figure 4.7) and this increase was statistically significantly more than 

allogeneic undifferentiated MSC implants (Figure 4.10). 

Mononuclear phagocytes are one of the first cell types to arrive at a site of 

inflammation and are known to contribute to allograft rejection (196). CD68 

immunohistochemical staining was used to detect the infiltration of these cells into 

implants. For all groups some CD68+ cell infiltration was detected. However when 

syngeneic undifferentiated (Figure 4.8 A and Figure 4.9 A & B), syngeneic 

differentiated (Figure 4.8 B and Figure 4.9 C & D) and allogeneic undifferentiated 

(Figure 4.8 C and Figure 4.9 E & F) were compared to allogeneic differentiated 

(Figure 4.8 D and Figure 4.9 G & H) there were clearly more CD68+ infiltrating cells 

present in the allogeneic differentiated MSC implants. This observation was 

confirmed when the numbers of cells were quantified as there was significantly 

higher numbers of CD68+ cells in allogeneic differentiated MSC implants compared 

to allogeneic undifferentiated MSC implants (Figure 4.10). The positive control for 

this experiment, allogeneic splenocytes, resulted in large numbers of infiltrating 

CD68+ cells (Figure 4.8 E and Figure 4.9 I & J). These numbers, similar to 

CD3+ cells, were significantly higher than allogeneic undifferentiated MSC implants 

(Figure 4.10) (5). 
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Figure 4.6 Hematoxylin and Eosin staining of implanted alginate layers 

The area of skin and subcutaneous tissue where the implant procedure was 
performed was excised, fixed in formalin, embedded in paraffin wax and sectioned. 
Sections were H&E stained to visualise infiltrating cells in the layers. Representative 
4X and 40X images from each group shown. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 4.7 CD3 immunohistochemistry on implanted alginate layers 

The area of skin and subcutaneous tissue where the implant procedure was 
performed was excised, fixed in formalin, embedded in paraffin wax and sectioned. 
Sections underwent antigen retrieval followed by immunohistochemical staining for 
CD3. Representative 4X images from each group shown. 

___________________________________________________________ 
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Figure 4.8 CD68 immunohistochemistry on implanted alginate layers 

The area of skin and subcutaneous tissue where the implant procedure was 
performed was excised, fixed in formalin, embedded in paraffin wax and sectioned. 
Sections underwent antigen retrieval followed by immunohistochemical staining for 
CD68. Representative 4X images from each group shown. 

___________________________________________________________ 
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Figure 4.9 CD68 immunohistochemistry on implanted alginate layers 

The area of skin and subcutaneous tissue where the implant procedure was 
performed was excised, fixed in formalin, embedded in paraffin wax and sectioned. 
Sections underwent antigen retrieval followed by immunohistochemical staining for 
CD68. Representative 20X (A, C, E, G and I) and 40X (B, D, F, H and J) images 
from each group shown. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 4.10 Quantification of CD3+ and CD68+ infiltrating cells 

The area of skin and subcutaneous tissue where the implant procedure was 
performed was excised, fixed in formalin, embedded in paraffin wax and sectioned. 
Sections underwent antigen retrieval followed by immunohistochemical staining for 
CD3 and CD68. Numbers of cells staining positively for CD3 or CD68 per 40X field 
of view were counted. Graph represent three animals in each group with average 
positive cells per field of view ± SEM. Statistical analysis was performed using two-
tailed t test, *p<0.05 

___________________________________________________________ 
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4.2.4 Ex vivo recall assay to measure the lymphocyte memory response to 

allogeneic differentiated MSC 

Long term memory lymphocyte responses are a major problem in transplantation as 

they have been shown to be key mediators in chronic rejection (197). To assess the 

presence and activity of DA specific allo-reactive lymphocytes in Lewis rats injected 

or implanted with cells a recall response assay was performed. Draining and non-

draining axillary lymph nodes and spleen were isolated from treated rats. 

Lymphocytes and splenocytes were stained separately with CFSE and co-cultured 

with DA or 3rd party (Wistar-Furth) Ox62+ dendritic cells for 4 days. Proliferation 

was measured by flow cytometry and the allo-specific lymphocyte proliferation was 

determined by comparing the proliferation in response to donor derived and third 

party dendritic cells (Figure 4.11) (5). In the draining lymph nodes (Figure 4.12 A & 

B) a significant allo-specific proliferative effect was observed when allogeneic 

differentiated MSC or allogeneic splenocytes were implanted (Figure 4.12 A) or 

injected (Figure 4.12 B), however when allogeneic undifferentiated MSC were 

injected a significant allo-specific response but not when they were encapsulated in 

alginate (Figure 4.12 B). No significant allo-specific effect was observed in the 

spleen when allogeneic undifferentiated MSC were injected or implanted (Figure 

4.12 C & D). Highlighting the increased immunogenicity of allogeneic differentiated 

MSC, a significant allo-specific lymphocyte proliferative effect was observed 

systemically in the spleen of animals which received implantation or injection of 

allogeneic chondrogenically differentiated MSC (Figure 4.12 C & D) (5).  
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___________________________________________________________ 

Figure 4.11 ex vivo recall response from draining lymph nodes and spleen 

Animals were sacrificed at day 42 after implantation or injection of cells. Axillary 
draining lymph nodes and spleen were excised and a single cell suspension from 

these organs CFSE stained. Lymphocytes or splenocytes were co-cultured at a ratio 
of 10:1 with irradiated donor derived (DA) or 3rd party (Wistar Furth) 

Ox62+ dendritic cells for 4 days. Antigen specific lymphocyte proliferation was 
measured by CFSE dilution on a flow cytometer. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 4.12 Recall response from draining lymph nodes and spleen 

Animals were sacrificed at day 42 after (A&C) implantation or (B&D) injection of 
cells. Axillary draining lymph nodes and spleen were excised and a single cell 
suspension from these organs CFSE stained. (A&B) Lymphocytes or (C&D) 

splenocytes were co-cultured at a ratio of 10:1 with irradiated donor derived (white 
bars) or 3rd party (black bars) Ox62+ dendritic cells for 4 days. Antigen specific 
lymphocyte proliferation was measured by CFSE dilution on a flow cytometer. 
Graphs representative of mean ± SEM from 4 animals. Statistical analysis was 
performed using Two way ANOVA with Bonferroni’s post test. * p<0.05, ** 

p<0.01, *** p<0.001. 

___________________________________________________________ 
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4.2.5 Analysis of the humoral immune response in animals which received 

implants or injections  

B cells and the antibodies they produce can play an important role in rejection of 

allogeneic organs and tissues (51). It is likely that, similar to T cells, allo-antibodies 

are produced by allo-reactive B cells against allogeneic MHC molecules. These 

antibodies can contribute to rejection of an allo-graft and can result in hyperacute 

rejection of a transplant if memory B cells have been previously generated or if 

circulating allo-antibody is present in the host (198).  

To test whether allogeneic chondrogenically differentiated MSC induce allo-

antibody production in this model, serum was taken at days 14 and 42 after injection 

or implantation. The serum was incubated with DA thymocytes and bound allo-

antibodies were detected using flow cytometry antibodies against rat IgG1 and IgG2 

isotypes (Figure 4.13) (5).  

At day 14, IgG1 and IgG2 levels in the sera of animals were generally low and little 

difference was observed between groups. Unexpectedly, animals injected with 

differentiated allogeneic MSC had slightly, but significantly, lower IgG1 allo-

antibody than animals which received undifferentiated MSC by the same method 

(Figure 4.14 A). These same animals also had significantly lower IgG2 than animals 

which were injected with allogeneic undifferentiated MSC and, most surprisingly, 

animals which had received an alginate implant containing syngeneic 

undifferentiated MSC (Figure 4.14 B). 

By day 42, when the animals were sacrificed IgG1 levels were still quite low overall 

(Figure 4.14 C). Animals which received a subcutaneous injection of allogeneic 

differentiated MSC still had significantly lower IgG1 allo-antibody than animals 
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injected with allogeneic undifferentiated MSC and animals which received a 

syngeneic undifferentiated MSC implant (Figure 4.14 C). By day 42 all animals 

which received any allogeneic implant (undifferentiated MSC, differentiated MSC 

and splenocytes) or an injection of splenocytes had significantly higher levels of 

IgG2 allo-antibody compared to animals which received a syngeneic undifferentiated 

MSC implant (Figure 4.14 D). Undifferentiated and differentiated allogeneic MSC 

implanted subcutaneously in the animal resulted in significantly higher IgG2 allo-

antibody levels than if the same cells were injected (Figure 4.14 D). Finally, 

allogeneic splenocytes, implanted in alginate subcutaneously, resulted in a 

significantly higher IgG2 allo-antibody level when compared to undifferentiated 

MSC which had also been implanted in alginate (Figure 4.14 D). 

Higher IgG2/IgG1 ratios are indicative of a predominately Th1 type immune 

response, which is more pro-inflammatory (199). When this analysis was applied to 

data generated from the allo-antibody assay no significant differences were observed 

between any groups at day 14 (Figure 4.15 A). However by day 42 all allogeneic 

groups, with the exception of injected allogeneic undifferentiated MSC, had 

significantly higher IgG2/IgG1 ratios than the undifferentiated syngeneic MSC 

group (Figure 4.15 B). Alginate encapsulation of allogeneic MSC (both 

undifferentiated and differentiated) also resulted in a significantly increased 

IgG2/IgG1 ratio than if the cells were injected (Figure 4.15 B). Finally, both 

allogeneic differentiated MSC and splenocytes, when implanted in alginate, resulted 

in significantly higher IgG2/IgG1 ratios than allogeneic undifferentiated MSC 

implanted in alginate (Figure 4.15 B) (5). 
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___________________________________________________________ 

Figure 4.13 Assay to detect allo-antibody production in injected or implanted 
animals 

Blood serum was isolated from animals at days 14 or 42 after injection or 
implantation. Serum was diluted 1:2 in FACS buffer and 25µl was incubated with 5 
x 105 DA derived thymocytes for 1 hour at 4˚C. Cells were washed and bound allo-
antibodies were detected by FACS staining for rat IgG1 and IgG2. Antibody binding 
was detected by flow cytometry by staining for allo-specific antibody binding using 
rat isotype specific fluorochrome conjugated antibodies. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 4.14 Allo-antibody production in injected or implanted animals 

Blood serum was isolated from animals at days 14 or 42 after injection or 
implantation. Serum was diluted 1:2 in FACS buffer and 25µl was incubated with 5 
x 105 DA derived thymocytes for 1 hour at 4˚C. Cells were washed and bound allo-
antibodies were detected by FACS staining for rat IgG1 and IgG2. Antibody binding 
was detected by flow cytometry. Graphs represent mean of 4 animals ± SEM. Mann 
Whitney’s one tailed U test. *,# p<0.05 * represents significance when compared to 
undifferentiated syngeneic MSC, $ represents significance when compared between 
injection and implantation of the same cells and # represents significance when 
compared with allogeneic undifferentiated MSC delivered by the same method. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 4.15 Allo-antibody production in injected or implanted animals 

Blood serum was isolated from animals at days 14 or 42 after injection or 
implantation. Serum was diluted 1:2 in FACS buffer and 25µl was incubated with 5 
x 105 DA derived thymocytes for 1 hour at 4˚C. Cells were washed and bound allo-
antibodies were detected by FACS staining for rat IgG1 and IgG2. Antibody binding 
was detected by flow cytometry. The ratio of RFI of IgG2/IgG1 was determined. 
Graphs represent mean ±SEM from 4 animals. Mann Whitney’s one tailed U test 
*/$/# p<0.05. * represents significance when compared to undifferentiated syngeneic 
MSC, $ represents significance when compared between injection and implantation 
of the same cells and # represents significance when compared with allogeneic 
undifferentiated MSC delivered by the same method. 

___________________________________________________________ 
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4.3 Discussion 

The work presented in this chapter aimed to confirm the hypothesis that allogeneic 

chondrogenically differentiated MSC lose their immunomodulatory capacity and 

become more immunogenic when administered to a fully allogeneic rat, in a 

subcutaneous implant or injection model. Further, the effectiveness of localised 

shielding of the cells was determined by comparing between implantation of cells in 

alginate layers and injecting the cells (5). 

T cells, particularly CD8+ T cells, through production of cytotoxic molecules such as 

Granzyme B, can attack and lyse allogeneic cells leading to loss of graft integrity 

and loss of functional benefit of the graft to the patient (200, 201). While T cells are 

the main players in allograft rejection, mononuclear phagocytes are important 

players in the inflammatory response to allogeneic material, where they enhance T 

cell activity (196). As has been discussed in Section 1.1.2 both CD3+ T cells and 

CD68+ mononuclear phagocytes play large roles in the initiation and progression of 

synovitis and subsequent propagation of cartilage degeneration (14). Therefore 

further activation of these cells by allo-reactive mechanisms could be detrimental to 

the joint as a whole and would limit the effectiveness of the therapy. Here, it was 

shown that both CD3+ T cells and CD68+ mononuclear phagocytes were significantly 

more abundant in implants containing allogeneic differentiated MSC and splenocytes 

compared to allogeneic undifferentiated MSC. Due to the presence of both CD3+ and 

CD68+ cells in the grafts containing allogeneic differentiated MSC and allogeneic 

splenocytes and the damage associated with these grafts it suggests that the 

immunological reaction and the subsequent destruction of the allogeneic 
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differentiated MSC and allogeneic splenocyte grafts is caused by both direct T cell-

mediated lysis of implanted cells and activity of mononuclear phagocytes (5, 202).  

The ex vivo recall response assay of lymphocytes from recipient animals showed 

increased memory T-cell responses in draining lymph nodes of animals injected with 

undifferentiated and differentiated MSC compared to third party stimulation while 

only alginate encapsulated differentiated MSC and not alginate encapsulated 

undifferentiated MSC induced local memory T-cell responses. This result reflects the 

in vitro immunogenicity results (Chapter 3) which showed that allogeneic 

chondrogenically differentiated MSC are more immunogenic and also adds to the 

growing literature that undifferentiated MSC are not completely immune privileged 

and do induce some allo-immune responses (51, 78). Interestingly, however 

undifferentiated MSC only induced significant allo-specific T cell responses when 

they were injected indicating that encapsulation provided some protection to the cells 

or that these cells were capable of producing immunomodulatory molecules such as 

PGE2 or NO locally which limited the activity of recipient DCs or T cells. 

Allogeneic chondrogenically differentiated MSC, and not undifferentiated MSC, 

induced systemic allo-immune responses in the spleen further indicating that they are 

immunogenic and therefore immunosuppressive therapy may be required if they are 

to be used therapeutically in the future.  

Allo-antibodies are an important part of the allo-immune response and contribute 

significantly to both hyper-acute (203) and chronic graft rejection (204). Therefore 

serum anti-DA rat antibodies were assayed in the sera of recipient rats. The 

observation that implantation of allogeneic undifferentiated MSC, allogeneic 

chondrogenically differentiated MSC or splenocytes resulted in a significantly 

enhanced allo-antibody production is evidence that retention of these cells in vivo 
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over a prolonged period of time can evoke a stronger B cell response, likely as a 

result of more time for host APCs to sample antigen from the graft, travel to the local 

lymph nodes and activate a T helper cell response, which in turn could provide help 

to develop a mature B cell response, it is likely the injected cells did not survive long 

enough to develop this response. This is reinforced by the fact that animals injected 

with allogeneic undifferentiated MSC or allogeneic chondrogenically differentiated 

MSC had significantly lower serum allo-antibody levels compared to animals which 

had the same cells implanted in alginate. This observation is of particular relevance 

from the perspective of tissue engineering strategies for regeneration where 

allogeneic cells would be retained at a location for a long period of time (79). 

Additionally, the presence of pre-formed allo-antibody could have a detrimental 

impact on subsequent tissue or organ transplant if cross-reactivity with the second 

donor was present.  

For allogeneic chondrogenically differentiated MSC therapy to be translated to the 

clinical setting strategies to limit innate and adaptive cellular and humoral immune 

responses will need to be investigated to facilitate long-term graft survival and 

prevent exascerbation of joint inflammation at the site of injury. 

However, allogeneic undifferentiated MSC have been administered to joints in 

several models, with some success in reducing synovial inflammation (205-207), 

reducing pain (206, 208) and contributing to regeneration (209). It is not known 

whether these cells differentiated in situ or what effect pre-differentiated cells would 

have. Additionally it is not known whether there was any additional cellular 

immunogenicity associated with administration of these cells. Therefore use of 

allogeneic chondrogenically differentiated MSC in appropriate models of OA and/or 

cartilage damage may yet prove successful. 
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5.1 Introduction to Chapter Five 

In the two preceding chapters it has been demonstrated that chondrogenically 

differentiated allogeneic MSC become functionally immunogenic, both in vitro and 

in vivo. Without modification or concurrent immunosuppressive therapy, in the form 

of steroids or other anti-inflammatory therapies the efficacy of these cells in 

osteoarthritis and cartilage injury could be limited. For this reason alternative 

allogeneic cell therapies were investigated. 

Due to their inherent ability to synthesise cartilage matrix, articular chondrocytes are 

potentially an optimal cell type for cartilage regeneration. Additionally it would be 

expected that little ex vivo manipulation of chondrocytes would be required before 

implantation to provide an effective therapy. Indeed, Autologous Chondrocyte 

Implantation (ACI), is the current gold standard cell therapy for cartilage defects (46, 

47). The ACI procedure involves arthroscopically isolating a cartilage biopsy from a 

non-weight bearing region of the joint, such as the medial edge or trochlear groove 

(8). The cells are then expanded in culture for 4-6 weeks, in which time they undergo 

up to 30 population doublings (8). The expanded cells are then injected into the 

defect under a collagen or periosteal flap or implanted in a matrix (MACI) (8). ACI 

shows good to excellent results on follow up with outcomes reported as being 

equivalent or superior to those of microfracture (8, 48, 49). 

However, autologous cell therapies such as ACI and MACI require tissue explanted 

from a healthy area of cartilage (8, 48), raising the possibility of donor site 

morbidity. Whittaker et al reported a reduction in donor knee function in 7 out of 10 

patients at 12 months indicating that donor site morbidity may be a significant 

concern (76). In addition to donor site morbidity, two separate procedures are 
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required for ACI which further increases discomfort and inconvenience for the 

patient as well as overall costs.  

These issues indicate an allogeneic chondrocyte cell therapy has the potential to be 

an important development for the field. If effective, an allogeneic chondrocyte 

therapy would remove the risk of donor site morbidity, lower patient risk and 

significantly reduce costs while potentially maintaining the regenerative component 

of the therapy. 

However, as mentioned previously, the immunological profile of an allogeneic cell 

or tissue therapy must be determined before it can be translated to the clinic (51, 77). 

The extent to which the cell therapy elicits an immune response in the host 

(immunogenicity) should be determined by characterising the surface expression of 

potentially immunogenic surface molecules such as MHCI, MHCII, CD80 and 

CD86, all of which can lead to allo-specific T cell activation and subsequent effector 

responses which can lead to graft rejection (5, 71). Of relevance from the point of 

view of a potential allogeneic cell therapeutic for OA is the effect of pro-

inflammatory cytokines on the surface expression of immunogenic molecules on the 

allogeneic cells (51, 78, 80), because the osteoarthritic joint is an inflamed 

environment where pro-inflammatory cytokines such as IFN-γ, TNF-α and IL-1β are 

released into the synovial fluid from immune cells in the synovium (22, 210). Prior 

to assessing the effectiveness of a new allogeneic cell therapy in an in vivo setting 

the in vitro allogeneic immune response to the cells should be determined. The 

ability of allogeneic T cells to become activated, proliferate and exert effector 

functions should be studied to gain an understanding of the immunogenicity of the 

potential allogeneic cell therapy. 
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As OA has a significant inflammatory component (15, 22), particularly with regard 

to macrophage (15) and CD4+ T cell infiltration and effects in synovitis and T cells 

(14-16, 22, 34). An allogeneic cell therapy which, in addition to providing a 

regenerative component, could modulate the inflammatory processes which 

contribute to the disease would be beneficial. Specifically, modulation of production 

of pro-inflammatory cytokines such as TNF-α and MMPs by synovial macrophages 

(25) and modulation of the activation state and pro-inflammatory cytokine secretion 

of T cells (33) could reduce the impact of synovitis and break the cycle of 

inflammation and damage which is characteristic of OA (14, 18). Therefore, testing 

the ability of allogeneic CEPC to modulate T cell and macrophage activity in vitro is 

prudent as a validation of the potential of such a therapy to treat OA clinically. 

Articular cartilage is an avascular tissue. This avascularity is essential for articular 

cartilage to maintain its mechanical integrity as the strength of the tissue would be 

severely compromised by a fragile network of vessels (135). This avascularity also 

means that articular cartilage is a hypoxic tissue. The partial pressure of oxygen 

(pO2) of articular cartilage has been reported as being between 1% and 10% (135-

137). Chondrocytes are well adapted for this hypoxic environment and it is important 

for their normal function, including regulation of chondrocyte specific genes such as 

Sox9, collagens and aggrecan through hypoxia-inducible factors (HIFs) (135, 136, 

138) and the response of chondrocytes to inflammatory stimuli (139). Since 

chondrocytes naturally reside in a hypoxic environment, it is of particular relevance 

to study the effect of hypoxia and inflammation on the phenotype of these cells. 
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5.1.2 Hypothesis 

Allogeneic culture expanded primary chondrocytes have immunomodulatory 

capacities and do not elicit an allo-immune response 

5.1.3 Aims 

• To isolate, culture and characterise rat articular chondrocytes in 19% and 2% 

oxygen 

• To assess the immunogenicity of culture expanded primary chondrocytes in 

vitro 

• To assess the effects of an inflammatory environment on the immunological 

profile of culture expanded primary chondrocytes in vitro 

• To investigate the immunomodulatory capacities of culture expanded primary 

chondrocytes on relevant immune cell populations 
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5.2 Results 

5.2.1 CEPC Phenotype 

Cartilage was dissected from DA rat knees and hips by scraping it from the ends of 

the bones with a scalpel (Figure 5.1 A). The chondrocytes were isolated from it and 

cultured in normoxia (CEPC-N) or hypoxia (CEPC-H) (Figure 5.1B). CEPC-N and 

CEPC-H had similar morphology in monolayer culture, the cells took on a polygonal 

morphology (Figure 5.2 A&B). CEPC-N and CEPC-H proliferated at equivalent 

levels in normoxia and hypoxia, with between 3.5 and 5.7 X 106 cells obtained at the 

end of each passage (Figure 5.2 C) 

CEPC-N and CEPC-H maintained mRNA expression of collagen II, which is found 

in hyaline cartilage, throughout monolayer culture up to passage 4 (Figure 5.3 A). 

Collagen I (Figure 5.3 B) and Collagen X (Figure 5.3 C), indicators of fibrocartilage 

(211) and chondrocyte hypertrophy (212) respectively were both expressed at low 

levels in CEPC-N and CEPC-H during monolayer culture up to passage 4. Both 

CEPC-N (Figure 5.3 D) and CEPC-H (Figure 5.3 E), when placed into 3D alginate 

culture produced matrix without the addition of chondrogenic growth factors, stained 

positively with Safranin-O for sulphated proteoglycans. The GAG:DNA ratio was 

also quantified and CEPC in alginate produced significantly more GAG than MSC 

under identical conditions  

The ability to define a cellular therapy is an important part of translating a therapy. 

One way in which a cell therapy product may be defined is by cell surface marker 

expression. For this reason the cell surface marker profile of CEPC-N and CEPC-H 

was assessed by flow cytometry. Like MSC, CEPC-N and CEPC-H are CD45 

negative (Figure 5.4). Both CEPC express similar levels of the integrin CD29 and 
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CD90 as MSC (Figure 5.4). Both CEPC-N and CEPC-H positively express the 

hyaluronic acid receptor CD44 and nucleotidase CD73, although not as strongly as 

MSC (Figure 5.4). 
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___________________________________________________________ 

Figure 5.1 CEPC-N and CEPC-H isolation and culture 

To test the immunological characteristics of CEPC-N and CEPC-H (A) a fully 
allogeneic rat strain using the Dark Agouti (DA) rat as cell donors of CEPC-N, 
CEPC-H and MSC and the Lewis rat as the source of lymphocytes and macrophages 
was used. (B) CEPC-N and CEPC-H were isolated by scraping the articular cartilage 
of the knee and hip off in chips with a scalpel blade. The chips were digested with 
protease and collagenase to release the cells and then cultured in 19% (CEPC-N) or 
2% (CEPC-H) O2 (Section 2.1.2.1). 

___________________________________________________________ 

 

 

 

 

 

 

 

 

 



Chapter Five 
 

162 
 

 

 

___________________________________________________________ 

Figure 5.2 CEPC-N and CEPC-H culture 

Chondrocytes were isolated from DA rat cartilage chips and cultured in monolayer in 
(A) 19% O2 (CEPC-N) or (B) 2% O2 (CEPC-H). (C) Numbers of each cell type 
obtained at the end of each passage were counted and plotted to determine if there 
were different growth kinetics between the two culture conditions. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 5.3 CEPC-N and CEPC-H in vitro chondrogenic potential 

RNA was isolated from CEPC-N and CEPC-H at passage 1, 2 and 4. cDNA was 
synthesised and subjected to qPCR analysis. (A) Collagen II mRNA expression in 
MSC, freshly isolated DA cartilage, passage (P) 1, 2 and 4 CEPC-N and P 1, 2 and 4 
CEPC-H. (B) Collagen I mRNA expression in MSC, freshly isolated DA cartilage 
(fresh), P 1, 2 and 4 CEPC-N and P 1, 2 and 4 CEPC-H. (C) Collagen X mRNA 
expression in MSC, freshly isolated DA cartilage (fresh), P 1, 2 and 4 CEPC-N and 
P 1, 2 and 4 CEPC-H. (D) CEPC-N and (E) CEPC-H were placed in 3D alginate 
culture for 21 days and stained with Safranin-O to determine if glycosaminoglycans 
were present in the matrix. (F) Glycosaminoglycan production in MSC (black bar) 
and CEPC (white bar) after 21 days in 3D alginate culture without growth factor was 
determined by the DMMB and pico-green assay to determine GAG:DNA ratio. Error 
bars represent mean ± 95% SEM from three independent experiments. Statistical 
analysis was performed using Unpaired Student’s t test, *p<0.05. qPCR and Safranin 
O data are representative of one donor with 2 technical replicates per experiment. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 5.4 CEPC-N and CEPC-H cell surface expression profiles 

Relative expression of CD29, CD44, CD45, CD73 and CD90 on MSC, CEPC-N and 
CEPC-H relative to isotype control staining on the same cells was assayed by flow 
cytometry. Cell surface expression graph is representative of three independent 
experiments. Error bars represent mean ± SEM. Statistical analysis was performed 
using One way ANOVA with Tukey’s post-test. Histograms are representative plots 
from one of three independent experiments. 

. ___________________________________________________________ 
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5.2.2 CEPC Immunogenicity 

Allogeneic cells are primarily recognised by the immune system by differences in 

the amino acid sequences of MHC and the allogeneic peptide associated with MHC 

in conjunction with co-stimulatory molecules (51). In order to determine the 

potential immunogenicity of CEPC-N and CEPC-H the cell surface expression levels 

of MHC-I, MHC-II, CD80 and CD86 were profiled by flow cytometry. Both CEPC-

N and CEPC-H expressed low levels of all of these molecules both in terms of the 

number of cells staining positively for each marker and additionally, in the relative 

fluorescence intensity of the expression. These expression levels were equivalent to 

expression on MSC (Figure 5.5). 

To confirm the weakly immunogenic phenotype of CEPC, the cells were co-cultured 

with allogeneic CFSE labelled lymphocytes for 5 days. Both CEPC-N and CEPC-H 

induced CD4+ and CD4- T cell proliferation to an equivalent level to lymphocytes co-

cultured with allogeneic MSC. Proliferation of lymphocytes co-cultured with CEPC-

N of CEPC-H was not statistically increased compared to that observed in 

unstimulated lymphocytes alone. Significantly less T cell proliferation was observed 

in all other conditions compared to anti CD3/anti CD28 stimulated T cells (Figure 

5.6). 

In the context of OA, T cell activation is very important as, particularly CD4+, T 

cells in the inflamed synovium are highly activated. MSC, CEPC-N or CEPC-H 

were co-cultured at a ratio of 1:50 with allogeneic lymphocytes for 5 days. The 

expression of the IL-2 receptor, CD25, was then measured on CD4+ (Figure 5.7) and 

CD8+ (Figure 5.8) T cells from these cultures. T cells co-cultured with any of the 

three cell types expressed low levels of CD25, which was not statistically 
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significantly more than unstimulated T cells, but significantly less than stimulated T 

cells. No significant difference in CD25 expression was observed between MSC and 

either CEPC-N or CEPC-H in these co-cultures.   

Recipient T cells utilise a variety of mechanisms to target allogeneic cells in vivo, 

one of which is Granzyme B, a molecule secreted by cytotoxic T cells which is 

involved in the granule exocytosis pathway of target cell-lysis (5). No significant 

increase in intra-cellular Granzyme B expression was observed in CD8+ T cells in 

MSC, CEPC-N and CEPC-H co-cultures compared to unstimulated T cells 

indicating that CEPC do not induce a cytotoxic phenotype in CD8+ T cells they come 

into contact with in vitro (Figure 5.9). 

IFN-γ is a potent pro-inflammatory molecule which is characteristic of activated 

alloantigen-specific T cells (5). Supernatants from co-cultures of MSC, CEPC-N or 

CEPC-H with allogeneic lymphocytes were analysed for IFN-γ by ELISA. CEPC-N 

and CEPC-H co-cultures contained low levels of IFN-γ, which were equivalent to 

either MSC wells or unstimulated T cells alone. There was significantly less IFN-γ 

present in co-culture wells compared to stimulated T cells, which have been 

previously shown to produce large amounts of IFN-γ (Figure 5.10) (5).   

Overall, these data indicate that both CEPC-N and CEPC-H have a low 

immunogenic profile. 

 

 

 

 

 



Chapter Five 
 

167 
 

 

___________________________________________________________ 

Figure 5.5 Surface expression of MHC and co-stimulatory molecules 

Flow cytometric analysis of cell surface expression of MHC-I, MHC-II, CD80 and 
CD86 on CEPC-N, CEPC-H and MSC. Median fluorescence intensity (MFI) was 
calculated for each marker and expressed relative to appropriate isotype control 
antibodies. Histograms are representative of three independent experiments. Graphs 
depict median fluorescence intensity for each marker ± SEM normalised to isotype 
control for three independent experiments. Statistical analyses were performed using 
one way ANOVA with Tukey’s post test. 

___________________________________________________________ 
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___________________________________________________________ 

Figure 5.6 Allogeneic T cell proliferation in response to CEPC-N and CEPC-H 

DA CEPC-N, CEPC-H and MSC were co-cultured at a ratio of 1:50 with Lewis 
CFSE stained lymphocytes for 5 days. CD4+ and CD4- T cell proliferation was 
measured by flow cytometry. Histograms are representative of three independent 
experiments. Graphs depict mean proliferation ± SEM of three independent 
experiments. Statistical analyses were performed using one way ANOVA with 
Tukey’s, ***p≤0.001 compared to stimulated T cells. 

___________________________________________________________ 
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________________________________________________________ 

Figure 5.7 Allogeneic CD4+ T cell activation in response to CEPC-N and  
CEPC-H 

DA CEPC-N, CEPC-H and MSC were co-cultured at a ratio of 1:50 with Lewis 
lymphocytes for 5 days. CD25 expression on CD4+ T cells was measured by flow 
cytometry. (A-E) Representative dot plots of CD25 expression on CD4+ T cells co-
cultured with allogeneic (A) MSC, (B) CEPC-N, (C) CEPC-H or (D) unstimulated 
and (E) stimulated T cells. Graph represents mean CD25 expression on CD4+ T cells 
± SEM from three independent experiments. Statistical analyses were performed 
using one way ANOVA with Tukey’s post-test, ***p≤0.001 compared to stimulated 
T cells 

___________________________________________________________ 
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________________________________________________________ 

Figure 5.8 Allogeneic CD8+ T cell activation in response to CEPC-N and  
CEPC-H 

DA CEPC-N, CEPC-H and MSC were co-cultured at a ratio of 1:50 with Lewis 
lymphocytes for 5 days. CD25 expression on CD8+ T cells was measured by flow 
cytometry. (A-E) Representative dot plots of CD25 expression on CD8+ T cells co-
cultured with allogeneic (A) MSC, (B) CEPC-N, (C) CEPC-H or (D) unstimulated 
and (E) stimulated T cells. Graph represents mean CD25 expression on CD8+ T cells 
± SEM from three independent experiments. Statistical analyses were performed 
using one way ANOVA with Tukey’s post-test, ***p≤0.001 compared to stimulated 
T cells 

___________________________________________________________ 
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Figure 5.9 Intra-cellular Granzyme B production by allogeneic CD8+ T cell in 
response to co-culture with CEPC-N and  CEPC-H 

DA CEPC-N, CEPC-H and MSC were co-cultured at a ratio of 1:50 with Lewis 
lymphocytes for 5 days. Intra-cellular Granzyme B expression in CD8+ T cells was 
measured by flow cytometry. (A-E) Representative dot plots of Granzyme B 
expression in CD8+ T cells co-cultured with allogeneic (A) MSC, (B) CEPC-N, (C) 
CEPC-H or (D) unstimulated and (E) stimulated T cells. Graph represents mean 
Granzyme B expression in CD8+ T cells ± SEM from three independent experiments. 
Statistical analyses were performed using one way ANOVA with Tukey’s post-test, 
*p≤0.001 compared to stimulated T cells 

___________________________________________________________ 
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Figure 5.10 Detection of IFN-γ in CEPC-N and CEPC-H co-cultures with 
allogeneic lymphocytes 

DA CEPC-N, CEPC-H and MSC were co-cultured at a ratio of 1:50 with Lewis 
lymphocytes for 5 days. IFN-γ in the supernatants of these co-cultures was detected 
by rat specific IFN-γ ELISA. Graph represents mean concentration (pg/ml) IFN-γ 
detected in the co-culture supernatants ± SEM from three independent experiments. 
Statistical analyses were performed using one way ANOVA with Tukey’s post-test, 
*p≤0.05 compared to stimulated T cells 

___________________________________________________________ 
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5.2.3 Effect of pro-inflammatory cytokines on immunogenic profile of CEPC-N 

and CEPC-H 

As mentioned previously the osteoarthritic joint is an inflammatory environment 

with high concentrations of macrophage and CD4+ T cell derived pro-inflammatory 

cytokines such as IFN-γ, TNF-α and IL-1β present in the synovium and synovial 

fluid (14, 22, 210). Pro-inflammatory cytokines are well documented to increase 

expression of MHC molecules on cells and potentially increase immunogenicity and 

accelerate rejection (78, 213, 214). Should CEPC-N or CEPC-H be administered to 

an osteoarthritic joint they would encounter high levels of IFN-γ, TNF-α and IL-1β, 

therefore the effects of these cytokines on the surface expression of MHCI, MHCII, 

CD80 and CD86 and on the immunogenicity of CEPC-N and CEPC-H was analysed. 

First, the effects of pro-inflammatory cytokines on the cell surface expression of 

MHC and co-stimulatory molecules on CEPC-N and CEPC-H was determined. To 

achieve this CEPC-N and CEPC-H were treated with 100 U/ml IFN-γ, TNF-α and 

IL-1β alone or in combination with each other for 48 hours and cell surface marker 

expression was analysed by flow cytometry. IFN-γ and TNF-α combination cytokine 

treatment resulted in a significant upregulation of MHC-I on the surface of CEPC-N 

(Figure 5.11 A) but not CEPC-H (Figure 5.11 B). No other cytokine treatment 

regime resulted in a significant upregulation of MHC-I on either CEPC-N or CEPC-

H. MHC-II, CD80 and CD86 were unaffected by pro-inflammatory cytokine 

treatment on both CEPC-N and CEPC-H (Figure 5.11 C-H). When the effects of pro-

inflammatory cytokine treatment was compared between CEPC-N and CEPC-H it 

was found that treatment of CEPC-N with IFN-γ and TNF-α resulted in a 

significantly higher MFI for MHCI than both CEPC-N and CEPC-H from the 

following groups; untreated, IL-1β, TNF-α and IL-1β/TNF-α combination treatment, 
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as well as CEPC-H treated with IFN-γ, IFN-γ/IL-1β combination treatment and all 

three cytokine treated cells (Figure 5.12).  

The upregulation of MHCI observed when CEPC-N were treated with IFN-γ and 

TNF-α raised a concern that these cells may be more immunogenic when exposed to 

a pro-inflammatory environment such as that encountered in the osteoarthritic joint. 

To test this possibility cytokine treated CEPC-N and CEPC-H were co-cultured with 

allogeneic lymphocytes for 5 days and T cell proliferation (Figures 5.13) and 

activation (Figure 5.14) were measured. Cytokine treatment had no effect on 

allogeneic CD4+ (Figure 5.13 A&B) or CD4- (Figure 5.13 C&D) T cell proliferation 

after co-culture with either CEPC-N (Figure 5.13 A&C) or CEPC-H (Figure 5.13 

B&D). Additionally, exposure to a pro-inflammatory in vitro environment did not 

result in increased CD25 expression on either CD4+ (Figure 5.14 A&B) or 

CD8+ (Figure 5.14 C&D) T cells after co-culture with CEPC-N (Figure 5.14 A&C) 

or CEPC-H (Figure 5.14 B&D). 

In summary, these data indicate that pro-inflammatory cytokines do not heighten the 

immunogenicity of CEPC-N or CEPC-H despite some increases in MHCI 

expression. 
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Figure 5.11 Cell surface marker expression after cytokine treatment 

CEPC-N (white bars) and CEPC-H (grey bars) were treated with 100U/ml IFN-γ, IL-
1β and TNF-α either alone or in combination with each other for 48 hours. MHCI 
expression on (A) CEPC-N and (B) CEPC-H, MHCII expression on (C) CEPC-N 
and (D) CEPC-H,  (E) CD80 expression on CEPC-N and (F) CEPC-H and MHC-II 
expression on CEPC-H and (G) CD86 expression on CEPC-N and (G) CEPC-H 
CD86 expression on CEPC-H were measured by flow cytometry, median 
fluorescence intensity was calculated. Data from three independent experiments is 
presented as relative fluorescence compared to isotype control stained cells ± SEM. 
Statistical analysis was performed using One way ANOVA with Tukey’s post test. 
*p<0.05 compared to untreated cells. 

___________________________________________________________ 
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Figure 5.12 Effect of cytokine treatment on MHCI expression in normoxia and 
hypoxia 

MHCI data from figure 5.11 represented to analyse differential expression of MHCI 
on CEPC-N (white bars) and CEPC-H (grey bars) in response to cytokine treatment. 
Statistical analyses were performed using two way ANOVA with Bonferroni’s post-
test to compare between the same cytokine treatment between CEPC-N and CEPC-
H, $ p<0.05 or using one way ANOVA with Tukey’s post-test to compare between 
all groups, * p<0.05, ** p<0.01 compared to CEPC-N treated with IFN-γ and TNF-
α. 
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Figure 5.13 Allogeneic T cell proliferation in response to cytokine treated 
CEPC-N and CEPC-H 

DA cytokine treated CEPC-N (white bars) or CEPC-H (grey bars) were co-cultured 
at a ratio of 1:50 with Lewis CFSE stained lymphocytes for 5 days. CD4+ (A &B) 
and CD4- (C & D) T cell proliferation was measured by flow cytometry. Graphs 
depict mean proliferation ± SEM of three independent experiments. Statistical 
analyses were performed using one way ANOVA with Tukey’s post-test, 
***p≤0.001 compared all other groups. 
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Figure 5.14 Allogeneic T cell activation in response to cytokine treated CEPC-N 
and CEPC-H 

DA cytokine treated CEPC-N (white bars) or CEPC-H (grey bars) were co-cultured 
at a ratio of 1:50 with Lewis CFSE stained lymphocytes for 5 days. CD25 expression 
on CD4+ (A &B) and CD4- (C & D) was measured by flow cytometry. Graphs depict 
mean proliferation ± SEM of three independent experiments. Statistical analyses 
were performed using one way ANOVA with Tukey’s post-test, ***p≤0.001 
compared all other groups. 

___________________________________________________________ 
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5.2.4 T cell immunomodulatory capacity of CEPC-N and CEPC-H 

In contrast to the initial understanding of the pathology of OA, it is now recognised 

that this disease has a significant immune cell mediated component which can 

exacerbate the damage and may interfere with the success of a cell therapy (15-17, 

22, 215, 216). T cells are involved in OA associated inflammation through 

production of pro-inflammatory cytokines (22), therefore the ability of CEPC-N and 

CEPC-H to modulate T cell activity, like MSC can (5, 80, 94), was assessed. 

MSC, CEPC-N or CEPC-H from DA rats were co-cultured with allogeneic anti 

CD3/ anti CD28 stimulated CFSE stained Lewis rat lymphocytes for 4 days and 

CD4+ and CD4- T cell proliferation was measured to assess the ability of CEPC to 

modulate T cell proliferation. Both CEPC-N and CEPC-H are equivalently 

immunosuppressive as MSC, acting against both CD4+ (Figure 5.15 A&B) and CD4-

 (Figure 5.15 C&D) T cells. Both CEPC-N and CEPC-H significantly suppressed T 

cell proliferation compared to stimulated T cells alone, and no significant difference 

in the proliferation of CD4+ or CD4- T cell proliferation was observed when 

compared to MSC or unstimulated T cells (Figure 5.15). 

Of interest for a disease with an immune-mediated pathology such as OA, would be 

the ability of CEPC to suppress T cell activity when there is no contact between the 

CEPC and the T cell as in OA, T cells are found in the synovium (22). To test the 

contact independent immunosuppressive ability CEPC-N and CEPC-H were co-

cultured with anti CD3/anti CD28 stimulated CFSE stained allogeneic T cells with a 

transwell barrier between two cell types for 4 days. Flow cytometry analysis of T 

cell proliferation in these co-cultures revealed that only CEPC-H, but not MSC or 
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CEPC-N were capable of significantly suppressing CD4+ T cell proliferation (Figure 

5.16). 

Immunomodulatory cells, such as MSC, secrete immunosuppressive molecules 

which are capable of modulating T cell activity, including nitric oxide and PGE2 (58, 

64). In order to determine if CEPC-N and CEPC-H modulate T cell activity in a 

similar manner as MSC the supernatants of contact co-cultures between CEPC-N or 

CEPC-H  and allogeneic lymphocytes were collected and analysed.  To determine if 

CEPC-N and CEPC-H secrete nitric oxide in co-culture with allogeneic lymphocytes 

the supernatant was analysed using the Griess assay. As expected MSC/lymphocyte 

co-cultures contained significantly more nitric oxide than stimulated T cells alone. 

CEPC-N and CEPC-H contained readily detectable levels of nitric oxide which was 

higher than stimulated T cells alone, however it did not reach statistical significance 

(Figure 5.17 A). To determine if CEPC-N and CEPC-H secreted PGE2  in co-

cultures the supernatant was analysed by ELISA for PGE2, again as expected MSC/ 

lymphocyte co-cultures contained significantly more PGE2 than stimulated T cell 

alone wells. Significantly more PGE2 was detected in CEPC-N/lymphocyte wells 

compared to stimulated T cells alone. However, despite readily detectable levels, 

there was no significant increase in PGE2 in CEPC-H/lymphocyte wells (Figure 5.17 

B). 
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Figure 5.15 Modulation of allogeneic T cell proliferation by CEPC-N and 
CEPC-H 

DA MSC (black bars), CEPC-N (white bars) and CEPC-H (white bars) were co-
cultured at a ratio of 1:50 with anti CD3/anti CD28 stimulated CFSE stained Lewis 
lymphocytes for 4 days. Proliferation of CD4+ (A & B) and CD4- (C & D) T cells 
was measured by flow cytometry. Histograms are representative of three 
independent experiments. Graphs depict mean proliferation ± SEM of three 
independent experiments. Statistical analyses were performed using one way 
ANOVA with Tukey’s post-test, ***p≤0.001 compared to stimulated T cells. 
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Figure 5.16 Non-contact modulation of allogeneic T cell proliferation 

DA MSC (black bar), CEPC-N (white bar) and CEPC-H (grey bar) were cultured in 
a 24 well plate with anti CD3/anti CD28 stimulated CFSE stained Lewis 
lymphocytes above them in a transwell for 4 days at a ratio of 1:10. Proliferation of 
CD4+ T cells was measured by flow cytometry. Histogram is representative of three 
independent experiments. Graph depicts mean proliferation ± SEM of three 
independent experiments. Statistical analyses were performed using one way 
ANOVA with Tukey’s post-test, **p<0.01, ***p≤0.001 compared to stimulated T 
cells. 

___________________________________________________________ 
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Figure 5.17 Detection of nitric oxide and PGE2 in CEPC-N and CEPC-H 
immunosuppression co-cultures with allogeneic lymphocytes 

DA CEPC-N, CEPC-H and MSC were co-cultured at a ratio of 1:50 with anti 
CD3/anti CD28 stimulated Lewis lymphocytes for 4 days. (A) Nitric oxide in the 
supernatants of these co-cultures was detected by Griess assay. (B) PGE2 in the 
supernatants of these co-cultures was detected by rat specific PGE2 ELISA.  Graph 
represents mean concentration of (A) nitric oxide (µM) or (B) PGE2 (pg/ml) 
detected in the co-culture supernatants ± SEM from three independent experiments. 
Statistical analyses were performed using one way ANOVA with Tukey’s post-test, 
*p<0.05 ***p≤0.001 compared to stimulated T cells 

___________________________________________________________ 
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5.2.5 Inhibition of nitric oxide and PGE2 production 

CEPC-N and CEPC-H could be induced to produce nitric oxide in culture by 

treatment with 100U/ml IL-1β for 48 hours (Figure 5.18). When increasing 

concentrations of the inducible nitric oxide synthase (iNOS) inhibitor S-

Methylisothiosulfourea (SMT) were added to IL-1β treated CEPC the amount of 

nitric oxide produced by the cells decreased in a dose dependent manner. 100µM 

SMT resulted in levels of nitric oxide below 1µM (Figure 5.18), which were 

equivalent to levels detected in unstimulated and stimulated lymphocyte cultures 

(Figure 5.17).  

To test if nitric oxide was required for CEPC mediated T cell immunosuppression 

100µM SMT was added to co-cultures of MSC, CEPC-N or CEPC-N with anti CD3/ 

anti CD28 stimulated CFSE stained allogeneic lymphocytes for 4 days. When 

CD4+ (Figure 5.19 A) and CD4- (Figure 5.19 B) T cell proliferation was measured by 

flow cytometry it was found that inhibition of iNOS by SMT removed the 

immunosuppressive ability of MSC, CEPC-N and CEPC-H. Significantly reduced 

nitric oxide levels in the supernatants of MSC and CEPC-N co-cultures, but not 

CEPC-H were measured by Griess assay (Figure 5.19 C). Interestingly, a trend 

towards a decrease in PGE2 levels in the supernatants of SMT treated MSC, CEPC-

N and CEPC-H was observed (Figure 5.19 D), although this decrease was not 

significant.  

Because PGE2 was also decreased as a result of iNOS inhibition in CEPC, a cyclo-

oxygenase 2 (Cox2) inhibitor, NS-398, was added at a final concentration of 10µM 

to inhibit PGE2 secretion (58). MSC, CEPC-N or CEPC-N with anti CD3/ anti CD28 

stimulated CFSE stained allogeneic lymphocytes for 4 days, with or without NS-398 
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(Figure 5.19). Inhibition of Cox-2 did not affect the ability of MSC, CEPC-N or 

CEPC-H to modulate the proliferation of CD4+ (Figure 5.20 A) or CD4- (Figure 5.20 

B) T cells as no significant difference was detected between untreated and NS-398 

treated wells for each cell type. PGE2 levels in the supernatants of these cultures 

were equivalent to unstimulated T cells alone (Figure 3.20 C).  

In summary, inhibition of the action of iNOS results in total loss of T cell 

immunomodulatory capacity of both CEPC-N and CEPC-H. This inhibition also 

results in significant reduction in PGE2 secretion. 
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Figure 5.18 SMT can inhibit nitric oxide production by CEPC 

100U/ml IL-1β was added to 2 X 105 CEPC-N and CEPC-H in culture. Wells were 
treated with increasing concentrations of the iNOS inhibitor SMT and incubated for 

48 hours. Nitric oxide levels were measured in the supernatants by Griess assay. 

___________________________________________________________ 
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Figure 5.19 Inhibition of iNOS in CEPC-N and CEPC-H co-cultures with 
allogeneic lymphocytes 

DA MSC, CEPC-N and CEPC-H were co-cultured at a ratio of 1:50 with anti 
CD3/anti CD28 stimulated CFSE stained Lewis lymphocytes for 4 days. 100µM 
SMT was added to indicated wells. Proliferation of (A) CD4+ and (A) CD4- T cells 
was measured by flow cytometry. Supernatants from these assays were analysed for 
(C) nitric oxide concentration by Griess assay and (D) PGE2 by ELISA. Graphs 
represents means ± SEM from three independent experiments. Statistical analyses 
were performed using two way ANOVA with Bonferroni’s post-test, *p<0.05 
***p≤0.001 compared to untreated cells of the same type. 
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Figure 5.20 Inhibition of Cox-2 in CEPC-N and CEPC-H co-cultures with 
allogeneic lymphocytes 

DA MSC, CEPC-N and CEPC-H were co-cultured at a ratio of 1:50 with anti 
CD3/anti CD28 stimulated CFSE stained Lewis lymphocytes for 4 days. 10µM NS-
398 was added to indicated wells. Proliferation of (A) CD4+ and (A) CD4-  T cells 
was measured by flow cytometry. Supernatants from these assays were analysed for 
(C) PGE2 by ELISA. Graphs represents means ± SEM from three independent 
experiments. Statistical analyses were performed using two way ANOVA with 
Bonferroni’s post-test, *p<0.05 ***p≤0.001 compared to untreated wells of the same 
cell type, $ p<0.05, $$ p<0.01 compared to unstimulated T cells. 

___________________________________________________________ 
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In immunogenicity co-culture experiments the CEPC could still be producing 

immunosuppressive molecules such as nitric oxide and PGE2 which could result in 

the masking of immunogenicity as no T cell proliferation or activation would be 

observed. To confirm that CEPC-N and CEPC-H are indeed non-immunogenic they 

were inactivated by treatment with UV light for 10 minutes or treatment with 4% 

paraformaldehyde (PFA) for 5 minutes before being added co-cultured with 

allogeneic CFSE stained lymphocytes for 5 days in standard culture conditions. Both 

PFA and UV treated CEPC-N and CEPC-H were shown to be incapable of 

producing nitric oxide upon IL-1β stimulation (Figure 5.21). Upon co-culture, both 

CEPC-N and CEPC-H treated with either UV or PFA elicited equivalent allogeneic 

CD4+ (Figure 5.22 A) and CD4- (Figure 5.22 B) T cell proliferation as their untreated 

counterparts, confirming the weakly immunogenic phenotype in vitro. 

Additionally to confirm the robustness of the immunogenicity assay, it was shown 

that DA derived splenocytes could elicit robust Lewis CD4+ (Figure 5.22 A) and 

CD4- (Figure 5.22 B) T cell proliferation after 5 day co-culture. 
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Figure 5.21 Inactivation of chondrocytes removes their ability to produce nitric 
oxide after IL-1β treatment 

CEPC-N (white bars) and CEPC-H (grey bars) inactivated with (A) UV light or (B) 
PFA lost the ability to secrete nitric oxide after treatment for 24 hours with 100U/ml 

IL-1β 

___________________________________________________________ 
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Figure 5.22 Inactivation of CEPC does not increase their immunogenicity 

DA MSC, CEPC-N (untreated or inactivated with UV light or PFA) and CEPC-H 

(untreated or inactivated with UV light or PFA) were co-cultured at a ratio of 1:50 

with CFSE stained Lewis lymphocytes for 5 days. (A) CD4+ T cell proliferation after 

co-culture with untreated, UV treated or PFA treated CEPC-N and CEPC-H and UV 

treated or untreated DA splenocytes. (B)  CD4- T cell proliferation after co-culture 

with untreated, UV treated or PFA treated CEPC-N and CEPC-H and UV treated or 

untreated DA splenocytes.  Graphs represents means ± SEM from three independent 

experiments. Statistical analysis was performed using One way ANOVA with 

Tukey’s post test, *p<0.05, **p<0.01, ***p<0.001 compared to anti-CD3/anti-CD28 

stimulated lymphocytes, $p<0.05, $$p<0.01, $$$p<0.001 compared to UV treated DA 

splenocytes, +++p<0.001 compared to DA splenocytes, #p<0.05 compared to MSC. 

___________________________________________________________ 
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5.2.6 CEPC modulation of macrophages 

Inflammatory macrophages are heavily implicated in progression of OA (21). 

Production of pro-inflammatory cytokines by synovial macrophages can change 

native chondrocyte phenotype to a more catabolic state and produce matrix 

metalloproteinases (MMPs) resulting in further degeneration of the cartilage matrix 

(15, 16). An allogeneic cell therapy which could modulate this inflammatory activity 

would be highly desirable. Therefore the ability of CEPC to modulate macrophage 

activity was tested. 

Macrophages were generated from Lewis rat bone marrow by culturing for 6 days in 

medium containing L-929 cell conditioned medium. Cells displayed a macrophage 

like morphology at day 6 of culture with projections emanating from the cells and 

granularity visible in the cytoplasm (Figure 5.23 A&B). After 6 days of culture in 

macrophage differentiation conditions, greater than 90% of cells were CD45+, as 

measured by flow cytometry (Figure 5.23 C). Discrimination based on CD45 and 

CD11b/c expression revealed 98% of CD45+ cells co-expressed CD11b/c (Figure 

5.23 D). MHC-II (Figure 5.23 E), CD86 (Figure 5.23 F) and CD163 (Figure 5.23 G) 

were also detectable on the generated macrophages. 

Macrophages were co-cultured at a ratio of 5:1 with allogeneic MSC, CEPC-N or 

CEPC-H for 24 or 48 hours. Macrophages, sorted back from these co-cultures by 

CD45 MACS separation, showed no significant change in IL-10 expression at 24 

hours (Figure 5.24 A). After 48 hours TNF-α levels in the supernatants of MSC, 

CEPC-N and CEPC-H co-cultures were significantly lower than in stimulated 

macrophages alone (Figure 5.24 B). Co-culture with allogeneic MSC, CEPC-N or 

CEPC-H did not induce an increase in MHC-II expression in allogeneic 
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macrophages, however, there was a slight but non-significant decrease observed in 

macrophage MHC-II expression after 48 hours of co-culture with each cell type 

(Figure 5.24 C&D).    

MMPs are released by inflammatory macrophages in the synovium of an 

osteoarthritic knee (16). To determine if CEPC could modulate the production of 

MMPs by inflammatory macrophages, MSC or CEPC-H were co-cultured with 

stimulated macrophages for 48 hours. The supernatant was concentrated and MMP 

activity was analysed by zymography. The results showed that allogeneic MSC or 

CEPC-H did not increase inactive MMP-9 (Figure 5.25 A), active MMP-9 (Figure 

5.25 B), inactive MMP-2 (Figure 5.25 C) or active MMP-2 (Figure 5.25 D) 

production by stimulated macrophages. 
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Figure 5.23 Bone marrow derived macrophage generation and characterisation 

Macrophages were generated from Lewis rat bone marrow by culturing in L-929 cell 
conditioned medium for 6 days. (A&B) Micrographs of macrophages at day 6 in 
culture. Flow cytometric analysis of cell surface expression of (C) CD45, (D) 
CD11b/c, (E) MHC-II, (F) CD86 and (G) CD163 at day 6. 
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Figure 5.24 CEPC co-culture with allogeneic stimulated macrophages 

Macrophages were stimulated with IFN-γ overnight and LPS for 4 hours before co-
culturing with allogeneic MSC, CEPC-N or CEPC-H. (A) Macrophages were 
isolated from cultures after 24 hours and IL-10 expression measured by qPCR. (B) 
TNF-α concentration in the supernatants of these co-culture assays at 48 hours were 
measured by ELISA. (C&D) MHC-II expression on the surface of CD45+ 
/CD11b/c+ cells in co-cultures were measured by flow cytometry. Graphs represent 
mean of three independent experiments ± SEM. Statistical analysis was performed 
using one way ANOVA with Tukey’s post-test, * p<0.05 compared to stimulated 
macrophages.  
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Figure 5.25 CEPC do not increase macrophage MMP secretion 

MSC or CEPC-H were co-cultured with LPS stimulated macrophages for 48 hours. 
The supernatants from these cultures were concentrated and zymographic analysis to 
assay MMP activity was performed. Cell culture supernatants were concentrated and 
20μg of protein was loaded per well of a 10% acrylamide/bisacrylamide gel 
containing 0.75mg/ml Gelatin. The gel was run at 60mA until the dye front reached 
the bottom of the gel. After electrophoresis, the gels were incubated in 2.5% Triton-
X for 30 minutes and in CaCl2 containing substrate buffer overnight at 37˚C. The 
gels were stained in Coomassie Blue and then destained to reveal areas of clearance 
which were imaged and quantified using ImageJ. Graphs represent mean ± SEM 
from three independent experiments. Statistical analysis was performed using one 
way ANOVA with Tukey’s post-test. 
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5.3 Discussion 

While autologous chondrocyte-based therapies, including ACI, have proven to be 

effective in some patients, the adaptation of allogeneic chondrocytes for repair of 

damaged or degenerated cartilage could improve upon or extend the benefits 

currently achieved. Potential advantages of an allogeneic source of therapeutic 

chondrocytes include the lack of donor site morbidity for the recipient, the 

possibility of identifying optimal chondrocyte donors, from the pool of deceased 

consenting organ donors which could be MHC matched if necessary, and the 

potential for significantly reduced costs. However, before any allogeneic cell therapy 

can be translated to the clinic, a clear understanding of the hosts immune response is 

required (51, 71). A limited number of studies have previously investigated the 

immune response to allogeneic chondrocytes and have reported evidence of a hypo-

immunogenic phenotype (128, 132, 133). Specifically, the results of these studies 

indicate that chondrocytes express low levels of immunogenic molecules such as 

MHC and co-stimulatory proteins (132, 133), and exhibit prolonged survival in 

allogeneic hosts (128). However, the effects of pro-inflammatory cytokines and 

hypoxia on these cells in addition to a thorough characterisation of the 

immunomodulatory capacities of these cells have not been performed previously. 

CEPC-N and CEPC-H could be isolated and cultured readily from the articular 

cartilage of DA rats. Of note is the fact that these cells did not require chondrogenic 

stimuli, in the form of TGF-β3 and BMP-2, as MSC do to produce sulphated 

glycosaminoglycan rich extracellular matrix (5). Additionally CEPC-N and CEPC-H 

maintained expression of cartilage specific markers, indicating their innate 

chondrogenicity. However, as terminally differentiated cells are generally regarded 

as being non-proliferative it is possible that the population of cells used as part of 
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this study are either a rare cartilage resident chondroprogenitor or that the cells 

dedifferentiate to a progenitor-like phenotype in vitro (217). Despite these 

possibilities they do maintain a strongly chondrogenic phenotype.    

Initially, expression of MHC-I, MHC-II, CD80 and CD86 on CEPC-N and CEPC-H 

was examined and it was found that chondrocytes express low levels of MHC-I and 

co-stimulatory molecules and no MHC-II. As it has been reported that an 

inflammatory environment can lead to the induction of heightened immunogenicity 

in allogeneic cells delivered in vivo (51, 78, 80), it was also determined whether 

increased cell surface expression of immunogenic proteins was induced by exposure 

of CEPCs to single and combined pro-inflammatory cytokines. Selection of IFN-γ, 

IL-1β and TNF-α was based on their well-documented pathogenic roles in the 

inflammatory environment of cartilage diseases such as OA (22, 210). When CEPC 

were exposed to an inflammatory environment differential effects on expression of 

MHC-I in hypoxia and normoxia were observed. Increased MHC-I expression has 

been shown to increase cellular immunogenicity (5, 78). However, unlike 

differentiated MSC (Chapter Three and Four), which induced increased allogeneic T 

cell proliferation (5), CEPC exposed to pro-inflammatory cytokines did not induce 

allogeneic T cell proliferation. As mentioned previously, T cell activation is 

dependent on two signals and despite an increase in MHC-I, the lack of an increase 

in co-stimulatory molecules may be sufficient to maintain the non-immunogenic 

phenotype of CEPC in vitro. Additionally, low levels of stimulation and lack of co-

stimulation could induce a state of T cell anergy (218).  

Both CD4+ and CD8+ T cells play a role in the pathogenesis of OA from the 

synovium through secretion of IFN-γ, which contributes to synovial inflammation, 

cartilage degeneration and subchondral bone remodelling (22, 215, 216). CD4+ cells 
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present in OA synovium are predominantly pro-inflammatory Th1 cells (216). Due 

to the contribution of CD4+ Th1 cells to the pathology of OA, potential mechanisms 

of   modulation of this phenotype could, as such, benefit the patient. The contribution 

of  CD4+ T cells in the pathogenesis of OA is exemplified in a study by Shen et al 

who showed that elimination of CD4+ T cells reduces the severity of OA in a pre-

clinical model (22). Here, it is shown that CEPC are capable of suppressing 

activation, proliferation and effector functions of both CD4+ and CD8+ T-cells with 

similar potency to MSCs - a trait which, in vivo, could potentially reduce T cell 

mediated inflammation.  

While this immunosuppressive ability is encouraging, the fact that it is mediated by 

NO may raise concerns, as NO has been reported to be involved in cartilage 

degeneration (210). Nitric oxide, however, elicits effects that are entirely context- 

and concentration dependent and, therefore, the effects of this NO should be assessed 

in an in vivo model of OA. Of note, is the fact that CEPC-H produced approximately 

half the NO in response to IL-1β and lower levels in co-culture experiments, despite 

having equivalent immunosuppressive ability. The increased immunomodulatory 

capability of CEPC-H, despite lower NO secretion, seems counter-intuitive. As 

cartilage is a hypoxic tissue, chondrocytes expanded ex vivo, are likely more adapted 

to a low oxygen tension environment. Further investigation of the secretome of 

CEPC-H compared to CEPC-N and MSC should be performed in future to determine 

if other immunomodulatory molecules are secreted by these cells. 

In addition to the contribution of T cells to the pathology of OA, macrophages have 

been implicated as major contributors to the inflammatory and degenerative 

component of OA through increasing the production of matrix metalloproteinases 

(MMPs) and inflammatory cytokines (17, 21). In fact, modulation of the macrophage 



Chapter Five 
 

200 
 

activity in inflammatory joint conditions such as OA has been previously shown to 

be advantageous (15). In addition to their T cell modulatory abilities allogeneic MSC 

have been shown to modulate the inflammatory activity of macrophages (219, 220). 

Here, it is shown that CEPC-H exert equivalent effects on inflammatory 

macrophages in vitro as allogeneic MSC by maintaining IL-10 mRNA expression, 

lowering MHC-II expression and reducing pro-inflammatory TNF-α secretion. These 

effects in vivo may reduce synovial inflammation and slow the recruitment of other 

immune cells as well as reducing the damage done directly to the native 

chondrocytes by inflammatory cytokine release into the synovial fluid. 

As mentioned in the general introduction corticosteroids can have potent 

immunomodulatory effects on immune cells involved in OA such as T cells and 

macrophages. In this chapter it has been shown that CEPC-N and CEPC-H can 

mimic some of these effects by limiting T cell function and reducing production of 

pro-inflammatory TNF-α by macrophages. 

It is often assumed that fully differentiated, allogeneic cells such as chondrocytes are 

immunogenic in vivo, and, indeed, publications provide evidence that osteochondral 

allografts (124, 125) and allogeneic chondrocytes isolated from cartilage (126) elicit 

an immune response in vivo. However, pre-clinical studies have also been reported in 

which intra-articular allogeneic chondrocytes persisted for up to 24 weeks (127) and 

provided a functional benefit (128, 129). This ambiguity may be due to variances in 

the species, cell isolation technique, culture conditions or experimental model used. 

Additionally, several studies implanted cells subcutaneously or intra-muscularly 

(128, 130, 131) which could result in a different immune response to cells 

administered to the joint. In order to assess a therapy for translation to patients a 

clear question must be asked in pre-clinical experiments which relates to the human 
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situation. For example, if the goal is to treat focal chondral defects in human patients 

in a manner similar to ACI then a pre-clinical focal chondral defect model should be 

used with cells cultured as closely as possible to the final GMP-produced product for 

human administration. By first assessing the immunosuppressive ability of CEPC in 

vitro and defining culture conditions of the cells (namely isolation, passage and 

oxygen tension) the functional outcome of allogeneic chondrocyte therapy has a 

greater chance of success. 
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6.1 Discussion 

Osteoarthritis (OA) is a debilitating condition of synovial joints which currently has 

no cure (10). Because of OAs multi-factorial pathology, where cartilage matrix 

breakdown is accompanied by inflammation emanating from inflammatory immune 

cells residing in the synovium, it is an ideal target for a cellular therapy which could 

both promote cartilage regeneration and modulate inflammatory cells such as T cells 

and macrophages (10, 15, 16, 22, 57).  

One attractive cell type which has the potential to positively affect the cartilage 

breakdown and the inflammatory component of OA is the mesenchymal stem cell 

(MSC), due to their chondrogenic potential and anti-inflammatory capacities (221). 

Autologous or syngeneic MSC have been investigated in OA pre-clinical models 

(56) and have been shown to provide a functional benefit in caprine (166), ovine 

(222), canine (223) and rabbit (224) OA. The evidence provided by these studies 

indicate that the mode of action of MSC may not be direct regeneration of the 

cartilage as transplanted MSC were primarily found on synovial and meniscal 

surfaces (166), instead the effect is suggested to be a paracrine one, where MSC- 

secreted factors increase Collagen II production in the native cartilage tissue (56), 

however definitive evidence for this hypothesis is lacking. 

Autologous MSC are being investigated for their therapeutic potential in human OA, 

with several clinical trials ongoing (56). The majority of these studies employ bone 

marrow or adipose derived MSC, but with widely varying administration strategies 

(56). It is likely that as these trials are completed, and initial safety and preliminary 

efficacy data are established, optimal cell dosing strategies will be established for 

future investigations for the potential use of MSC for the treatment of OA (56). 
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In the future the transition from autologous cell therapy to allogeneic ‘off-the-shelf’ 

therapeutics could be essential (225) due to the inherent disadvantages of autologous 

therapies such as lead time and cost required to obtain therapeutically useful cell 

numbers and donor site morbidity (51). Allogeneic cell therapies are envisioned as 

being preferable to autologous for a number of reasons which have been outlined in 

Chapter 1. However, evaluating the safety and efficacy of an allogeneic cell therapy 

is significantly more complicated than an autologous one (77). This is due to the fact 

that the allogeneic cells will be encountered by the recipients immune system and 

could potentially be recognised and rejected from the host (51, 71). In a condition 

with a recognised immune cell mediated component such as OA (5, 16, 22) potential 

immunogenicity is of increased importance as the therapy could exascerbate the 

inflammation associated with the condition and result in further degradation of the 

cartilage matrix, particularly if increased CD4+ activated T cells and pro-

inflammatory macrophages were present producing pro-inflammatory cytokines such 

as TNF-α ,IFN-γ and MMPs (14).  

As autologous MSC have shown promise in treating OA in pre-clinical models and 

have advanced to clinical evaluation in early phase clinical trials, the investigation of 

allogeneic MSC is of increasing interest. However, MSC have been shown to 

differentiate in situ after administration in vivo (60, 77), and this differentiation has 

resulted in a donor specific immune response being mounted against the 

differentiated MSC, resulting in loss of functional benefit of the allogeneic MSC 

administration (60, 61, 77). Should in situ chondrogenic differentiation occur after 

allogeneic MSC administration to an osteoarthritic joint, and if these differentiated 

MSC elicited a heightened allo-immune response compared to their undifferentiated 

counterparts, the functional benefit of the treatment could be lost and the potential 
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for a poor outcome for the patient would be greatly increased. Therefore the focus of 

Chapters 3 and 4 of this thesis was to investigate the hypothesis that “allogeneic 

MSC lose their immunomodulatory capacities and become more immunogenic after 

chondrogenic differentiation” (5, 77).    

This hypothesis was tested by chondrogenically differentiating Dark Agouti (DA) rat 

derived MSC in an alginate hydrogel layer system and  performing in vitro co-

culture assays with Lewis rat derived lymphocytes to test the immunogenicity and 

immunosuppressive ability of the differentiated MSC. The hypothesis was confirmed 

by the findings that chondrogenically differentiated MSC lose their T cell 

immunomodulatory capacities, through loss of secretion of immunosuppressive 

molecules such as nitric oxide and prostaglandin E2 (Chapter 3) (5). The second part 

of the hypothesis was confirmed also as chondrogenically differentiated MSC elicit 

increased allogeneic T cell proliferation and activation upon co-culture and these T 

cells secrete higher levels of pro-inflammatory IFN-γ and express increased levels of 

the cytotoxic molecule Granzyme-B (Chapter 3) (5), indicating that these cells have 

a significantly more immunogenic phenotype than undifferentiated MSC.  

The ultimate test of any allogeneic cell therapy is administering it into an in vivo 

environment in an immune-competent host (51). Therefore to confirm the hypothesis 

that “allogeneic MSC lose their immunomodulatory capacities and become more 

immunogenic after chondrogenic differentiation”, DA rat derived chondrogenically 

differentiated MSC were administered subcutaneously into the fully allogeneic 

Lewis rat and the immune response was characterised by investigating the local 

inflammatory response, the cellular allo-specific memory response and the humoral 

response to the administered cells. For this part of the work the hypothesis was 

extended to “allogeneic MSC lose their immunomodulatory capacities and become 
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more immunogenic after chondrogenic differentiation and may require localised 

shielding for engraftment to occur”. To test whether localised shielding had the 

potential to protect the differentiated MSC from the immune system the cells were 

injected subcutaneously in sterile saline or implanted subcutaneously in the alginate 

hydrogel layers (Chapter 4) (5). In vivo, chondrogenically differentiated allogeneic 

MSC implantation or injection resulted in a significantly heightened allo-immune 

response compared to undifferentiated allogeneic MSC. Locally, significantly more 

CD3+ (a marker of T cells) and CD68+ (a marker of mononuclear phagocytes) cells 

were found in the implanted alginate layers. Additionally a heightened cellular and 

humoral response was observed and it seemed that, in a subcutaneous setting, 

shielding the cells in alginate provided little benefit over injecting the cells in saline 

(Chapter 4) (5). 

Despite the results obtained in Chapters 3 and 4 of this work (5), assessment of 

allogeneic chondrogenically differentiated MSC in an appropriate knee joint model 

of OA would still be a useful exercise. Pro-inflammatory cytokines have been shown 

to ‘license’ undifferentiated MSC to a more immunosuppressive phenotype (226) 

and the effect of such a pro-inflammatory micro-environment on differentiated MSC 

has not been assessed to the authors knowledge. The avascularity of cartilage could 

allow (4) implantation of allogeneic chondrogenically differentiated MSC in a matrix 

directly to a defect and provide an opportunity for the cells to regenerate the cartilage 

matrix, while not encountering host immune cells. Another strategy which has 

potential to reduce the immunogenicity of allogeneic differentiated MSC therapy is 

genetic manipulation to decrease the levels of immunogenic surface molecules on 

the differentiated MSC. In Chapter 3, it was shown that during chondrogenic 

differentiation MSC results in a strong upregulation MHCI, MHCII, CD80 and 
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CD86. Modulation of the export of immunogenic surface molecules to the cell 

surface, through the use of siRNA or specialised “intra-bodies” (157) could reduce 

the visibility of the cells to the hosts immune system. Work by Dhingra et al, in a 

myocardial infarct model, demonstrated that restoring the immunosuppressive 

molecules lost during MSC differentiation recovered the functional benefit of the 

cell therapy (60, 61). Modification of allogeneic chondrogenically differentiated 

MSC to augment the immunomodulatory ability of the therapy through genetic 

manipulation of the cells themselves, co-administration of drugs, such as 

corticosteroids or other immunosuppressants, or biomolecules such as PGE2, or 

developing a multi-cell therapy of allogeneic undifferentiated and chondrogenically 

differentiated MSC are all avenues which could be explored in future experiments.  

The native cell type of articular cartilage is the chondrocyte (46, 212). These cells 

produce and maintain the cartilage matrix and, as such, may be the most effective 

cell type for cartilage regeneration after injury or in a disease setting such as OA. 

Indeed, autologous chondrocytes are employed successfully in the clinic in 

therapeutic strategies such as Autologous Chondrocyte Implantation (ACI) and 

matrix assisted Autologous Chondrocyte Implantation (MACI) (8, 46-49, 227). 

However, to date to the authors knowledge, only one chondrocyte allogeneic therapy 

has been used clinically. This therapy, termed DeNovo-NT, is a preparation of 

juvenile articular cartilage chips which are secured in a cartilage defect where the 

cells can migrate from the chips and regenerate the cartilage matrix (228). This 

treatment has been performed in approximately 8700 patients since 2007, with initial 

clinical data showing promising results (228).  

A potential improvement on a therapy such as De Novo-NT is culture expanded 

primary chondrocytes. The primary advantage of expanding the cells ex vivo before 
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implantation to a patient is economical. i.e. many more patients could be treated 

from a single cartilage donor if the cells could be expanded. In Chapter 5 the 

hypothesis that “allogeneic culture expanded primary chondrocytes (CEPC) have 

immunomodulatory capacities and do not elicit an allo-immune response in vitro” 

was tested by co-culturing CEPC, grown in either 19% (CEPC-N) or 2% (CEPC-H) 

O2 with allogeneic lymphocytes to test their immunological characteristics in vitro. 

It was shown that both CEPC-N and CEPC-H were equivalently immunogenic to 

undifferentiated MSC and also that they (particularly CEPC-H) had potent 

immunomodulatory capabilities against both T cells and macrophages (Chapter 5). 

As has been discussed earlier, MSC administered to an osteoarthritic joint, facilitates 

cartilage regeneration primarily through paracrine mechanisms (56). In the case of 

autologous chondrocytes, administered in techniques such as ACI and MACI, direct 

regeneration of cartilage by the implanted cells is observed (46). Allogeneic CEPC 

administered into an inflamed joint, where they would encounter IL-1β which 

induces immunomodulatory nitric oxide secretion, could potentially both participate 

directly in cartilage matrix regeneration and modulate the inflammatory 

macrophages and T cells in the synovium  (16, 22).  

This work shows that allogeneic CEPC have potential for therapeutic use. An 

interesting series of experiments would be to characterise the effects of CEPC on 

macrophages and synoviocytes after TLR stimulation with DAMPs present in the 

OA joint such as S100A8/A9 proteins (26). Additionally further investigation of the 

non-contact mediated mechanisms of CEPC immunosuppression, for example is it 

extracellular vesicle or exosome mediated, could yield interesting results.  



Chapter Six 
 

209 
 

Future work with CEPC is required to determine the in vivo immune response to 

these cells in appropriate models. Of utmost importance is choosing appropriate 

models to answer the specific medical need in the human disease and standardising 

techniques to eliminate the potential for ambiguous results. For example in the case 

of a therapeutic analogous to Autologous Chondrocyte Implantation utilising 

allogeneic cells a focal chondral defect model is most appropriate. While, if early 

OA is the target a collagenase induced OA model may be the best choice. Pre-

clinical osteoarthritis models such as the collagenase induced-OA (229, 230) rat 

model would allow both the regenerative component and immunomodulatory 

component of the therapy to be studied. In this model, labelled CEPC would be 

injected intra-articularly in a small volume of sterile saline, allowing their migration 

within the joint to be tracked. Histological examination of the joint post-mortem 

would be used to elucidate whether amelioration of the condition was achieved with 

allogeneic CEPC therapy and, if so, whether the CEPC integrated into regenerated 

cartilage themselves or acted via a paracrine mechanism. The synovium can also be 

examined histologically and by flow cytometry, and the in vivo immunomodulatory 

activity of CEPC on synovial macrophages and T cells in this model could be 

studied in detail. 

In addition to injecting CEPC intra-articularly they could also be applied into a focal 

chondral defect, similar to ACI. The cells could be held in place using a matrix or 

injected under a collagen or periosteal flap directly into the defect. Again the 

regenerative effects of the CEPC therapy could be studied histologically.  

A future allogeneic CEPC therapeutic for OA could have a dual role, that is targeting 

the inflammation associated with the condition on the one hand and supporting 

cartilage regeneration on the other. To successfully target the inflammation 
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associated with OA, intervention early in the pathogenesis of the condition could be 

critical. Therefore earlier and more accurate diagnosis of OA may become an ever 

more important issue in the future. More effective imaging strategies to visualise 

early signs of synovial inflammation and cartilage damage should be developed to 

gain most benefit from a therapy involving allogeneic CEPC. Additionally, 

biomarker based strategies, for example identifying increased DAMPs in at risk 

patients could be an early diagnostic tool.  

Chondrocytes in vivo are thought of as terminally differentiated and 

chondrogenically differentiated MSC should have a similar phenotype to native 

chondrocytes, however this work showed that the immunological characteristics of 

these cells are quite different. These differences may be due to the in vitro 

manipulation of MSC during the differentiation process which results in 

transcriptional changes which removes their immunomodulatory capabilities. 

Another possibility is that CEPC exhibit a more dedifferentiated, immature 

phenotype which has regained immunomodulatory properties. The chondrocyte 

population which was expanded is a rare cartilage resident chondroprogenitor which 

still possesses immunomodulatory properties. Further investigation of these 

possibilities would be interesting in future.  

Additionally, as with any cellular therapy, standardisation of isolation procedure 

(likely from deceased, young, healthy donors), culture conditions and administration 

would need to be performed before translation of CEPC therapy to the clinic. 

In summary, this body of work demonstrated that chondrogenically differentiated rat 

MSC lose their ability to modulate allogeneic T cell proliferation through reduction 

in secretion of immunomodulatory molecules. These cells also exhibit significantly 
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increased immunogenicity and may require modification or concurrent 

immunosuppressive drug administration to be efficacious in vivo. Allogeneic culture 

expanded primary chondrocytes have been shown to be weakly immunogenic in 

vitro and to possess potent T cell immunomodulatory capabilities and may show 

potential for therapeutic use.  
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6.2 Graphical summaries of research findings 

 

 

___________________________________________________________ 

Figure 6.1 Effects of chondrogenic differentiation on immunological profile of 
allogeneic rat MSC 

Summary of the results obtained in Chapter 3. Allogeneic undifferentiated MSC 
suppress T cell proliferation via secretion of PGE2 and nitric oxide. These 
undifferentiated MSC also do not elicit allogeneic T cell proliferation or activation in 
in vitro immunogenicity assays. Upon chondrogenic differentiation allogeneic rat 
MSC lose their ability to suppress T cell proliferation and become significantly more 
immunogenic. 

___________________________________________________________ 
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___________________________________________________________ 

Table 6.2 Chondrogenically differentiated MSC are immunogenic in vivo 

Summary of the results obtained in Chapter 4. Allogeneic chondrogenically 
differentiated MSC administered to a naïve animal induce a local and systemic T cell 
memory response in addition to heightened allo-antibody production 
___________________________________________________________ 
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___________________________________________________________ 

Figure 6.3 Immunological profile of rat culture expanded primary chondrocytes 

Summary of the results obtained in Chapter 5. Allogeneic culture expanded primary 
chondrocytes suppress T cell proliferation via secretion of PGE2 and nitric oxide. 
These culture expanded primary chondrocytes also do not elicit allogeneic T cell 
proliferation or activation in in vitro immunogenicity assays.  

___________________________________________________________ 
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ACI   Autologous Chondrocyte Implantation 

ANOVA  Analysis of variance 

APC   Antigen presenting cell 

BMDC   Bone marrow dendritic cell 

BMP-2   Bone morphogenic protein 2 

BSA   Bovine serum albumin 

CaCl2   Calcium chloride 

CCL19   Chemokine (C-C motif) ligand 19 

CCM   Complete chondrogenic medium 

CD   Cluster of differentiation 

cDNA   complementary deoxyribonucleic acid 

CEPC   Culture expanded primary chondrocyte 

CFU-F   Colony forming unit-fibroblast 

CO2   Carbon dioxide 

Cox2   Cyclo-oxygenase 2 

CXCL13  Chemokine (C-X-C Motif) Ligand 13 

Da   Dalton 

DA   Dark Agouti 

DAMP   Damage associated molecular pattern 

DC   Dendritic cell 

dMSC   Differentiated mesenchymal stem/stromal cell 

DMSO   Dimethylsulfoxide 

DNA   Deoxyribonucleic acid 
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ECM   Extracellular matrix 

EDTA   Ethylenediaminetetraacetic acid 

ELISA   Enzyme linked immunosorbent assay 

FACS   Fluorescence activated cell sorting 

FBS   Foetal bovine serum 

GAG   Glycosaminoglycan 

GDP   Gross Domestic Product 

GM-CSF  Granulocyte-macrophage cell stimulating factor 

HCl   Hydrochloric acid 

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

HIF   Hypoxia inducible factor 

HLA   Human leukocyte antigen 

HRP   Horseradish peroxidase 

ICM   Incomplete chondrogenic medium 

IDO   Indoleamine, 2,3 dioxygenase 

IFN-γ   Interferon-gamma 

IgE   Immunoglobulin E 

IgG   Immunoglobulin G 

IL-10   Interleukin-10 

IL-17   Interleukin-17 

IL-1β   Interleukin-1β 

IL-2   Interleukin-2 

IL-4   Interleukin-4 
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IL-5   Interleukin-5 

IL-6   Interleukin-6 

IL-8   Interleukin-8 

IMS   Industrial methylated spirits 

iNOS   Inducible nitric oxide synthase 

l   litre 

LEW   Lewis 

LPS   Lipopolysaccharide 

MACI   Matrix assisisted autologous chondrocyte implantation 

MACS   Magnetic activated cell sorting 

MCP-1   Monocyte chemoattractant protein 1 

MFI   Median fluorescence intensity 

mg   milligram 

MHC   Major histocompatibility complex 

MI   Myocardial infarction 

ml   millilitre 

mM   millimolar 

MMP   Matrix metalloproteinase 

MPC   Magnetic particle concentrator 

mRNA   Messenger ribonucleic acid 

MSC   Mesenchymal stem/stromal cell 

ng   nanogram  

NK   Natural killer 
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nm   nanometre 

NO   Nitric oxide 

NSAID  Non-steroidal anti-inflammatory drug 

NT   Not tested 

NUI   National University of Ireland 

OA   Osteoarthritis 

OARSI  Osteoarthritis Research Society International 

OI   Osteogenesis imperfecta 

PBMC   Peripheral blood mononuclear cell 

PBS   Phosphate buffered saline 

PD-L1   Programmed death ligand 1 

pg   picogram 

PGE2   Prostaglandin E2 

pO2   partial pressure of oxygen 

PRR   Pattern Recognition Receptor 

qPCR   quantitative real time polymerase chain reaction 

RA   Rheumatoid Arthritis 

RFI   Relative fluorescence intensity 

SEM   Standard error of the mean 

SLA   Swine leukocyte antigen 

Sox9   SRY (sex determining region Y)-box 9 

TCM   T cell medium 

TCR   T cell receptor 
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TGFβ-3  Transforming growth factor β3 

Th1   T helper cell subset 1 

Th17   T helper cell subset 17 

Th2   T helper cell subset 2 

TLR   Toll like receptor 

TNF-α   Tumour necrosis factor-α 

Treg   Regulatory T cell 

TSG-6   TNF-α stimulated gene protein-6 

U   unit 

US   United States of America 

VEGF   Vascular endothelial growth factor 

μl   microliter 

μl   microlitre 

μM   micro-molar 

μmol   micro-mole 
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