Provided by the author(s) and NUI Galway in accordance with publisher policies. Please cite the published
version when available.

Title

Immunomodulation by interleukin-10 overexpressing
mesenchymal stem cells for cartilage repair in osteoarthritis

Author(s)

Fahy, Niamh

Publication
Date

2015-03-06

Item record

http://hdl.handle.net/10379/5039

Downloaded 2023-01-09T01:18:44Z

Some rights reserved. For more information, please see the item record link above.

Immunomodulation by Interleukin-10
overexpressing Mesenchymal Stem Cells
for Cartilage Repair in Osteoarthritis

A thesis submitted to the National University of Ireland as fulfilment of
the requirement for the degree of

Doctor of Philosophy
By
Niamh Fahy

Regenerative Medicine Institute (REMEDI)
College of Medicine, Nursing and Health Sciences,
National University of Ireland, Galway.

Thesis Supervisors:
Dr. Mary Murphy
Dr. Eric Farrell

Date of submission: 6th March 2015

Table of Contents
Abstract ....................................................................................................................... 3
Acknowledgements ..................................................................................................... 5
Dedications .................................................................................................................. 6
Declaration .................................................................................................................. 7
Abbreviations ............................................................................................................. 8
List of Figures ........................................................................................................... 11
List of Tables ............................................................................................................ 13
Chapter 1: Introduction .......................................................................................... 14
1.1 Osteoarthritis .................................................................................................... 15
1.2 Inflammation & OA ......................................................................................... 16
1.3 Current Pharmacological Agents Targeting Inflammation in OA ................... 23
1.4 Tissue Engineering and Regenerative Medicine .............................................. 24
1.5 Impact of Inflammation on Tissue Engineering Strategies .............................. 30
1.6 IL-10 ................................................................................................................. 31
1.7 Thesis aims and hypotheses.............................................................................. 34
Chapter 2: Establishment of optimal conditions for constitutive or inducible
vIL-10 overexpression by MSCs ............................................................................. 36
2.1 Introduction ...................................................................................................... 37
2.2 Materials and Methods ..................................................................................... 40
2.3 Results .............................................................................................................. 48
2.4 Discussion ........................................................................................................ 61
Chapter 3: Immunomodulatory activity of MSCs overexpressing vIL-10 during
OA progression in mice ........................................................................................... 65
3.1 Introduction ...................................................................................................... 66
3.2 Materials and Methods ..................................................................................... 68
3.3 Results .............................................................................................................. 75
3.4 Discussion ........................................................................................................ 89
2

Chapter 4: Impact of synovial macrophage polarisation state on the
chondrogenic differentiation of MSCs ................................................................... 93
4.1 Introduction ...................................................................................................... 94
4.2 Materials and Methods ..................................................................................... 96
4.3 Results ............................................................................................................ 107
4.4 Discussion ...................................................................................................... 120
Chapter 5: Summary and conclusions ................................................................. 124
5.1 Immunomodulation by vIL-10 overexpressing MSCs for OA therapy.......... 125
5.2 Human MSCs are a suitable cell source for efficient adenoviral transduction
and constitutive vIL-10 expression…………………………………………
125
5.3 Immunomodulatory activity of vIL-10 overexpressing MSCs during
collagenase-induced OA progession …………………………………………

126

5.4 Evaluation of the impact of end-stage OA synovium on cell replacement
strategies utilising chondrogenically differentiating MSCs ................................. 131
5.5 Conclusions and future directions .................................................................. 133
APPENDIX 1: PUBLICATIONS ........................................................................... 135
APPENDIX 2: PRESENTATIONS AND ACHIEVEMENTS .............................. 173
BIBLIOGRAPHY .................................................................................................. 176

3

Abstract

Although osteoarthritis (OA) is typically characterised by the loss or damage to
articular cartilage, inflammation of the synovial membrane is now recognised as a
prevalent feature believed to contribute to both symptoms and disease progression.
Macrophages localised to the synovial lining are primary mediators of inflammation
in the joint, responsible for the production of pro-inflammatory cytokines which can
induce destructive processes in neighbouring cartilage. Furthermore, T lymphocytes
have been identified as the most abundant infiltrating immune cells present in OA
synovium. The release of pro-inflammatory cytokines as well as soluble mediators
produced by inflamed synovium may accelerate cartilage matrix degradation.
Furthermore, osteoarthritic synovium may inhibit the chondrogenic differentiation of
Mesenchymal Stem Cells (MSCs) in cell replacement strategies for the treatment of
OA.
In light of the increasing evidence highlighting the role of inflammation in driving
OA progression, this thesis sought to investigate the use of MSCs as a gene therapy
vehicle to deliver anti-inflammatory vIL-10 for treatment of OA. This thesis has
demonstrated that human MSCs are a suitable vehicle to achieve constitutive vIL-10
overexpression, which has immunomodulatory activity on activated immune cells in
vitro, as well as naive and activated T cells in vivo during collagenase–induced OA
in mice. These findings suggest that vIL-10 overexpression by MSCs may serve as a
useful strategy to maximise the immunomodulatory potential of MSCs for the
treatment of OA. Furthermore, in a cohort of OA patients that has an inflammatory
component associated with disease pathogenesis, administration of vIL-10
overexpressing MSCs may modulate inflammatory processes and alter disease
progression. Additionally, this thesis has identified M1-polarised macrophages as
mediators of the inhibitory effect of OA synovium on MSC chondrogenesis. This
data highlights M1-polarised synovial macrophages as a potential therapeutic target
to improve the efficacy of current MSC-based cartilage repair strategies for the
treatment of OA.
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CHAPTER 1

INTRODUCTION

Reprinted with permission from TISSUE ENGINEERING, PART B (Volume 21,
Issue 1), published by Mary Ann Liebert, Inc., New Rochelle, NY.
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1.1 Osteoarthritis
Osteoarthritis (OA) is a complex disease of synovial joints that is associated with
chronic pain and reduced joint mobility. It is an age-related condition, with known
risk factors for disease development including high body mass index, particularly in
young adults, as well as previous joint injury (Loeser, 2009, Apold et al., 2011,
Roos, 2005). OA is characterised by cartilage breakdown, but the disease process
affects various joint structures involving inflammation of the synovial membrane and
subchondral bone remodelling. Therefore it has been suggested by Loeser et al. and
others that OA should be considered a disease of the entire joint as an organ (Loeser
et al., 2012).

An imbalance of cellular homeostasis is an important feature of OA with mechanical
stress and pro-inflammatory cytokines postulated to contribute to this change. Cell
proliferation and enhanced matrix remodelling in bone and cartilage are also major
features, as well as the formation of new bone at the joint margins (Scharstuhl et al.,
2002, Blaney Davidson et al., 2007). Articular chondrocytes increase expression of
matrix molecules, as well as catabolic factors including matrix metalloproteinases
(MMPs), ADAMTs (a disintegrin and metalloproteinase with thrombospondin
motifs) and pro-inflammatory cytokines. Chondrocytes suffer a loss of characteristic
phenotype due to loss of extracellular matrix (ECM) components and structure, and
undergo hypertrophy and terminal differentiation (Lories and Luyten, 2011).
Decreased accumulation of sulphated proteoglycans and collagen type II has been
observed in osteoarthritic cartilage compared to healthy (Yang et al., 2010).
Increasing evidence highlights the importance of factors produced by inflamed
synovium to the initiation and progression of the disease. Furthermore, inflammation
of the synovial membrane with increased vascular density and cellular infiltration is
a prominent feature of OA pathogenesis (Pessler et al., 2008c). Pro-inflammatory
mediators detected in synovial fluid of OA joints are known to stimulate degradation
of cartilage and inhibit matrix synthesis (Yang et al., 2006b, Legendre et al., 2003,
Dvir-Ginzberg et al., 2011, Westacott et al., 2000b, Li et al., 2009b, Johnson et al.,
2001a). Inflammation of the synovial membrane may be a primary occurrence in
disease pathogenesis, with thickening of the synovial membrane identified by
Magnetic resonance imaging (MRI) in patients with early stage and mild OA
15

(Fernandez-Madrid et al., 1995). Alternatively, synovial inflammation may be
secondary to degenerative processes in articular cartilage, with the release of
cartilage degradation products activating immune and synovial cells, and initiating
an inflammatory response (Figure 1).

Figure 1.1: Schematic representation of inflammatory processes associated with the
pathogenesis of OA (Fahy et al., 2015).

1.2 Inflammation & OA
Inflammation of the synovial membrane is a prominent feature of OA pathogenesis
(Figure 1) and increasing evidence highlights the role of cells of the innate and
acquired immune system, as well as other inflammatory components, in disease
progression. The innate immune system functions as a frontline of defence,
involving cells such as macrophages, dendritic cells and neutrophils, which act to
recognise invading pathogens and elicit an antimicrobial and pro-inflammatory
16

response (Hajishengallis and Lambris, 2011). The interaction between these antigen
presenting cells of the innate immune system and T lymphocytes is vital for the
activation of T cell-dependent responses of the acquired immune system, which
function to eliminate infected cells or further propagate inflammation (Kabashima et
al., 2003). The synovial membrane is characterised by a lining layer containing
macrophages and fibroblasts, termed synoviocytes, and CD68+ macrophages and T
lymphocytes, generally described as CD3+ T cells, have been identified as the most
abundant immune cells in infiltrates present in OA synovium (Pessler et al., 2008a).
An in-depth understanding of the role played by each cell type implicated in the
propagation of inflammation in OA may allow for the development of therapeutic
strategies for modulation of the pro-inflammatory milieu and facilitate successful
tissue regeneration.

1.2.1 Synovitis

The synovial membrane is an area of high functional importance within the joint,
responsible for nourishing chondrocytes and removing metabolites. Inflammation of
the synovium results in synovitis, which is believed to reflect structural progression
of OA (Sellam and Berenbaum, 2010). Synovial hypertrophy and hyperplasia are
associated with synovial inflammation, and synovitis may contribute to the
catabolism of cartilage through pro-inflammatory mediator production. Joint injury
has been reported to increase the risk of developing OA and traumatic knee meniscal
injuries are associated with synovial inflammation (Gelber et al., 2000, Scanzello et
al., 2011). Long term co-culture models of synovial tissue and cartilage explants
highlight the role of activated synoviocytes in cartilage destruction associated with
OA (Beekhuizen et al., 2011b). The synovial tissue was found to secrete high levels
of interleukin (IL)-6, IL-8 and osteoprotegerin, and to produce cytokines throughout
the culture period. Furthermore, cartilage explant glycosaminoglycan (GAG) content
was found to be significantly lower following a 21 day exposure to the synovial
tissue compared to cartilage monocultures (Beekhuizen et al., 2011b). It is evident
that pro-inflammatory mediators produced by inflamed synovium are capable of
driving the progression of OA through induction of destructive processes in cartilage
(Table 1), and the abundance of such catabolic factors in an osteoarthritic joint may
greatly impede cartilage repair strategies.
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Table1.1. Inflammatory mediators with implications in OA pathogenesis (Fahy
et al., 2015).
Mediator
IL-1β

Effects


References
Catabolic effects on cartilage phenotype:

Wang et al. (2010)

Decreases collagen type II and proteoglycan,

Li et al. (2009)

Increases prostaglandin E2 (PGE2), MMP-9,

Johnson et al. (2001)

cyclooxygenase-2 (COX-2)


Induces cartilage matrix calcification through
the expression of transglutaminases

TNF-α







Induces catabolic and pro-inflammatory

Shakibaei et al. (2007)

enzymes: COX-2 and MMP-9

Dvir-Ginzberg et al.

Decreases cartilage specific gene expression:

(2011) Westacott et al.

reduces expression of ECM genes and aggrecan

(2000)

Contributes to cartilage matrix degradation and
focal loss of cartilage

TGF-β



Induces osteophyte formation

Scharstuhl et al. (2002)



Associated with changes in subchondral bone

Zhen et al. (2013)

architecture
IL-6



Downregulation of collagen type II and

Legendre et al. (2003)

aggrecan in articular chondrocytes
HMGB1





Amplifies expression of pro-inflammatory

Yang et al. (2005)

mediators

Garcia-Arnandis et al.

Synergistic activity with IL-1β on amplifying

(2010)

IL-6, IL-8 , MMP-1 and MMP-3 by
synoviocytes

1.2.2 Synovial Macrophages

Synovial macrophages, which are localised to the lining and sublining synovial
layers, are considered primary cellular mediators of synovial inflammation in an OA
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joint (Smith, 2011). These cells are capable of phagocytosis and antigen
presentation, and play a prominent role in the production of the pro-inflammatory
cytokines tumour necrosis factor-α (TNF-α), IL-1β, IL-6 and oncostatin M (Iwanaga
et al., 2000, Benito et al., 2005, Beekhuizen et al., 2011b, Bondeson et al., 2010).
IL-1β and TNF-α induce destructive processes in chondrocytes associated with OA
pathology including downregulation of collagen type II and proteoglycan, and
upregulation of MMP-9 and COX-2 (Shakibaei et al., 2007). The enzyme COX-2
functions in the production of prostaglandins, which are known to play a role in pain
and inflammation, and COX-2 expression is elevated in multiple immune cell types
(Jiang et al., 2003). Moreover, IL-1β induces COX-2 and PGE2 expression in human
chondrocytes and is associated with cartilage matrix calcification (Wang et al.,
2010).

In addition to pro-inflammatory cytokine production, macrophages secrete high
mobility group box protein 1 (HMGB1) as a late mediator of inflammation following
stimulation with TNF, IL-1β and lipopolysaccharide (LPS) (Wang et al., 1999).
Secretion of HMGB1 can occur in response to pro-inflammatory signals, resulting in
pro-inflammatory cytokine-like activity of HMGB1, whereby it may further
propagate inflammatory responses (Yang et al., 2005). HMGB1 expression has been
detected in both normal and osteoarthritic synoviocytes, and was found to act in
synergy with IL-1β to amplify the expression of pro-inflammatory mediators
(Garcia-Arnandis et al., 2010, Wahamaa et al., 2011). Additionally, HMGB1 has
been shown to have synergistic activity on TNF, IL-8, IL-6 and MMP-3 production
by OA synovial fibroblasts when added to cultures in pre-formed complexes with
LPS and IL-1β. As well as propagating inflammatory responses, HMGB1 may
promote destructive effects in joint tissues. The release of HMGB1 by chondrocytes
has been reported by Taniguchi et al. to act as a chemoattractant for osteoblasts and
osteocytes, regulating endochondral bone formation (Taniguchi et al., 2007). The
process of endochondral ossification is a feature of osteophyte formation in OA, and
endochondral signalling resulting from HMGB1 secretion may play an additional
role in progression of the disease (Heinola et al., 2010, Zoricic et al., 2003).
Synovial macrophages have been identified as key players mediating osteophyte
formation in OA, with a significant reduction in transforming growth factor (TGF)β-induced osteophyte formation observed following the depletion of synovial
19

macrophages utilising clondronate liposomes (Blom et al., 2004, van Lent et al.,
2004).

1.2.3 Synovial fibroblasts

Inflammatory mediators produced by synovial macrophages may induce activation
and further pro-inflammatory mediator production by neighbouring synoviocytes.
OA synovial fibroblasts have been reported to produce IL-6, IL-8, macrophage
colony stimulating factor and vascular endothelial growth factor (VEGF) in response
to IL-1β stimulation (Inoue et al., 2001). Furthermore, the articular cartilage
pericellular matrix protein Laminin-111 may bind to and activate synovial fibroblasts
in the presence of TGF-β1, which was found to result in IL-6 and IL-8 secretion, a
mechanism by which synovial fibroblasts may contribute to disease pathology
outside periods of acute inflammation (Kvist et al., 2008, Felka et al., 2010).
Synovial fibroblasts also up-regulate expression of vascular cell adhesion molecule-1
in response to chemokine (C-C motif) ligand 2 (CCL2) and CCN family member 4
(CCN4 or Wnt-inducible signaling pathway protein-1), both of which are detected in
synovial fluid of patients with OA. This process may facilitate the adhesion of
mononuclear cells to the site of inflammation (Lin et al., 2012, Liu et al., 2013a).
These findings indicate that synovial fibroblasts may contribute to synovial
inflammation through propagating inflammatory responses following activation by
pro-inflammatory mediators, or by facilitating the adhesion of infiltrating immune
cells. However, the contribution of synovium to the progression of OA appears to be
primarily mediated by inflammatory cells including resident macrophages and
infiltrating immune populations.

1.2.4 The Complement System

The complement system is an essential component of the innate immune system,
functioning to eliminate macromolecules and foreign bodies by opsonisation or cell
lysis (Carroll and Sim, 2011). A role of complement activation in the pathogenesis of
OA has been elucidated with increased gene expression of complement factors in
OA synovium reported (Wang et al., 2011). This group pursued studies utilising a
20

medial meniscectomy model of OA with mice genetically deficient in complement
components C5, C6 and CD59a, to reveal that the membrane attack complex of the
complement pathway was involved in the development of the disease. Proteomic
studies identified differential expression of complement proteins in human OA
synovial fluid compared to control, further suggesting a potential role of these
proteins in catabolic processes associated with OA (Ritter et al., 2013).

1.2.5 Mast Cells

Mast cells are also considered to play a role in contributing to inflammation
associated with OA. Elevated mast cell counts in the synovial fluid of patients with
OA have been reported, with higher levels of histamine, tryptase and nitrite detected
in OA synovial fluid (Renoux et al., 1996, Nakano et al., 2007). Furthermore, a role
for TNF-α in the induction of mast cell chemotaxis in OA has been elucidated
(Kiener et al., 2000). Studies have suggested that the observed increase of mast cells
in OA may be due to the expansion of a tryptase but not chymase containing
population, with an increase in this population reported in the synovial tissue of OA
patients compared to control (Buckley et al., 1998). The serine protease tryptase, is
released from mast cells upon degranulation along with other products including
heparin, histamine and many proteases (Schwartz et al., 1981). Tryptase can induce
IL-8 release and expression of intracellular adhesion molecule-1 (ICAM-1) by
epithelial cells and up-regulate IL-8 and IL-1β gene expression in endothelial cells,
suggesting a potential role of tryptase in the propagation of inflammatory responses
through cellular recruitment (Cairns and Walls, 1996, Compton et al., 1998).

1.2.6 T cells

Infiltrating CD3+ T cells have been detected in the synovial perivascular area of
patients with early stage disease (Nakamura et al., 1999). Furthermore, T cells
expressing antigens of early, intermediate and late activation have been detected in
the synovium of patients with advanced OA (Sakkas et al., 1998). CD4+ effector T
cells may be classified according to several subsets, with varying immunological
functions associated with their characteristic cytokine expression profile. Cells of the
21

T helper (Th) 1 subset are associated with production of IL-2 and interferon (IFN)-γ,
and can establish cell-mediated inflammatory responses such as macrophage and
cytotoxic T cell activation, which functions to clear intracellular pathogens (Santana
and Rosenstein, 2003, Mosmann and Coffman, 1989). Conversely, cells of the Th2
subset express IL-4, IL-5 and IL-10, resulting in increased antibody production, and
elimination of parasitic infections (Munegowda et al., 2012, Mosmann and Coffman,
1989, Mosmann et al., 1986). Detection of CD4+ effector T cells and CD8+
cytotoxic T cells, predominantly in the sublining layer of synovium from patients
with OA, has been reported (Ishii et al., 2002). Furthermore, increased levels of IFNγ and IL-2 were detected compared to IL-4, suggesting a prevalence of Th1 cells
(Ishii et al., 2002, Sakkas et al., 1998). In additional studies, infiltration of CD4+
effector T cells and macrophages were found in association with increased
expression levels of VEGF and abundant ICAM-1 expression in early OA synovial
tissue (Benito et al., 2005). VEGF is expressed by both activated T cells and
macrophages, and known to induce endothelial cell chemotaxis as well as mediating
vascular permeability, an important process in inflammation (Mor et al., 2004,
Haywood et al., 2003, Koch et al., 1994, Connolly, 1991). Interestingly, intraarticular injection of VEGF in mice resulted in increased calcification of articular
cartilage, cartilage degradation, and subchondral bone sclerosis implicating a role of
VEGF in OA (Ludin et al., 2013). ICAM-1 is upregulated by osteoarthritic
synoviocytes in response to pro-inflammatory stimuli and plays an important role in
transendothelial migration of T cells and may therefore mediate the migration and
infiltration of lymphocytes in the synovium (Lindsley et al., 1993, OppenheimerMarks et al., 1991).

Using CD4+ T cell depletion in a murine anterior cruciate ligament-transection
(ACLT) model for induction of OA, Shen and co-workers elegantly identified a role
for CD4+ T cells in the pathogenesis of the disease (Shen et al., 2011). Increased
levels of infiltrating CD4+ T cells were evident in the synovium and localised
throughout the membrane 30 days after ACLT alone. Increased synovial expression
of the chemokine macrophage inflammatory protein (MIP)-1γ was detected in the
ACTL group compared to the CD4+ T cell depleted ACLT model. Furthermore, Tcell depletion was found to correlate with increased levels of IL-4 and tissue
inhibitor of metalloproteinase-1. T cells may further play a role in OA disease
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progression and contribute to inflammation through the recognition of cartilage
matrix molecules, with aggrecan epitopes previously identified as targets of selfreactive T-cells in patients with OA (de Jong et al., 2010).

1.3 Current Pharmacological Agents Targeting Inflammation in OA
Current anti-inflammatory therapies recommended for the management of knee and
hip OA include COX-2 selective and non-selective nonsteroidal anti-inflammatory
drugs (NSAIDs) (Zhang et al., 2008). Although these pharmacological agents have
been reported to provide analgesia and reduce inflammation following short term
treatment (Gallelli et al., 2013), long term use is associated with adverse side effects,
including gastrointestinal toxicity and increased risk of cardiovascular events
(Watson et al., 2004, Caldwell et al., 2006). Furthermore, Reijman et al. have
reported that NSAID use may increase progression of OA (Reijman et al., 2005).
Certain NSAIDs have also been found to negatively impact collagen metabolism and
GAG synthesis (Dingle, 1999, Ou et al., 2012). Although administration of NSAIDs
and COX-2 inhibitors provide symptomatic relief, the ability of these agents to limit
disease progression remains to be seen.

Novel pharmacological agents have been developed to target inflammatory
mediators associated with OA pathology. A TNF-α binding antibody, Adalimumab,
has been reported to decrease the progression of structural damage in inflamed joints
of patients with erosive hand OA, however, an effect on inflammation was not
observed (Verbruggen et al., 2012). Other groups have found that this TNF-α
antagonist can provide symptomatic relief for patients with knee OA, including an
improvement in pain and swelling (Maksymowych et al., 2012). However, the
ability of this therapy to slow down the development of structural damage in an OA
knee requires further investigation. Additional studies performed to target proinflammatory cytokines associated with OA pathogenesis have generated mediocre
results. Moderate efficacy of the IL-1 inhibitor Diacerein for treatment of knee and
hip OA has been reported, with a mild improvement of pain observed (Bartels et al.,
2010, Rintelen et al., 2006). Furthermore, no significant improvement in symptoms
was observed following intra-articular injection of a recombinant form of IL-1
receptor antagonist (IL-1RA) to patients with knee OA (Chevalier et al., 2009). It is
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clear that the potential of current anti-inflammatory therapies to improve structural
damage is limited, and the development of novel immune modulation strategies is
required to alter the progression of OA.

1.4 Tissue Engineering and Regenerative Medicine
1.4.1 Current Tissue Engineering Strategies for Treatment of OA

Tissue engineering strategies may represent the key to improved cartilage
regeneration for treatment of OA. Current approaches for the treatment of articular
cartilage damage resulting from OA include bone marrow stimulation techniques
such as microfracture (Steadman et al., 2003). This method involves drilling or
abrasion of subchondral bone and subsequent release of progenitor cells from the
bone marrow to induce repair. However, generation of suboptimal reparative
fibrocartilage may occur which limits the effectiveness of this technique for repair of
articular cartilage defects and restoration of function (Laurencin et al., 1999).
Regenerative procedures such as osteochondral autografting (mosaicplasty),
autologous chondrocyte implantation (ACI) and matrix-induced autologous
chondrocyte implantation (MACI) are considered favourable therapeutic strategies,
given their potential for the generation of hyaline cartilage (Emre et al., 2013, Batty
et al., 2011, Bartlett et al., 2005b). ACI involves the use of cultured autologous
chondrocytes harvested from a non-weight bearing region of the knee, to resurface
chondral defects (Batty et al., 2011). In the case of MACI, chondrocytes are seeded
on to a type I/III collagen scaffold for implantation (Bartlett et al., 2005b). Both ACI
and MACI have been found to be superior to microfracture for the treatment of
larger articular defects (Naveen et al., 2012, Basad et al., 2010). However, the
current standard for treatment of severe joint injuries and advanced OA still involves
partial or total joint replacements. New tissue engineering/regenerative medicine
(TERM) strategies such as direct intra-articular delivery of progenitor cells,
progenitor cell delivery on scaffolds or cell-free scaffolds coated with biological
factors for recruitment of endogenous cells have been investigated for articular
cartilage repair (Lee et al., 2007, Fan et al., 2006, Lee et al., 2010). Furthermore,
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addressing inflammatory processes in OA with TERM strategies may not only
facilitate successful repair but halt the progressive destruction of an OA joint.

1.4.2 Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) from the bone marrow were first identified over 40
years ago by Friedenstein et al. (Friedenstein et al., 1970), and are considered a
promising cell source for regenerative medicine and tissue engineering applications
(Caplan, 1991). MSCs are multipotent cells which have the capacity to differentiate
to lineages of mesenchymal tissue, including cartilage, bone and fat (Pittenger et al.,
1999, Muraglia et al., 2000). The criteria for characterising human MSCs as
proposed by the Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cellular therapy, include plastic adherence, trilineage differentiation
potential and cell surface expression of CD90, CD73 and CD105, while lacking
expression of CD14 or CD11b, CD34, CD45, CD79a or CD19 and HLA class II
(Dominici et al., 2006). MSCs have been isolated from various tissue sources,
including bone marrow, synovium, umbilical cord, adipose tissue, periosteum and
skeletal muscle (Pittenger et al., 1999, De Bari et al., 2001, Fan et al., 2011, Zuk et
al., 2001, Sakaguchi et al., 2005). The differentiation potential of human MSCs
isolated from various mesenchymal tissues have been investigated in a patientmatched comparison study (Sakaguchi et al., 2005). Bone marrow, synovium and
periosteum derived cells showed the highest potential for ostogenesis and
chondrogenesis compared to cells derived from adipose tissue and skeletal muscle.
Additionally, synovium and adipose tissue-derived MSCs had the highest capacity
for adipogenic differentiation (Sakaguchi et al., 2005).

1.4.2.1 Immunomodulatory Properties of MSCs

In addition to their capacity for self renewal and multi-differentiation potential,
MSCs are considered a promising cell source for the treatment on OA due to their
paracrine activity, which may act to recruit endogenous progenitor cells or be
immunomodulatory (Caplan and Dennis, 2006, Yoo et al., 1998, Murphy et al.,
2003). Trophic factors released by MSCs in response to pro-inflamamtory cytokine
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stimulation have been reported by van Buul et al. to reduce the expression of IL-1β,
MMP1 and MMP-13 by OA synovium explants, indicating an anti-inflammatory and
anti-catabolic effect of MSCs (van Buul et al., 2012a). Furthermore, MSCs exert a
suppressive effect on activated immune cells and studies investigating the
suppressive effect of MSCs on T cell proliferation have reported a major role of the
anti-inflammatory cytokine IL-10 in the suppression of T cell activation (Yang et al.,
2009, English et al., 2010). An immunosuppressive effect of MSCs on mast cells has
been demonstrated following co-culture experiments, with a decrease in mast cell
degranulation, TNF-α production and chemotaxis observed (Brown et al., 2011).
Macrophages exhibit a high degree of plasticity, with the potential to change
phenotype according to environmental cues. They can be categorised as classically
activated (M1), which produce high levels of pro-inflammatory cytokines or
alternatively activated (M2) macrophages, which are associated with antiinflammatory properties and play a role in wound healing and immune regulation
(Mosser and Edwards, 2008). Co-culture studies have been performed with MSCs
and macrophages to investigate the immunomodulatory capacity of MSCs on
macrophage phenotype. MSC-treated macrophages were reported to express the M2
macrophage marker CD206, with increased expression of IL-10, and low expression
of the M1-associated cytokines IL-12 and TNF-α (Kim and Hematti, 2009, Zhang et
al., 2010b). Furthermore, transplanted collagen scaffolds seeded with MSCs and
polymer complexed-IL-10 plasmids have resulted in macrophage polarisation, with
an observed increase in CD63+ M2 polarised and a decrease in CD80+ M1 polarised
macrophages (Holladay et al., 2011). Additionally, delivery of MSCs with IL-10
polyplexes reportedly increased the retention rate of MSCs in vivo, which was
associated with increased IL-10 levels and decreased pro-inflammatory cytokine
levels.

1.4.2.2 MSC Therapy for Treatment of OA

The use of MSCs as a cell-based therapy has been extensively studied for efficacy in
OA (Coleman et al., 2010). Intra-articular injection of MSCs has been reported to
inhibit the development of post-traumatic arthritis (PTA) in an intra-articular fracture
mouse model, with an increase in systemic IL-10 levels observed (Diekman et al.,
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2013). Moreover, intra-articular injection of adipose-derived stem cells (ASCs) has
been shown to reduce synovial lining thickness and decrease cartilage damage in a
collagenase-induced OA mouse model (ter Huurne et al., 2012). ASCs were
identified by this group in close proximity to synovial macrophages and reduced IL1β gene expression levels were detected in synovial tissue, indicating
immunomodulatory activity of these stem cells within an OA joint. In addition to
this study, Desando et al. have observed reduced synovial lining thickness and
cellular infiltration, and decreased cartilage expression of TNF-α following intraarticular administration of ASCs in a rabbit ACLT model (Desando et al., 2013).

Intra-articular injection of autologous MSCs into knee joints of patients with OA has
been well tolerated and a significant reduction in pain has been observed, with
paracrine anti-inflammatory activity of MSCs postulated to contribute to this
outcome (Emadedin et al., 2012, Davatchi et al., 2011, Orozco et al., 2013).
Furthermore, treatment of patients undergoing partial meniscectomy surgery with an
intra-articular injection of allogeneic MSCs has resulted in meniscal regeneration as
well as a significant reduction in pain (Vangsness et al., 2014). In light of these
findings, the use of MSCs or ASCs may serve as a suitable cell therapy strategy to
attenuate inflammation in OA via paracrine mechanisms and through the modulation
of activated immune cells which contribute to disease pathogenesis.

1.4.3 Induced Pluripotent Stem Cells

The use of induced pluripotent stem cells (iPSCs) may provide an additional cell
source for cartilage tissue engineering (Takahashi and Yamanaka, 2006). iPSCs
generated from the reprogramming of mouse fibroblasts have been successfully
differentiated towards the chondrogenic linage, and shown to integrate with native
cartilage tissue and produce cartilage matrix in an in vitro cartilage defect model
(Diekman et al., 2012). Furthermore, chondrogenic differentiation of MSC-like cells
derived from human iPSCs has been shown by Guzzo et al. to result in a cellular
phenotype that more closely resembles articular chondrocytes, compared to
undifferentiated iPSCs (Guzzo et al., 2013). iPSC-derived MSCs inhibit lymphocyte
proliferation and suppress Th2-associated cytokine production in a similar manner to
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MSCs, and have been found to elicit a comparable immunomodulatory effect in a
mouse model of allergic inflammation (Sun et al., 2012, Fu et al., 2012). Given that
MSCs are associated with an age-related reduction in proliferation and
differentiation capacity, iPSC-derived MSCs may serve as a useful cell source for
large-scale generation of MSCs for cell therapy approaches in OA (Stolzing et al.,
2008).

1.4.4 Gene Therapy

Gene therapy approaches for the treatment of cartilage defects in OA have been
previously examined (as summarised in table 2). For example, the potential of
overexpression of the cartilage transcription factor SRY-related HMG-box, gene 9
(SOX9) by MSCs for articular cartilage repair has been evaluated, utilising a rabbit
full thickness cartilage defect model (Cao et al., 2011). Improved integration of
newly formed tissue with native cartilage and positive staining for type II collagen
was reported following implantation of transduced MSCs seeded on a polyglutamic
acid scaffold. The therapeutic efficacy of inflammatory mediator over-expression in
an OA environment has also been evaluated. A decrease in gross pathologic
abnormalities was observed following adenoviral vector-mediated IL-1RA gene
delivery in an equine experimental OA model (Frisbie et al., 2002). The effects of
retrovirally-delivered human IL-1RA and IL-10 have also been assessed following
injection in to the knee joint in a rabbit model of OA (Zhang et al., 2004). Intraarticular expression of these genes was found to have a chondroprotective effect with
an evident reduction in cartilage degradation. Administration of both IL-1RA and IL10 was reported to have a greater effect, compared to administration of either gene
alone. The delivery or over-expression of anti-inflammatory mediators via gene
therapy approaches may therefore offer a novel therapeutic strategy for the treatment
of OA, through attenuating the destructive effect of inflammation on cartilage.
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Table 1.2. Pre-clinical studies utilising gene delivery with therapeutic potential
for treatment of OA (Fahy et al., 2015).
Gene

SOX9

Vector

Adenovirus

Delivery

Disease

Species

Effect

Reference

method

model

Intra-

Full thickness

Rabbit

Induction of MSC

Cao et al.

articular

cartilage

chondrogenesis in

(2011)

delivery of

defect

vitro.

transduced

Newly formed

rabbit bone

cartilage tissue in

marrow

vivo.

MSCs
IL-1RA

IL-1RA

Adenovirus

Direct vector

Osteochondral

intra-

Horse

Decrease in gross

Frisbie et

fragment

pathologic

al. (2002)

articular

exercise

abnormalities.

injection

model

Plasmid

Direct intra-

Partial medial

DNA

articular

vector

injection of

Rabbit

Reduced

Fernandes

meniscectomy

progression of

et al.

model

OA.

(1999)

Reduction of

Pelletier et
al. (1997)

plasmid
IL-1RA

Retrovirus

Intra-

Anterior

Dog

articular

cruciate

cartilage lesions

injection of

ligament

and reduced

ex vivo

resection

progression of

transduced

model

OA.

synoviovytes
IL-1RA
& IL-10

Retrovirus

Intra-

Excision of

articular

Chondroprotective

Zhang et

the medial

effect.

al. (2004)

delivery of

collateral

Reduced cartilage

transduced

ligament plus

degradation.

rabbit

medial
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Rabbit

TGF-β1

Retrovirus

synoviocytes

meniscectomy

Intra-

Full thickness

articular
injection of

Goat

Increased

Noh et al.

cartilage

chondrocyte

(2010)

defect model

proliferation and

transduced

deposition of

human

collagen type II.

chondrocytes

1.5 Impact of Inflammation on Tissue Engineering Strategies
As previously discussed, TERM-based strategies may represent the key to improved
cartilage regeneration both in isolated defects and treatment of OA. However, it is
evident that inflammation plays a significant role in OA pathogenesis, and the
immune response is increasingly recognised as a key factor influencing tissue
regeneration. For example, disorders such as diabetes mellitus which are associated
with an inflammatory state, are also characterised by impaired tissue regeneration
(Roszer, 2011). TERM strategies for cartilage regeneration may be compromised as
a result of dysregulated inflammatory processes and pro-inflammatory mediators in
the joint. IL-1β has been reported to reduce collagen type 2 expression and GAG
content of human nasal and articular chondrocytes cultured on a type 1 collagen
scaffold (Scotti et al., 2012), and both IL-1β and TNF-α have been shown to impact
the integration of engineered cartilage with native tissue (Djouad et al., 2009).
Additionally, these pro-inflammatory cytokines have been shown to inhibit the
migratory potential of chondrogenic progenitor cells in osteoarthritic cartilage (Joos
et al., 2013), which may limit the success of strategies utilising cell-free scaffolds for
recruitment of endogenous cells and in situ cartilage regeneration (Lee et al., 2010).

As well as directly impacting engineered cartilage and endogenous cellular repair,
inflammation may also hinder stem cell-based repair strategies. Previous studies
have reported a detrimental effect of IL-1β and TNF-α on the chondrogenic
differentiation of MSCs in aggregate culture (Wehling et al., 2009). Furthermore, IL1α treatment of chondrogenically differentiating MSCs seeded on a 3D woven
poly(ε-caprolactone) scaffold has been shown to decrease accumulation of ECM
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components and reduce the mechanical properties of the construct (Ousema et al.,
2012). In addition to these findings, OA synovium conditioned medium and synovial
fluid have been shown to inhibit MSC chondrogenesis (Heldens et al., 2012, Kruger
et al., 2012). MSCs transduced with doxycycline-inducible lentiviral vectors
overexpressing IL-1RA have been recently reported to resist IL-1α-induced catabolic
processes, and attenuate the negative impact of IL-1α on engineered cartilage in vitro
(Glass et al., 2014). Therefore it is evident that modulation of the inflammatory
environment in an OA joint is vital to maintain the integrity of engineered cartilage
or achieve efficient cell-based repair. Cell and anti-inflammatory protein delivery, or
gene therapy approaches may serve as favourable strategies for gaining control over
the pro-inflammatory environment present in OA and subsequently interfere with the
disease process, as well as counteracting the loss of chondrogenic potential of MSCs
within an osteoarthritic joint.

1.6 IL-10

One factor of particular interest to target OA-associated inflammatory processes is
IL-10. IL-10 is a 34kDa homodimeric cytokine produced by activated macrophages,
Th2 and B cells, and is associated with diverse biological responses (Zdanov et al.,
1997, Nemeth et al., 2009b, Fiorentino et al., 1989, Evans et al., 2007). IL-10 can
suppress pro-inflammatory cytokine production, for example TNFα, IL-1β and IL-6
by activated macrophages, monocytes and Th1 cells (Fiorentino et al., 1989, Hart et
al., 1995, Malefyt et al., 1991a). Furthermore, IL-10 reduces monocyte expression of
major histocompatibility complex (MHC) class II, resulting in decreased antigen
presentation and subsequent inhibition of T cell proliferation (Malefyt et al., 1991b).
In addition to its immunosuppressive properties, IL-10 can stimulate B cells to
increase MHC class II expression and immunoglobulin production, as well as
enhance mast cell growth (Rousset et al., 1992, Go et al., 1990, Thompsonsnipes et
al., 1991). The IL-10 family of cytokines includes IL-10 as well as four viral
homologs (Epstein-Barr virus, simian cytomegalovirus, Orf parapoxvirus, equine
herpesvirus), and eight cellular homologs (IL-19, IL-20, IL-22, IL-24, IL-26 and
type III interferons) (Zdanov, 2010)). Human IL-10 (hIL-10) exhibits 84% amino
acid sequence homology to an open reading frame product of Epstein-Barr virus,
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termed viral IL-10 (vIL-10) (Vieira et al., 1991). Although vIL-10 displays
comparable immunosuppressive activity to hIL-10, it lacks particular stimulatory
functions (Go et al., 1990). This difference in immunostimulatory activity is due to a
single amino acid change at position 87 where alanine is substituted for isoleucine in
vIL-10 (Ding et al., 2000).

1.6.1 IL-10 signalling

IL-10 signals through a cell surface receptor complex consisting of one receptor
chain essential for ligand binding (IL-10R1) (Liu et al., 1994, Ding et al., 2001), and
a second chain (IL-10R2) required for signal transduction (Kotenko et al., 1997).
Although hIL-10 binds with high affinity to IL-10R1, vIL-10 has 1000-fold lower
affinity for this receptor chain (Liu et al., 1997, Liu et al., 1994). However, despite
their differential receptor binding affinity, vIL-10 can elicit similar cellular activities
compared to hIL-10 (Liu et al., 1997). Analysis of the crystal structure of vIL-10
bound to a soluble fragment of IL-10R1 has revealed that slight changes in the
conformation of two loop structures and the orientation of vIL-10 on the surface of
the receptor may mediate the affinity of vIL-10 for IL-10R1 (Yoon et al., 2005).
Additionally, it has been proposed by Ding et al. that the inability of vIL-10 to
stimulate an immune response on certain cell types may be due to low cell surface
expression of IL-10R1, which may determine the cellular response to vIL-10 (Ding
et al., 2001).

The binding of IL-10 to its receptor activates the Janus kinase (JAK)-Signal
Transducers and Activators of Transcription (STAT) pathway. Receptor-ligand
engagement leads to tyrosine phosphorylation of Jak1 and tyrosine kinase 2, and
activation of members of the STAT transcription factor family, including STAT1α,
STAT3 and STAT5 (Finbloom and Winestock, 1995, Wehinger et al., 1996)
required for the anti-inflammatory activity of IL-10 (Williams et al., 2004). IL-10
has also been reported to activate the phosphatidylinositol 3-kinase (PI3K) pathway
which was shown to be involved in the proliferative functions of IL-10 (Crawley et
al., 1996). Additional studies have elucidated a role for PI3K and Protein Kinase B
(Akt) signalling in IL-10-mediated suppression of inflammatory genes including
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COX-2, TNF-α, IL-8 and IL-1, and macrophage expression of IL-10 inducible genes
was found to be dependent on PI3K-Akt signalling (Antoniv and Ivashkiv, 2011).

1.6.2 IL-10 & OA

Elevated levels of IL-10 have been detected in cartilage, synovium and subchondral
bone explants of patients with OA (Hulejova et al., 2007), and IL-10R expression
has been identified on the cell surface of osteoarthritic chondrocytes (Iannone et al.,
2001). IL-10 has been shown to have positive effects on proteoglycan synthesis as
well as reducing secretion of pro-inflammatory cytokines (Jansen et al., 2008).
Additionally, IL-10 has been reported to induce proliferation and promote
chondrogenic or hypertrophic differentiation of primary chondrocytes, highlighting a
role for IL-10 in endochondral bone growth (Jung et al., 2013). The therapeutic
potential of IL-10 to achieve immunomodulation has been examined in various
disease settings. IL-10 has been shown to modulate inflammation in a murine sepsis
model following administration of MSCs via PGE2-dependent production of IL-10
by host macrophages (Nemeth et al., 2009a). Furthermore, adenoviral-mediated gene
transfer of vIL-10 or overexpression by retrovirally transduced MSCs has been
reported to significantly decrease the frequency of arthritis, delay the onset and
reduce the severity of arthritic symptoms in a murine collagen-induced rheumatoid
arthritis (RA) model (Apparailly et al., 1998, Choi et al., 2008). Interestingly,
human, viral and mutant IL-10 were found to be equally therapeutic in a rabbit
antigen induced arthritis (AIA) model (Keravala et al., 2006). In addition to IL-10
overexpression or gene delivery, direct protein delivery using vIL-10 fused to an
antibody fragment specific for damaged cartilage has been shown by Hughes et al. to
migrate to the inflamed joint in mice following induction of AIA; a reduction of proinflammatory cytokines, as well as joint swelling and structural damage was
observed (Hughes et al., 2014). Furthermore, synergistic activity of IL-10 with other
cytokines has been reported previously and may maximise the therapeutic potential
of IL-10 (Joosten et al., 1997). Reduced cellular infiltrates and cartilage damage
have been observed following administration of a combination of IL-4 and IL-10 in a
murine collagen-induced arthritis (CIA) model compared to treatment with either
cytokine alone. In accordance with an anti-inflammatory role for IL-10 in RA,
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Greenhill et al. have observed exacerbated disease in IL-10 knock-out AIA mice and
IL-10 was found to negatively regulate synovial expression of components of the
NLRP3 (Nacht, leucine-rich and pyrin domain containing protein 3) inflammasome
(Greenhill et al., 2014). Activation of the NLRP3 inflammasome leads to Caspase-1
dependent secretion of pro-inflammatory cytokines such as IL-1β (Martinon et al.,
2002).

1.7 Thesis aims and hypotheses
It is well established that components of both the innate and adaptive immune
systems play a key role in driving OA pathogenesis. Additionally, OA associatedinflammation is known to negatively impact tissue engineering strategies for
cartilage repair, such as the use of chodrogenically differentiating MSCs. Therefore,
overexpression of immunomodulatory factors may serve to halt OA progression and
facilitate successful cartilage repair. The overall goal of this thesis was to evaluate
the potential of vIL-10 delivered by adenovirally transduced MSCs, to attenuate
destructive inflammatory processes associated with OA.

The specific aims of each individual chapter were as follows:

Chapter 1

Hypothesis: vIL-10 overexpressed by adenovirally transduced human MSCs
modulates inflammatory processes in vitro associated with OA pathogenesis.
Aim: The aim of this chapter was to develop an optimal strategy for adenoviral
transduction of MSCs and to achieve efficient transduction and overexpression of
vIL-10. Furthermore, the immunomodulatory potential of vIL-10 protein produced
by transduced MSCs was validated in vitro.

Chapter 2

Hypothesis: vIL-10 overexpressing human MSCs may delay or prevent OA
progression in a murine collagenase-induced OA model.
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Aim: The aim of this chapter was to assess whether AdIL-10 transduced human
MSCs can modulate inflammatory cells implicated in OA pathogenesis, and whether
vIL-10 overexpression may maximise the immunomodulatory potential of MSCs.
Furthermore, the potential of human MSCs overexpressing vIL-10 to alter disease
progression in the OA model was investigated.

Chapter 3

Hypothesis: M1-polarised macrophages mediate the previously shown antichondrogenic effects of OA synovium on MSC chondrogenesis.

Aim: The objectives of this chapter were to assess whether the inhibition of MSC
chondrogenesis by OA synovium is due to synovial macrophages and elucidate what
role macrophage phenotype plays in this effect. Furthermore, the potential of vIL-10
to modulate macrophage phenotype and attenuate the anti-chondrogenic effect of OA
synovium was evaluated.
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CHAPTER 2

ESTABLISHMENT OF OPTIMAL
CONDITIONS FOR CONSTITUTIVE OR
INDUCIBLE vIL-10 OVEREXPRESSION BY
MSCs
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2.1 Introduction
Although OA is typically characterised by loss or damage to articular cartilage,
inflammation of the synovial membrane is a prevalent feature believed to contribute
to both symptoms and disease progression. Thickening of the synovial membrane
has been identified in patients with early stage OA, and increased vascular density
and cellular infiltration of the synovium is a prominent feature of disease
pathogenesis (Fernandezmadrid et al., 1995, Pessler et al., 2008b). Macrophages
localised to the synovial lining are primary mediators of inflammation in the joint,
responsible for the production of pro-inflammatory cytokines such as TNF-α and IL1β which can induce destructive processes in neighbouring cartilage (Smith, 2011,
Legendre et al., 2003, Westacott et al., 2000, Johnson et al., 2001). Therefore, antiinflammatory protein delivery may serve as a favourable strategy to target activated
immune cells to modulate the pro-inflammatory environment present in an
osteoarthritic joint and interfere with the disease process.

As described in chapter 1, IL-10 is a broad spectrum anti-inflammatory cytokine,
capable of suppressing pro-inflammatory mediator production by activated
macrophages (Malefyt et al., 1991a, Hart et al., 1995). The anti-inflammatory and
therapeutic potential of IL-10 has been previously assessed in pre-clinical animal
models of multiple conditions, including rheumatoid arthritis, colitis, pancreatitis
and neuropathic pain (Milligan et al., 2005, Zou et al., 2002, Matsumoto et al., 2014,
Apparailly et al., 1998). Given the short half-life of recombinant IL-10 protein of
approximately 2 hours (Li et al., 1994, Milligan et al., 2005), gene therapy
approaches may provide a favourable strategy for delivery of IL-10 in vivo and
facilitate long term constitutive or inducible protein expression. Intra-articular
injection of adenovirus encoding vIL-10 has been shown to inhibit the development
of CIA (Ma et al., 1998). Furthermore, serum vIL-10 levels were shown by this
group to peak at 3 days post injection (Ma et al., 1998). Due to their ability to
migrate to sites of inflammation and modulate inflammatory processes via paracrine
activity (Sullivan et al., 2013, van Buul et al., 2012), MSCs are considered useful
delivery vehicles for gene therapy approaches. Retrovirally-transduced MSCs
overexpressing IL-10 were shown by Choi et al. to reduce disease severity in a CIA
model (Choi et al., 2008). Additionally, vIL-10 overexpressing MSCs have been
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reported to improve lung function in a lung ischemia–reperfusion injury model
(Manning et al., 2010).

The use of disease-regulated promoters may represent a beneficial strategy to deliver
anti-inflammatory factors for the treatment of OA by limiting the expression of
therapeutic genes to periods of inflammation and avoid potential off-target effects
(van de Loo et al., 2006). The expression of IL-10 under the control of
inflammation-inducible promoters including serum amyloid A3 (Saa3) and MMP13,
has been previously investigated by Vermeij et al. in a streptococcal cell wall
arthritis model. This group found IL-10 overexpression resulted in decreased levels
of synovitis and reduced proteoglycan depletion (Vermeij et al., 2014). Furthermore,
non-viral constructs expressing IL-4 under the control of the promoter for COX-2,
have regulated gene expression following pro-inflammatory stimulation of canine
and equine articular chondrocytes (Rachakonda et al., 2008, Lang et al., 2014). The
COX enzymes, COX-1 and COX-2, are responsible for the catalytic conversion of
arachidonic acid to prostaglandin H2, the rate limiting step in prostaglandin
biosynthesis (Smith et al., 1996). Both enzymes differ in their biological function
and expression pattern. COX-1, which is constitutively expressed, is responsible for
the production of prostaglandins which regulate homeostatic processes, such as
gastric cytoprotection (Starodub et al., 2008, Kargman et al., 1996). The expression
of COX-2, which is induced in response to various pro-inflammatory stimuli,
including IL-1β, TNF-α and LPS (Yang et al., 2008, Feng et al., 1995), plays a role
in inflammation and pain (Seibert et al., 1994).

Inhibition of COX enzyme activity has been employed in the treatment and
management of OA, through the use of NSAIDS which function in part through
inhibiting COX-2 and microsomal prostaglandin E synthase-1 (mPGES-1)
expression, key steps in the production of PGE2 (Alvarez-Soria et al., 2008). The
lipid mediator PGE2 is known to mediate inflammation through increasing vascular
permeability and inducing edema, and is associated with inflammatory pain
(Morimoto et al., 2014, Trebino et al., 2003). PGE2 has been identified as the most
abundant prostaglandin detected in OA synovial fluid (Egg, 1984), and inhibition of
COX-2 activity and subsequent PGE2 production is associated with a decrease in
inflammation, pain and cartilage degradation in OA tissues (Bensen et al., 1999,
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Hardy et al., 2002). COX-2 gene expression is upregulated in immune cells such as
macrophages in response to pro-inflammatory stimuli, and is induced following IL1β stimulation of human OA tissues ex vivo, including synovial membrane, meniscus
and osteophytic fibrocartilage explants (Huang et al., 2000, Hardy et al., 2002).
Interestingly, a role for COX-2 and PGE2 has been identified in MSC-mediated
immunosuppression (Duffy et al., 2011), and MSCs have been shown to upregulate
COX-2 gene expression in response to pro-inflammatory cues, including culture with
activated peripheral blood mononuclear cells (PBMCs) or stimulation with toll-like
receptor 3 ligands (Crop et al., 2010, Zhao et al., 2014).

The current chapter tests the hypothesis that vIL-10 overexpressed by adenovirally
transduced human MSCs modulates inflammatory processes in vitro associated with
OA pathogenesis. The aims of this chapter were to develop an optimal strategy for
adenoviral transduction of MSCs and to achieve efficient transduction and
overexpression of the anti-inflammatory factor vIL-10. Furthermore, the potential to
achieve inducible vIL-10 overexpression by MSCs in a disease-responsive manner
was investigated utilising an adenoviral construct containing a COX-2 promoter
driving the overexpression of vIL-10. Finally, the immunomodulatory potential of
vIL-10 protein produced by transduced MSCs was validated in vitro.
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2.2 Materials and Methods

2.2.1 Experimental design
The current study tests the hypothesis that human MSCs are efficient at
overexpressing vIL-10 following adenoviral transduction, which can modulate
inflammatory processes in vitro. Independent variables include viral multiplicity of
infection (MOI) used to transduce MSCs and transduction method. Dependent
variables measured include vIL-10 release levels, cell viability and inflammatory
mediator expression by activated monocytes following treatment with medium
harvested from vIL-10 overexpressing MSCs. Untransduced and AdNull transduced
MSCs were included as experimental control groups.

2.2.2 Isolation and culture of human MSCs

MSCs were isolated from heparinised bone marrow aspirates taken from the iliac
crest of healthy volunteers with informed consent. All procedures for the collection
of bone marrow were approved by the Clinical Research Ethical Committee at
University College Hospital, Galway, Ireland (reference: 2/08), and the institutional
National University of Ireland Galway Research Ethics Committee (reference:
08/May/14). The isolation of MSCs was performed by Georgina Shaw at REMEDI.
Bone marrow aspirates were diluted 1:1 with Dulbecco’s phosphate buffered saline
(PBS, Gibco) and centrifuged at 900 g for 10 minutes. Following removal of the
supernatant, a sample was taken from the bone marrow suspension for counting; this
was diluted in PBS and added to 4% acetic acid (1:1 ratio) to facilitate erythrocyte
lysis. Primary MSCs were plated at a cell density of 41.48 × 106 to 59.33 × 106 cells
per T-175 flask and expanded in alpha-Minimum Essential Medium (α-MEM,
Invitrogen) supplemented with 10% fetal bovine serum (FBS, Lonza), 1 ng/ml
fibroblast growth factor 2 (FGF-2, R&D systems) and 1% penicillin/streptomycin
(10,000 units/10,000 µg; Gibco). Cultures were maintained at 37 °C with 95%
humidity and 5% CO2 in the same medium for 5 days. Following incubation, nonadherent cells were removed with PBS and fresh medium was added. Primary cells
were passaged following the formation of discrete colonies of MSCs, utilising 0.25%
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trypsin/0.53 mM ethylenediaminete-tetraacetic acid (EDTA) solution (Gibco). MSCs
were used for adenoviral transduction experiments at passage 3.

2.2.3 Adenoviral vector production and titration

Purified adenoviral vectors were provided by Prof. Thomas Ritter at REMEDI, and
Dr. Martina Anton, Technische Universität München. Five different first-generation
adenoviral vectors were used in this study, expressing either green fluorescent
protein (AdGFP), vIL-10 under the control of a constitutive cytomegalovirus (CMV)
promoter (AdIL-10) and empty vector (AdNull), and vIL-10 under the control of a
short (AdCOX2(–327/+59)vIL-10) or long sequence (AdCOX2(–1432/+59)vIL10)
of the COX-2 promoter. All vectors were propagated in the human embryonic
kidney cell line HEK 293, which has been transformed with sheared fragments of
adenovirus type 5 DNA (Graham et al., 1977). Vectors were purified by cesium
chloride density centrifugation and stored at -80 ⁰C. For titration of adenoviral
vectors, a plaque assay was performed. In brief, dilutions of adenovirus ranging from
10-8 to 10-10 were prepared in Dulbecco's Modified Eagle Medium (DMEM, 4500
mg/L

glucose,

Sigma-Aldrich)

supplemented

with

2%

FBS

and

1%

penicillin/streptomycin. 293 cells were cultured in 6 mm tissue culture dishes and
upon reaching 80% confluency, cells were washed with PBS and received the
addition of 1 ml of fresh medium and 1 ml of diluted adenoviral stock. Dishes were
incubated at 37 ⁰C for 90 minutes, with rocking every 15 minutes. Following this
incubation period, adenovirus was removed from the cells and 5 ml of 1.25% low
melting point agarose (Sigma-Aldrich) in medium containing 10% FBS was
overlayed on the cells. Dishes were incubated for two days at 37 ⁰C, and the agarose
overlay was repeated with 3 ml per dish. Plaques were visible 7-10 days after
infection, and viral titre was calculated utilising the following formula: number of
plaques x dilution = plaque forming units (PFU)/ml.
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2.2.4 Adenoviral transduction of MSCs

Adenoviral transduction of MSCs was performed using the previously described
lanthanide-based method (Palmer et al., 2008), or using centrifugal force. To
determine the optimal transduction protocol, 50,000 MSCs were seeded per well of a
12-well plate in MSC expansion medium, 24 hours prior to transduction. For
lanthanide-based transduction, calculated amounts of AdIL-10 or AdGFP were
added to serum-free α-MEM medium to generate a final multiplicity of infection
(MOI) ranging from 10-100, with MOI representing the number of viral particles per
target cell. Lanthanum chloride (LaCl3, Sigma-Aldrich) was dissolved in deionised
water to generate a 0.4 M stock solution which was stored at 4 ⁰C. A 0.04 mM LaCl3
working solution was generated following the addition of an appropriate volume of
0.4 M stock to serum-free medium. An equal volume of 0.04 mM LaCl3 solution was
added to the virus containing serum-free medium, mixed gently and incubated at
room temperature for 30 minutes. After complex formation, MSCs were incubated
with the LaCl3 and virus mixture for 3 hours, following which the virus was removed
and cells were washed twice with serum-containing medium. For centrifugationbased transduction, calculated amounts of AdGFP or AdIL-10 were added to MSC
expansion medium to generate a final MOI of 100 and added to each well. MSCs
were centrifuged at 2,000 g for 90 minutes at 37 ⁰C. Following centrifugation, MSCs
were washed twice and culture medium was refreshed.

Conditioned medium (CM) from AdIL-10 transduced cells was harvested at 24, 48
and 72 hours post-transduction for quantification of vIL-10 production. Medium was
centrifuged, stored at -80 ⁰C and not subjected to more than one freeze thaw cycle.
AdGFP transduced cells were harvested at 72 hours post-transduction, and
transduction efficiency was assessed by flow cytometric analysis using a BD
FACSCantoTM (BD Biosciences). Cell viability post-transduction was assessed
following propidium iodide (PI; BD Biosciences) staining of transduced cells at 72
hours, and subsequent flow cytometric analysis.
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2.2.5 MSC transduction using COX-2promoter inducible vectors

Transduction of MSCs with COX-2 promoter-inducible vectors, AdCOX2(–
1432/+59)vIL10 and AdCOX2(–327/+59)vIL-10, was performed utilising LaCl3based transduction at a viral MOI of 100, as previously described. To induce gene
expression, transduced cells were stimulated with recombinant human TNF-α (50
ng/ml) and IL-1β (100 ng/ml) (Peprotech), and medium was refreshed every 24
hours. Culture medium from AdIL-10 transduced cells was harvested at 24, 48 and
72 hours post transduction for quantification of vIL-10 production. Medium was
centrifuged, stored at -80 ⁰C and not subjected to more than one freeze thaw cycle.

2.2.6 Cytokine assays

Commercially available enzyme-linked immunosorbent assay (ELISA) kits were
used to determine the concentration of TNF-α and IL-6 in monocyte culture medium,
as per the manufacturer’s instructions (R&D systems). In brief, 96-well flat-bottom
plates were coated with 100 µl of 2.0 µg/ml mouse anti-human IL-6 or 4.0 µg/ml
mouse anti-human TNF-α capture antibody diluted in PBS, and incubated overnight
at room temperature. Plates were washed 3 times with wash buffer consisting of
0.05% Tween-20 in PBS (Sigma-Aldrich), and blocked with reagent diluent
composed of 1% bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 1 hour at
room temperature. Following blocking, plates were washed 3 times and 100 µl of
sample or standard was added for 2 hours at room temperature. Following sample
incubation, plates were washed 3 times and 100 µl of 50 ng/ml biotinylated goat
anti-human IL-6 or 500 ng/ml biotinylated goat anti-human TNF-α diluted in reagent
diluent was added. Following a 2 hour incubation, plates were washed 3 times and
100 µl of Streptavidin-horseradish peroxidase (HRP, R&D Systems) diluted 1:200 in
reagent diluent, was added. Plates were incubated for 20 minutes, followed by 3
washes and the addition of 100 μl of substrate solution composed of a 1:1 mixture of
Colour Reagent A (H2O2) and Colour Reagent B (Tetramethylbenzidine) (R&D
Systems) for an additional 20 minutes. 50 µl of stop solution (2 N H2SO4) was added
to each well, and optical density was determined using a Varioscan™ Flash
microplate reader (Thermo Scientific) set to 450nm.
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For the quantification of vIL-10 levels in CM harvested from transduced MSCs, 96well plates were coated overnight at room temperature with 100 µl of 0.5 µg/ml
capture antibody (purified rat anti-human and viral IL-10; 0.5 mg/ml; BD
Biosciences) diluted in PBS. Plates were washed 3 times with wash buffer composed
of 0.05% Tween- 20 in PBS, and then blocked with reagent diluent consisting of 1%
BSA in PBS, for 1 hour at room temperature (All Sigma-Aldrich). Recombinant
Epstein-Barr virus (EBV) IL-10 (R&D systems) was diluted in reagent diluent to
generate a 7-point standard curve, consisting of a series of two-fold dilutions,
ranging in concentrations form 1 ng/ml to 0.015 ng/ml. Following removal of the
blocking buffer, plates were washed 3 times and 100 µl of sample or standard was
added to each well and left to incubate for 2 hours at room temperature. Following
sample incubation, plates were washed 3 times and 100 µL of 0.5 µg/ml detection
antibody (Biotinylated rat anti-human and viral IL-10; 0.5 mg/ml, BD Biosciences)
diluted in reagent diluent was added to each well. Colour development and optical
density values were determined as previously described.

2.2.7 Culture of THP-1 monocytes

The human monocyte cell line THP-1 was purchased from the European Collection
of Cell Cultures (ECACC). Monocytes were cultured in RPMI 1640 medium
(Gibco) supplemented with 10% FBS, 2 mM L-Glutamine (Gibco) and 1%
penicillin/streptomycin, and cultures were maintained at 3-8 x 100,000 cells/ml. To
examine the immunosuppressive potential of AdIL-10-transduced MSC CM,
monocytes were seeded at a cell density of 200,000 cells per well of a 12-well plate
and stimulated with 0.5 ng/ml LPS (0111:B4; Sigma-Aldrich), with or without the
addition of AdIL-10-transduced MSC CM, diluted to a final vIL-10 concentration of
100 ng/ml. Cell supernatants were harvested at 2, 4, 6 and 12 hours post-stimulation,
aliquoted and stored at – 80 ⁰C.

2.2.8 Isolation and culture of CD14+ human monocytes
Whole blood was isolated from 3 healthy male donors (aged 26 ± 1 years; mean ±
SD), and PBMCs were isolated by Ficoll density gradient centrifugation. Whole
44

blood was diluted (1:4) in buffer consisting of PBS supplemented with 2 mM EDTA
(Sigma-Aldrich), and 35 ml of diluted cell suspension was added on top of 15 ml of
Ficoll-Paque (GE healthcare). The cells were separated by density gradient
centrifugation at 400 g for 40 minutes with the brake off, following which the
interphase was removed, washed with buffer and centrifuged at 300 g for 10
minutes. Platelets were removed by resuspending the resulting cell pellet in 50 ml of
buffer, centrifugation at 200 g for 15 minutes and removal of supernatant. Following
platelet removal, cells were resuspended in 160 µl of buffer composed of PBS
supplemented with 0.5% BSA and 2 mM EDTA, and 40 µl of anti-CD14+ magnetic
bead solution (CD14 microbeads human, Miltenyi Biotec, Bergisch Gladbach,
Germany) for 15 minutes in the dark at 4 oC. Monocytes were separated from
PBMCs by magnetic activated cell sorting (MACS, MACS Separation columns MS
and MidiMACS™ Separator, Miltenyi Biotec). Monocytes were seeded at a cell
density of 200,000 cells per well of a 12-well plate and cultured in RPMI 1640
medium

supplemented

with

10%

FBS,

2

mM

L-Glutamine

and

1%

penicillin/streptomycin.

To examine the immunomodulatory potential of AdIL-10-transduced MSC CM on
activated monocytes, monocytes were stimulated with 0.5 ng/ml LPS, with or
without the addition of AdIL-10-transduced MSC CM, diluted to a final vIL-10
concentration of 100 ng/ml. Equivalent quantities of AdNull or untransduced MSC
CM were added as controls. Monocytes were stimulated for 48 hours, following
which cells were harvested for gene expression analysis, and cell supernatants were
centrifuged and stored at -80 ⁰C.

2.2.9 Gene expression analyses of MSCs and monocytes

2.2.9.1 RNA isolation

Transduced MSCs and peripheral blood monocytes were lysed directly in the tissue
culture well, following the addition of 1 ml of TRI reagent (Sigma-Aldrich) per 10
cm2 surface area. The resulting cell lysate was triturated by repeated pipetting. THP1 monocytes were centrifuged at 400 g for 5 minutes, and the resulting cell pellet
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resuspended in 500 µl of TRI reagent. Samples were stored at -80 ⁰C until required.
Upon thawing, samples were allowed to stand at room temperature for 5 minutes,
following which 100 µl of 1-bromo-3-chloropropane (Sigma-Aldrich) was added to
the sample per ml of TRI reagent used. Samples were vortexed and allowed to stand
at room temperature for 15 minutes, followed by centrifugation at 12,000 g for 15
minutes at 4 ⁰C. The upper aqueous phase was transferred to a fresh tube, mixed
with 500 µl of 2-propanol (Sigma-Aldrich) per ml of TRI reagent used, and
centrifuged at 12,000 g for 10 minutes at 4 ⁰C. After centrifugation, the supernatant
was removed and the RNA pellet was washed in 75% Ethanol (Sigma-Aldrich).
Samples were then vortexed and centrifuged at 7,500 g for 5 minutes at 4 ⁰C.
Following removal of supernatant, the RNA pellet was allowed to air dry and mixed
by pipetting with 40 µl of nuclease-free water. Nucleic acid content was determined
spectrophotometrically using a NanoDrop ND1000 spectrophotometer at 260 and
280 nm.

2.2.9.2 First strand cDNA synthesis

cDNA synthesis was performed using the Improm II Reverse Transcription System
(Promega). In brief, 200 ng of RNA stock was added to nuclease-free water to yield
a final volume of 9.6 µl, followed by the addition of 1 µl of random primers (0.5
µg/µl). Samples were heated to 70 °C for 5 minutes, chilled to 4 °C for 5 minutes
and stored on ice. To facilitate reverse transcription, the following components were
added to each reaction, giving a final volume of 20 µl: 4 µl of ImProm-II™ 5X
Reaction Buffer, 1 µl of Recombinant RNasin® Ribonuclease Inhibitor (20 U/ml), 1
µl dNTPs (0.5 mM), 2.4 µl of MgCl2 (3 mM) and 1 µl ImProm-II™ Reverse
Transcriptase enzyme (200U/µl). First strand cDNA synthesis was performed by
incubating the samples at 25 ⁰C for 5 minutes, 42 ⁰C for 60 minutes, 70 ⁰C for 15
minutes and cooling to 4 ⁰C. Newly synthesised cDNA was stored at -20 ⁰C until
required.

2.2.9.3 Quantitative Real-Time polymerase chain reaction (qRT-PCR)
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qRT-PCR was performed in 20 µL reactions on cDNA using the LightCycler® 480
System (Roche) utilising RealTime ready catalogue assays (Roche), consisting of
gene specific primers, FAM-labelled hydrolysis probe, and LightCycler® 480
Probes Master (Roche). Gene expression of Prostaglandin-Endoperoxide Synthase 2
(PTGS2) was assessed in cytokine stimulated MSCs to confirm the induction of
COX-2 in transduced cells. Gene expression levels of IL-6, PTGS2, CCL1, TNF-α
and IL-10 were evaluated to assess the inflammatory state of monocytes (Hart et al.,
1989, Sabbatucci et al., 2011, Hinz et al., 2000, te Velde et al., 1990, Foey et al.,
1998). Primer pairs and probes were used to determine the transcript levels of genes
of interest as described in table 2.1. The amplification conditions were as follows: 95
⁰C for 10 minutes, 45 cycles of 95 ⁰C for 10 seconds, 60 ⁰C for 30 seconds and 72
⁰C for 1 second. Gene expression levels were normalised to Glyceraldehyde-3phosphate dehydrogenase (GAPDH) and relative expression was calculated using the
2-ΔCT method (2-(CT gene of interest – CT internal control)) (Schmittgen and Livak, 2008).

Table 2.1. Forward (Fw) and reverse (Rv) primers for genes of interest
Gene
GAPDH
PTGS2
CCL1
IL-6

Primer sequence (5’-3’)
CTCTGCTCCTCCTGTTCGAC
ACGACCAAATCCGTTGACTC

Fw
Rv
Fw
Rv
Fw
Rv
Fw
Rv

CGCTCAGCCATACAGCAA
TCATACATACACCTCGGTTTTGA
ATTGTGGGCTCTGGAAACC
GGGCAGAAGGAATGGTGTAG
ACCGGGAACGAAAGAGAAG
GAAGGCAACTGGACCGAAG

TNF-α

Fw
Rv

TCCTCACCCACACCATCAG
GATGGCAGAGAGGAGGTTGA

IL-10

Fw
Rv

CTGCCTAACATGCTTCGAGA
GTCCAGCTGATCCTTCATTTG

2.2.10 Statistical analysis

Statistical analysis was performed using a one-way or two-way ANOVA, or a
Student’s t test utilising GraphPad Prism software, version 5. For all analyses,
differences were considered statistically significant at p<0.05.
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2.3 Results
2.3.1 Adenoviral transduction of MSCs using LaCl3 yields high transduction
efficiency with low cell death in a reproducible manner

Viral titres achieved for adenoviral stocks were 2 x 1010 PFU/ml for AdIL-10, 2 x
1011 PFU/ml for AdGFP and 1 x 1010 PFU/ml for AdNull, as determined by a plaque
assay. To identify an optimal protocol for the adenoviral transduction of MSCs, cells
were transduced with AdGFP or AdIL-10 at an MOI 100 utilising LaCl3 or
centrifugation-based transduction protocols. The effect of both methods on
transduction efficiency and cell viability of MSCs using a high viral MOI were
directly compared by flow cytometric analysis and staining of transduced cells with
the viability dye PI. Transduction of MSCs with AdGFP utilising LaCl3 yielded 86 ±
2.2 % GFP positive cells, compared to transduction using the centrifugation-based
protocol which produced 76.9 ± 15.4 % GFP positive cells (Fig 2.1 B). Although
there was no significant difference between both methods (p=0.287), less variation
was observed between biological replicates utilising LaCl3. Furthermore, a trend
towards increased cell viability was achieved with the LaCl3 protocol compared to
centrifugation as determined by PI staining and flow cytometric analysis of
transduced cells, however this finding was not significant (9.52 ± 3.95 % cell death
with LaCl3; 20.02 ± 19.9 with centrifugation; p=0.335) (Fig 2.1 C). Additionally, a
lower rate of cell death was observed following transduction of MSCs with AdIL-10
at MOI 100 compared to AdGFP with both transduction methods (7.69 ± 4.14 % cell
death with LaCl3; 2.2 ± 1.94 with centrifugation; p=0.053) (Fig 2.1 C).
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Figure 2.1. LaCl3-based transduction generates high adenoviral transduction efficiency of MSC.
(A) Representative image of the gating strategy applied to determine cell viability and GFP
expression following LaCl3 and centrifugation-based transduction of MSCs, utilising AdGFP or
AdIL-10 at viral MOI 100. (B) Percentage of GFP expressing cells as determined by flow cytometric
analysis of MSCs transduced with AdGFP, using centrifugation (Spin) or LaCl 3 based methods. (C)
Percentage cell death as detected by PI staining and flow cytometric analysis of MSCs transduced
with AdGFP or AdIL-10, using LaCl3 or centrifugation (Spin) based transduction methods. Values
represent the mean ± standard deviation (SD) of 4 MSC donors. Statistical significance was
determined by an unpaired student’s t-test.
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2.3.2 LaCl3 based transduction of MSCs produces high transduction efficiency
at a range of viral MOI

To evaluate the efficiency of LaCl3-based transduction of MSCs at lower viral MOI,
MSCs were transduced with AdGFP or AdIL-10 at MOI 10, 25, 50 and 100.
Following flow cytometric analysis of AdGFP transduced cells at 48 hours posttransduction, 44.3% ± 29.7% GFP positive cells were detected at the lowest viral
MOI of 10 (Fig. 2.2 B). Additionally, significantly higher levels of GFP expressing
cells were detected at MOI 25 and 50 (65.6 ± 25.6% and 80.3 ± 16%, respectively)
compared to the untransduced control (Fig. 2.2 B), confirming the high efficiency of
this transduction protocol at a wide range of viral doses. Transduction of MSCs with
AdIL-10 resulted in vIL-10 release by cells transduced at each MOI, as detected by
ELISA analysis of cell culture supernatant. Furthermore, vIL-10 was produced by
transduced MSCs in a dose and time-dependent manner, with vIL-10 release levels
reaching a maximum at 72 hours post-transduction, following transduction at MOI
100 (Fig. 2.2 C).
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Figure 2.2. LaCl3-based transduction of MSCs produces high transduction efficiency at a range
of viral MOI. (A) Representative images of MSCs transduced with AdGFP at MOI 10, 25, 50 and
100 utilising LaCl3. (B) Flow cytometric quantification of GFP expressing MSCs, at 48 hours posttransduction with AdGFP utilising LaCl3. (C) vIL-10 levels in supernatant harvested from MSCs
transduced with AdIL-10 at MOI 10, 25, 50 and 100, utilising LaCl3, as quantified by ELISA.
Medium was harvested at 24, 48 and 72 hours post-transduction. MOI 100 was identified as the
optimal MOI for efficient vIL-10 overexpression by MSCs. Values represent the mean ± SD of 3
MSC donors. Statistical significance was determined by One-way or Two-way ANOVA, followed by
a Bonferroni multiple comparison test. *= p<0.05, **= p<0.01, compared to untransduced MSCs.
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2.3.3 Identification of optimal inducers of COX-2 gene expression by MSCs
Having confirmed the high capacity of MSCs transduced in the presence of LaCl3 for
efficient transgene overexpression, the next step was to assess the functionality of
COX-2 promoter driven vectors for inducible vIL-10 production by transduced
MSCs. IL-1β and TNF-α have been previously identified as inducers of COX-2 gene
expression by mouse MSCs (Yang et al., 2008). To initially validate whether this
cytokine combination could induce COX-2 (PTGS2) gene expression by human
MSCs, untransduced cells were stimulated with 100 ng/ml IL-1β and 50 ng/ml TNFα for 24 hours. Stimulation of MSCs with this cytokine combination significantly
upregulated PTGS2 gene expression levels compared to unstimulated MSCs (11.8
fold increase, p=0.0026), confirming that induction of COX-2 gene expression by
human MSCs in response to TNF-α and IL-1 β is functional (Fig. 2.3 A).

2.3.4 COX-2 promoter driven vectors are not functional at regulating vIL-10
release by transduced MSCs in response to cytokine stimulation

To assess whether inducible vIL-10 expression by adenovirally transduced MSCs
could be achieved in vitro, two different lengths of the COX-2 promoter were
investigated, containing nucleotides –1432/+59 (AdCOX2(–1432/+59)vIL10) and –
327/+59 (AdCOX2(–3272/+59)vIL-10). MSCs were transduced with AdCOX2(–
327/+59)vIL10,

AdCOX2(–1432/+59)vIL-10

or

AdIL-10,

containing

the

constitutive CMV promoter, at MOI 100 in the presence of LaCl 3. For induction of
COX-2 promoter activity, MSCs were stimulated with 50 ng/ml TNF-α and 100
ng/ml IL-1β at 48 hours post-transduction. Cell supernatants were harvested at 24
hours post-cytokine stimulation for analysis of vIL-10 production by ELISA. No
vIL-10 was detected in cell culture supernatants harvested from untransduced MSCs,
irrespective of pro-inflammatory cytokine stimulation. However, increased vIL-10
levels were detected in supernatants harvested from both unstimulated and cytokine
stimulated cells transduced with COX-2 promoter driven vIL-10 vectors (Fig.2.3 B).
It was also noted that significantly higher vIL-10 levels were detected in supernatant
harvested from cytokine stimulated AdIL-10 transduced MSCs compared to
unstimulated (p<0.001).
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Figure 2.3. COX-2 promoter inducible vectors are not functional at regulating vIL-10 release by
MSCs in response to pro-inflammatory stimuli. (A) Gene expression analysis of PTGS2 following
stimulation of untransduced MSCs with TNF-α and IL-1β for 24 hours. Values represent the mean ±
SD of 4 MSC donors. Statistical significance was determined by an unpaired student’s t test, **
=p<0.01. (B) vIL-10 levels in supernatants harvested from MSCs transduced with AdCOX2(–
327/+59)vIL10, AdCOX2(–1432/+59)vIL-10 or AdIL-10 at MOI 100 utilising LaCl3, as quantified by
ELISA. Medium was harvested at 72 hours post-transduction. Values represent the mean ± SD of 3
MSC donors. Statistical significance was determined by Two-way ANOVA with Bonferroni multiple
comparison test. *** = p<0.001, unstimulated AdIL-10 transduced MSCs versus TNF-α and IL-1β
stimulated AdIL-10 transduced MSCs.
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2.3.5 Adenoviral transduction does not affect COX-2 gene expression by MSCs

To further investigate whether activation of the COX-2 promoter following
adenoviral transduction of MSCs was responsible for this observed unregulated
release of vIL-10 in the absence of pro-inflammatory stimuli, COX-2 gene
expression and corresponding vIL-10 release profiles by transduced MSCs were
assessed. Given that the COX-2 promoter sequence containing nucleotides -327/+59
has been previously shown to contain the 5’ flanking region of the COX-2 gene and
functions as an inducible promoter in response to pro-inflammatory stimuli (Inoue et
al., 1995), the vector containing this promoter sequence was selected for further
investigation. At day1 post-transduction, negligible levels of COX-2 gene expression
were detected in both untransduced and AdCOX2(–327/+59)vIL10 transduced
MSCs (Fig 2.4 A). Following addition of TNF-α and IL-1β, COX-2 levels increased
compared to unstimulated MSCs indicating that COX-2 induction in response to proinflammatory stimuli was functional, although large donor variation was observed.
However, by day 7 post transduction, COX-2 levels had returned to baseline in the
absence of pro-inflammatory stimuli. Re-stimulation of MSCs with proinflammatory cytokines at day 7 resulted in a trend towards increased COX-2 gene
expression. No vIL-10 was detected in supernatants from untransduced MSCs
throughout the culture period, regardless of cytokine stimulation. However, vIL-10
was detected in supernatants from both unstimulated and cytokine stimulated
AdCOX2(–327/+59)vIL10 transduced cells with no significant difference in vIL-10
levels between both groups (Fig. 2.4 B). Furthermore, this pattern of vIL-10
production did not mirror COX-2 gene expression levels by unstimulated and
stimulated transduced cells, indicating that induction of COX-2 gene expression in
unstimulated cells following adenoviral transduction was not directly responsible for
the unregulated overexpression of vIL-10 by transduced MSCs.
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Figure 2.4. Adenoviral transduction does not affect COX-2 gene levels in MSCs. (A) PTGS2 gene
expression by untransduced and AdCOX2(–327/+59)vIL10 transduced MSCs, with and without the
addition of TNF-α and IL-1β over a 9 day culture period. (B) vIL-10 release by untransduced and
AdCOX2(–327/+59)vIL10 transduced MSCs over a 9 day culture period, with and without TNF-α
and IL-1β stimulation.Values represent the mean ± SD of 3 MSC donors. Statistical significance was
determined by Two-way ANOVA with Bonferroni multiple comparison test.
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2.3.6 vIL-10 produced by AdIL-10 transduced MSCs suppresses TNF-α
production by LPS-activated THP-1 monocytes

Given that COX-2 promoter driven vectors were not efficient at regulating vIL-10
overexpression by human MSCs, AdIL-10 containing a constitutive CMV promoter
was selected for further in vitro mechanistic analysis. To evaluate whether vIL-10
produced by AdIL-10 transduced MSCs was biologically functional and possessed
immunomodulatory activity, a model system was established using the human
monocyte cell line THP-1. THP-1 monocytes were stimulated with 0.5, 1, 2.5 and 5
ng/ml LPS to validate their response to pro-inflammatory stimuli. Morphological
changes were evident following treatment of monocytes with LPS at each
concentration. Stimulated monocytes became adherent to tissue culture plastic and
were associated with filopodia, characteristic of macrophage morphology (Barland et
al., 1962) (Fig. 2.5 A). Furthermore, monocytes characteristically secreted TNF-α
when stimulated with LPS, in a dose-dependent manner (Fig. 2.5 B).

Having confirmed the suitability of this model to evaluate the immunomodulatory
potential of vIL-10, monocytes were co-stimulated with 0.5 ng/ml LPS and AdIL-10
transduced MSC CM, diluted to final vIL-10 concentrations of 1, 10 or 100 ng/ml.
Treatment of LPS-activated monocytes with 100 ng/ml vIL-10 showed a trend
towards decreased TNF-α production over a 12 hour culture period compared to
untreated LPS-activated monocytes. Furthermore, treatment with 100 ng/ml vIL-10
significantly decreased TNF-α production by LPS-stimulated monocytes 6 hours
post activation (p<0.05), at which time point TNF-α levels had reached a maximum
value throughout the time course (Fig. 2.5 C). Treatment of LPS-activated
monocytes with 1 or 10 ng/ml vIL-10 did not significantly reduce the production of
this pro-inflammatory cytokine.
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Figure 2.5. vIL-10 produced by AdIL-10 transduced MSCs suppresses TNF-α production by
LPS-activated THP-1 monocytes. (A) Representative images of THP-1 monocytes 6 hours poststimulation with 0.5, 1, 2.5 or 5 ng/ml LPS. Scale bar indicates 50 µm. (B) TNF-α production by LPSactivated monocytes as quantified by ELISA. Cell culture supernatants were harvested at 6 hours
post-stimulation. Values represent the mean ± SD of 3 experimental replicates. (C) TNF-α production
by monocytes co-stimulated with 0.5 ng/ml LPS and AdIL-10 transduced MSC CM, diluted to final
vIL-10 concentrations of 1, 10 or 100 ng/ml. Values represent the mean ± SD of 3 experimental
replicates. Statistical significance was determined by One-way ANOVA with Bonferroni multiple
comparison test, * = p<0.05.
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2.3.7 vIL-10 produced by AdIL-10 transduced MSCs modulates proinflammatory phenotype of LPS-activated primary monocytes

Having confirmed immunosuppressive activity of vIL-10 on TNF-α production by
LPS-activated THP-1 cells, the next step of this investigation was to confirm
modulatory activity of vIL-10 on pro-inflammatory primary human monocytes.
PBMCs were isolated from healthy donors, and CD14+ cells were positively
selected by MACS separation with an average purity of 94.8 ± 0.5% (Fig. 2.6 A).
Isolated CD14+ monocytes were activated with 0.5 ng/ml LPS and cultured with CM
from AdIL-10 transduced MSCs, diluted to a final vIL-10 concentration of 100
ng/ml for 48 hours. An equal volume of CM from AdNull or untransduced MSCs
was included as controls. LPS-activation of monocytes induced cell adhesion to
tissue culture plastic, irrespective of treatment with AdNull or untransduced MSC
CM (Fig. 2.6 B). However, morphology of AdIL-10 CM treated cells closely
resembled that of unstimulated monocytes. LPS stimulation of monocytes
significantly increased gene expression levels of IL-6, CCL1 and PTGS2 (p<0.05 for
IL-6 and PTGS2, p<0.01 for CCL1) at 48 hours post activation (Fig.2.7 A).
Treatment of LPS-activated cells with AdIL-10 CM significantly reduced gene
expression of these pro-inflammatory mediators (p<0.05 for IL-6 and PTGS2, p<0.01
for CCL1). Interestingly, treatment of LPS-activated cells with AdNull and
untransduced MSC CM also attenuated gene expression of CCL1 (p<0.05); this
effect was not observed for IL-6 and PTGS2. No significant difference in TNF-α or
IL-10 gene expression levels were observed between any treatment groups at this
time point. A similar trend was observed at protein levels of IL-6 and TNF-α, as
quantified by ELISA analysis of cell supernatant (Fig.2.7 B).
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Figure 2.7 vIL-10 modulates pro-inflammatory phenotype of LPS-activated primary monocytes.
(A) Inflammatory gene expression of CD14+ monocytes cultured with 0.5 ng/ml LPS and AdIL-10,
AdNull or untransduced (UT) MSC CM for 48 hours. (B) Inflammatory mediator production by LPS
and CM-treated monocytes at 48 hours post-stimulation. Values represent the mean ± SD of
biological triplicates, statistical significance was determined by One-way ANOVA with Bonferroni's
multiple comparison test. *=p<0.05, **=p<0.01, ***=p<0.001.

2.4 Discussion

The delivery of vIL-10 utilising genetically modified MSCs and the use of diseaseregulated vectors for anti-inflammatory factor expression has been described previously
using models of rheumatoid arthritis (Choi et al., 2008, Vermeij et al., 2014). However,
the potential of vIL-10 to modulate inflammatory processes associated with OA
pathogenesis has not yet been described in the literature. Additionally, the potential of
COX-2 promoter-driven vectors to regulate vIL-10 overexpression by genetically
modified human MSCs remains to be seen. The findings of this chapter identify a highly
efficient protocol for adenoviral transduction of human MSCs, facilitating abundant
vIL-10 overexpression. COX-2 inducible vectors were found to be inefficient at
regulating vIL-10 production by transduced MSCs in response to pro-inflammatory
stimuli. However, vIL-10 produced by CMV promoter vector transduced MSCs was
biologically functional and had the ability to modulate the pro-inflammatory phenotype
of activated monocytes in vitro.

One of the main aims of this chapter was to test the hypothesis that modulation of OAassociated inflammatory processes can be achieved through overexpressing vIL-10 by
MSCs. The first step in achieving this was to establish an efficient and reproducible
protocol for adenoviral transduction of MSCs. Adenoviral vectors are considered
promising tools for gene therapy applications to achieve transient expression of
therapeutic factors, due to ease of manufacturing, their inability to integrate in to the
host genome and capacity to transduce quiescent cells (Ehrhardt et al., 2003, Kovesdi et
al., 1997). Furthermore, MSCs are susceptible to adenoviral transduction, although
efficiency decreases following lineage-specific differentiation (Hung et al., 2004). The
addition of centrifugal force or co-incubation with LaCl3 has been shown previously to
increase transgene expression, compared to co-incubation of cells with adenovirus alone
(Harui et al., 2006, Palmer et al., 2008), but the efficiency of both methods with human
MSCs has not been compared. In the present study, the efficiency of centrifugation and
LaCl3-based transduction of MSCs were directly compared using AdGFP and AdIL-10
containing a constitutive CMV promoter. The LaCl3 method was found to be optimal for
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adenoviral transduction of MSCs over centrifugation, resulting in enhanced transgene
expression and high reproducibility.

Having optimised a protocol for efficient adenoviral transduction, the next step was to
investigate whether COX-2 inducible vectors could regulate vIL-10 expression by
transduced MSCs. COX-2 promoter-driven vectors have been shown to have
functionality in canine and equine chondrocytes, bovine arterial endothelial cells and
human colorectal cancer cells (Rachakonda et al., 2008, Lang et al., 2014, Wang et al.,
2009, Inoue et al., 1995). However, functionality with human MSCs has not been
published to date. Treatment of MSCs with 50 ng/ml TNF-α and 100 ng/ml IL-1β
successfully induced COX-2 gene expression, indicating that induction of the COX-2
promoter was functional in the cells. This cytokine combination has been previously
reported to induce IL-4 expression under the control of a COX-2 promoter in canine
articular chondrocytes (Rachakonda et al., 2008). Furthermore, Yang et al. have
identified this cytokine cocktail as inducers of COX-2 activity in mouse MSCs (Yang et
al., 2008).

Transduction of MSCs with COX-2-inducible vectors containing either a long (1432/+59) or short (-327/+59) promoter sequence resulted in vIL-10 production,
irrespective of cytokine stimulation. This data indicated that COX-2 promoter vectors
were not functional at regulating vIL-10 expression in a human MSC setting. Inoue et
al. have shown that the functional promoter region of human PTGS2 is located within
nucleotide sequence -327/+59, and contains consensus sequences for the cyclic AMP
response element (CRE), nuclear factor for IL-6 expression and nuclear factor-kappa B
(NF-kB) (Inoue et al., 1994). Furthermore, the CRE consensus sequence has been
identified as a key regulator of promoter activity (Inoue et al., 1994). NF-kB-mediated
induction of COX-2 activity by MSCs has been previously described, resulting in PGE2
production and paracrine immunomodualtory effects (Nemeth et al., 2009).
Furthermore, COX-2 is required for BMP-9-induced osteogenic differentiation of MSCs
(Wang et al., 2013). Interestingly, MSCs have been reported to constitutively produce
PGE2 which has been proposed to play a role in regulating MSC proliferation
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(Kleiveland et al., 2008). Whether constitutive baseline activation of COX-2 and
subsequent PGE2 production during MSC growth may be a factor contributing to vIL10 production in the absence of pro-inflammatory stimuli as observed in this study,
requires further investigation.

To investigate whether endogenous signalling events post-adenoviral transduction of
MSCs may have resulted in COX-2 promoter activation, COX-2 gene expression and
vIL-10 release levels by untransduced and AdCOX2(-327/+59)vIL10 transduced MSCs
were analysed over 9 days. COX-2 levels increased following pro-inflammatory
cytokine stimulation of MSCs, but returned to baseline upon removal of stimuli.
Furthermore, vIL-10 was overexpressed by AdCOX2(-327/+59)vIL10 transduced MSCs
independent of cytokine stimulation and upregulation of COX-2. Interestingly, IL-10
has been shown to elicit its anti-inflammatory effect in part through suppressing COX-2
gene expression (Niiro et al., 1995). However in the present study, COX-2 induction by
MSCs in response to pro-inflammatory cytokine stimulation was still functional at day 7
of culture in the presence of vIL-10, indicating that COX-2-inducible promoters used
were not responsive to vIL-10 in vitro.

To determine whether vIL-10 overexpressed by transduced MSCs was biologically
active, the immunomodulatory effect of CM from AdIL-10 transduced MSCs on LPSactivated monocytes was assessed. CD68+ cells have been identified in cellular
infiltrates of osteoarthritic synovium (Pessler et al., 2008c), and elevated levels of the
monocyte chemotactic factor MIP-1β have been detected in the synovial fluid of
patients with OA (Koch et al., 1995). Additionally, expression of monocyte
chemoattractant protein-1 by OA synovial fibroblasts has been shown to induce
migration of monocytes (Liu et al., 2013c). Monocyte-associated inflammatory
mediators such as TNF-α and IL-6 detected in OA synovial fluid can induce catabolic
processes in neighbouring cartilage (McNearney et al., 2004, Doss et al., 2007,
Legendre et al., 2003, Dvir-Ginzberg et al., 2011). CM from AdIL-10 transduced MSCs
significantly reduced TNF-α production by LPS-activated THP-1 monocytes at 6 hours
post-activation, validating that vIL-10 produced by transduced MSCs was biologically
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active. Furthermore, AdIL-10 CM treatment of LPS-activated primary monocytes
reduced IL-6 and PTGS2 gene expression compared to untransduced or AdNull
transduced MSC CM. CCL1 is produced by activated monocytes and is known to play a
role in leukocyte migration (Selvan et al., 1997, Schaerli et al., 2004). AdIL-10 CM also
attenuated CCL1 gene expression in LPS-activated monocytes compared to untreated
cells, however, AdNull and untransduced MSC CM also had an inhibitory effect.
Whether additional immunomodulatory factors produced by MSCs may have impacted
CCL1 expression by activated monocytes requires further elucidation. No effect of LPS
stimulation or CM treatment was observed on TNF-α gene and protein levels at 48 hours
post-stimulation of primary monocytes. However, Agbanoma et al. have reported that
LPS activation of monocytes results in a rapid induction of TNF-α production which
declines after 8 hours post-stimulation, which may explain this finding (Agbanoma et
al., 2012).

The results of this chapter demonstrate that highly efficient adenoviral transduction of
MSCs can be achieved in the presence of LaCl3, resulting in enhanced transgene
expression. COX-2 inducible vectors were found to be inefficient at regulating vIL-10
production by transduced MSCs in response to pro-inflammatory stimuli. However, vIL10 produced by AdIL-10 transduced MSCs is biologically active and can modulate proinflammatory processes by LPS-activated monocytes. These findings support the use of
AdIL-10 transduced MSCs to investigate the potential of vIL-10 to attenuate
inflammation in vivo utilising an OA model.
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CHAPTER 3

IMMUNOMODULATORY ACTIVITY OF
MSCs OVEREXPRESSING vIL-10 DURING
OA PROGRESSION IN MICE
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3.1 Introduction
Although MSCs are traditionally considered a promising cell source for the treatment of
OA due to their chondrogenic differential potential (Yoo et al., 1998), emerging
evidence suggests that the therapeutic potential of MSCs may be attributable to their
paracrine activity (Murphy et al., 2003, Manuguerra-Gagne et al., 2013, Duffy et al.,
2011). MSCs have the ability to polarise pro-inflammatory macrophages towards an
anti-inflammatory phenotype, suppress T cell proliferation, and have been previously
reported to exert anti-inflammatory effects on human osteoarthritic synovium in vitro
(Yang et al., 2009, van Buul et al., 2012, Zhang et al., 2010) As discussed in chapter 1
of this thesis, synovial inflammation is now recognized as a key process leading to the
development of joint pathology in OA. Furthermore, macrophage biomarkers present in
synovial fluid and serum of OA patients have been found to reflect OA progression and
pain, highlighting a key role of inflammation in both OA pathogenesis and symptoms
(Daghestani et al., 2014). Therefore, MSC therapy may serve as a suitable strategy to
suppress OA-associated inflammatory processes within the joint and indirectly attenuate
structural damage.

Intra-articular injection of autologous MSCs in to the knee joints of patients with OA
has been well tolerated and a significant reduction in pain has been observed, with
paracrine anti-inflammatory activity of MSCs postulated to contribute to this outcome
(Emadedin et al., 2012, Davatchi et al., 2011, Orozco et al., 2013). However, MSCs
have not been consistently shown to have a therapeutic effect in pre-clinical models of
OA. Although bone marrow-derived MSCs and ASCs have been reported to halt OA
progression in some animal models (Diekman et al., 2013, ter Huurne et al., 2012),
other groups have not seen an effect of MSC therapy on OA-related damage and
inflammation (van Buul et al., 2014, Kim et al., 2014). However, MSCs have been
successfully used as vehicles in gene therapy approaches for the repair of cartilage
defects in OA (Cao et al., 2011, Glass et al., 2014). Furthermore, MSC-mediated
delivery of immunomodulatory factors, including vIL-10, has maximised the therapeutic
potential of MSCs in RA models (Choi et al., 2008, Liu et al., 2013). Interestingly,
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human MSCs have been reported to enhance meniscal regeneration and prevent OA
progression in rats following hemi-meniscectomy in a comparable manner to syngeneic
MSCs, suggesting that xenogeneic MSCs are suitable cell source to examine therapeutic
mechanisms of action of MSCs (Horie et al., 2012).

In vivo models of OA which incorporate an inflammatory phenotype along with OAassociated structural changes have been described in the literature. The murine
collagenase model of OA is established by intra-articular injection of bacterial
collagenase. This causes damage to collagen type-I containing structures within the
joint, resulting in joint instability (van der Kraan et al., 1990, van Osch et al., 1996, van
Osch et al., 1993). Additionally, collagenase-induced OA is associated with increased
synovial activation compared to other instability-related OA models (van Lent et al.,
2012), and may serve as a suitable model to accurately evaluate the immunomodulatory
potential of human MSCs within an OA joint.

The present study tests the hypothesis that vIL-10 overexpressing human MSCs may
delay or prevent OA progression in a murine collagenase-induced OA model. Although
vIL-10 overexpression by MSCs has been shown previously to alleviate disease severity
in vivo utilising RA models, the potential of this strategy for therapeutic efficacy in OA
remains to be seen (Apparailly et al., 1998, Choi et al., 2008). The main aims of this
chapter were to assess whether AdIL-10 transduced human MSCs can modulate
inflammatory cells implicated in OA pathogenesis, and whether vIL-10 overexpression
may maximise the immunomodulatory potential of MSCs. Furthermore, the potential of
human MSCs overexpressing vIL-10 to alter disease progression in the OA model was
investigated.
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3.2 Materials and Methods

3.2.1 Experimental design
The current study tests the hypothesis that vIL-10 overexpressing MSCs may prevent
OA progression in a murine collagenase-induced OA model. Dependent variables
measured include structural joint damage, immune cell activation profiles and serum
cytokine levels, as assessed at 6 weeks post treatment. All animals were randomly
assigned to treatment groups and scorers were blinded to the treatment. Vehicle, AdIL10 virus only, untransduced and AdNull transduced MSCs treated groups were included
as experimental controls.

3.2.2 Isolation and culture of human MSCs
Human MSCs were isolated and expanded as previously described (section 2.2.1). In
brief, MSCs were isolated from bone marrow harvested from the iliac crest of healthy
volunteers, with approval by the Clinical Research Ethical Committee at University
College Hospital, Galway, Ireland (reference: 2/08), the institutional National University
of Ireland Galway Research Ethics Committee (reference: 08/May/14) and with
informed consent. MSCs were expanded in α-MEM supplemented with 10% FBS, 1
ng/ml FGF-2 and 1% penicillin/streptomycin and cultures were maintained at 37 °C
with 95% humidity and 5% CO2. MSCs were used at passage 3 for all experiments.

3.2.3 Adenoviral transduction of human MSCs

Adenoviral transduction of human MSCs was performed using the LaCl3-based method
as described in section 2.2.2. MSCs were seeded at a density of 6 x 103 cells/cm² in a
T175 flask 24 hours prior to transduction, and were transduced with AdIL-10 or AdNull
at MOI 100. vIL-10 ELISA analysis of AdIL-10 transduced human MSC CM was
performed to confirm successful transduction of MSCs.
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3.2.4 In vitro assessment of immunomodulatory properties of AdIL-10 human MSC
CM

The mouse macrophage cell line RAW264.7 was received from Dr. Aideen Ryan,
REMEDI. Macrophages were cultured in medium composed of Dulbecco’s Modified
Eagles Medium (DMEM, 4500 ng/ml glucose; Gibco), 2mM Glutamine, 10% FBS and
1% penicillin/streptomycin. Subcultures were prepared by removing cells using a cell
scraper, and a sub-cultivation ratio of 1:3 was implemented. To assess the effect of vIL10 on TNF-α production by LPS-activated mouse macrophages, cells were seeded at a
density of 4 x 105 cells per well of a 24-well plate. Macrophages were activated with 0.5
ng/ml LPS, and cultured with or without the addition of AdIL-10-transduced human
MSC CM, diluted to a final vIL-10 concentration of 100 ng/ml. Additionally,
macrophages were treated with 100 ng/ml recombinant Epstein Barr viral IL-10 (rvIL10; R&D Systems) or equal volumes of untransduced and AdNull transduced human
MSC CM as controls. Cell culture supernatant was harvested at 2, 4, 6, 12 and 24 hours
post-LPS stimulation, centrifuged at 400 g for 5 minutes to pellet any debris and stored
at -80 oC.

3.2.5 Cytokine Assays

Overexpression of vIL-10 by AdIL-10-transduced human MSCs was confirmed by
measuring vIL-10 levels secreted in the culture medium by a vIL-10 specific ELISA, as
described in section 2.2.4 of this thesis. To assess the effect of MSC CM on TNF-α
production by LPS-activated mouse macrophages a commercially available ELISA kit
was used as per the manufacturer’s instructions (R&D systems). In brief, 96-well flat
bottom plates were coated with 100 µl of 0.8 µg/ml goat anti-mouse TNF-α capture
antibody diluted in PBS, and incubated overnight at room temperature. Plates were
washed 3 times with wash buffer consisting of 0.05% Tween-20 in PBS, and blocked
with reagent diluent composed of 1% BSA in PBS for 1 hour at room temperature.
Following blocking, plates were washed 3 times and 100 µl of supernatant or standard
was added for 2 hours at room temperature. Following sample incubation, plates were
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washed 3 times and 50 ng/ml biotinylated goat anti-mouse TNF-α diluted in reagent
diluent was added. Following a 2 hour incubation period, plates were washed 3 times
and 100 µl of Streptavidin-HRP, diluted 1:200 in reagent diluent, was added. Plates
were incubated for 20 minutes, followed by 3 washes and the addition of 100 μl of
substrate solution composed of a 1:1 mixture of Colour Reagent A (H2O2) and Colour
Reagent B (Tetramethylbenzidine) (R&D Systems) for an additional 20 minutes. 50 µl
of stop solution (2 N H2SO4) was added to each well, and optical density was
determined using a Varioscan™ Flash microplate reader set to 450 nm.

To assess monocyte chemoattractant protein-1 (MCP-1) levels in serum samples
harvested at 7 weeks post induction of OA, a commercially available chemiluminescent
array was utilised (Quansys Biosciences). Mice were randomised and serum from 2
animals per treatment group was pooled and stored at -80 °C until use. Briefly, an 8point standard curve was prepared using antigen standard provided, and serum samples
were diluted 1:2 in sample diluent. 50 µl of sample or standard was added to each well
of a pre-antibody-coated 96-well plate. The plate was covered with a plate seal, and
placed on a plate shaker at 500 RPM for 1 hour at room temperature. Following sample
incubation, the plate was washed three times with wash buffer and 50 μL per well of
Detection Mix was added. The plate was covered with a new seal, and returned to the
plate shaker for one hour at 500 RPM at room temperature. Following 6 washes, 50 μL
of 1X Streptavidin-HRP was added per well, and the plate was incubated at room
temperature for 15 minutes with shaking at 500 RPM. Following this incubation period,
substrate A (Hydrogen peroxide) and substrate B (Signal enhancer) were mixed at a 1:1
ratio, and 50 µl was added per well. Imaging was performed immediately using a
Fluorchem imager (Alpha Innotech) and the image was analysed using Q-View
software, version 2.15 (Quansys Biosciences).

3.2.6 T cell proliferation assays and mixed lymphocyte reaction (MLR) cultures

Lymphocytes were obtained from the lymph nodes and spleen of C57BL/6 mice.
Lymphocytes were washed with 0.1% BSA/PBS and stained with 10 µM Vybrant
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CFDA SE (carboxy-fluorescein diacetate, succinmidyl ester (CFSE)) / PBS staining
solution (Invitrogen) pre-warmed to 37 °C, as per manufacturer’s instructions. 1 x 105
CFSE-stained T cells were stimulated with 5 ng/ml Phorbol myristate acetate (PMA)
and 400 ng/ml Ionomycin in T-cell medium, composed of RPMI 1640 supplemented
with 10% FBS, 50 µM β-Mercaptoethanol (Sigma-Aldrich), 1% penicillin/streptomycin,
1 mM sodium pyruvate (Gibco) and 2 mM L-glutamine. Lymphocytes were co-cultured
with untransduced, AdNull or AdIL-10 transduced human MSCs, at MSC:T cell ratios
ranging from 1:400-1:10 in a humidified incubator for 4 days. Mouse T cell proliferation
was measured by CFSE dilution and detection of CFSE fluorescent peaks on a FACS
Canto (BD Biosciences).

For mouse mixed lymphocyte reactions, stimulating untransduced, AdNull or AdIL-10
transduced human MSCs were plated in 96-well round bottom plates. CFSE-labelled
untreated lymphocytes isolated from C57BL/6 mice were used as responders, at MSC:T
cell ratios of 1:5, 1:10, 1:50. A total of 4 x 103, 2 x 104 or 4 x 104 stimulating cells were
co-cultured with 2 x 105 CFSE-labelled responding lymphocytes for 5 days. T cells were
stained for the expression of CD8 (PE/Cyanine (Cy)7), CD25 (fluorescein
isothiocyanate (FITC)), CD4 (allophycocyanin (APC)) (Biolegend) as per table 3.1. Cell
surface marker expression and T cell proliferation was analysed on a FACS Canto (BD
Biosciences).

Table 3.1. Flow cytometry antibodies used for cell surface markers of interest.
Biolegend
Catalogue no.

PE/Cy7

Antibody
Dilution
Factor
1:100

Anti-mouse CD4

APC

1:120

100411

Anti-mouse CD25

FITC

1:60

101907

Anti-mouse/human CD11b

Alexa Fluor®
647

1:60

101220

Anti-mouse Ly6C

PerCP/Cy5.5

1:50

128011

Antibody

Flurorphore

Anti-mouse CD8a
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3.2.7 Induction of OA
All procedures were approved by the Animal Care and Research Ethics Committee of
the National University of Ireland Galway and conducted under licence issued by the
Department of Health & Children, Ireland. Eight week old male C57BL/6 mice were
supplied by Charles River Laboratories, UK. All animals were kept on a 12 hour
light/dark cycle with ad libitum access to water and standard lab chow. Eight animals
were randomly assigned to each treatment group with treatment leg (left or right) also
chosen randomly. All animals were coded and scorers were blinded to the treatment.

For induction of OA, 1 U of highly purified bacterial type VII collagenase (SigmaAldrich) in 6 μl of physiological saline (vehicle) was injected into the knee joint of mice
twice over 2 consecutive days. Animals were anaesthetised using isoflurane and given a
subcutaneous injection of buprenorphine (Temgesic, 0.01 mg/kg body weight) prior to
collagenase injection. One week later animals were injected with 1 of 5 conditions in a
volume of 6 μl, vehicle, 2 × 104 untransduced MSCs, AdIL-10 transduced MSCs,
AdNull transduced MSCs or the equivalent amount of virus used to transduce 2 × 10 4
cells suspended in vehicle. Intra-articular injections were performed by Dr. Eric Farrell,
Erasmus MC. Seven weeks after the induction of OA animals were euthanised and the
joints were removed, fixed in 10% formalin and subsequently decalcified in 10%
EDTA. Popliteal and inguinal lymph nodes were also harvested and analysed for T cell
markers by flow cytometry.

3.2.8 Histological scoring of sections

Following decalcification, samples were embedded in paraffin and sectioned at 5 μm.
Sections were deparaffinised by immersion of slides in 100% xylene for 5 minutes
twice, and rehydrated to distilled water following immersion in 100% ethanol for 2
minutes and 1 minute in 95% and 70% ethanol. Sections were stained utilising 0.02%
Fast Green for 4 minutes, acetic acid for 3 seconds and 0.1% Safranin-O for 6 minutes.
Following dehydration, sections were mounted with DPX (All sigma-aldrich). To score
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the femurs and tibiae, 6 sections per animal, spaced approximately 100 μm apart, were
scored by 3 independent, blinded observers. The scoring was based upon the semiquantitative grading system designed by the OARSI working group (Pritzker et al.,
2006) with damage ranging from 0 to a maximum score of 6, indicating complete
denudation of the cartilage. All scores for each knee compartment (lateral and medial
tibia and femur) were added separately, averaged and then averaged for the 3 observers.
To score the amount of synovial inflammation, a grading of 0-3 was used, with 0
indicating normal synovium with 1-2 layers of cells and 3 being several cell layers thick.
Finally, a total knee damage score was generated by summing all scores for the 6
compartments for each knee.

3.2.9 Analysis of T-cell and monocyte subsets from the draining lymph nodes

This experiment was conducted by Dr. Aideen Ryan and Dr. Lisa O’ Flynn, REMEDI.
Popliteal and inguinal lymph nodes were removed from C57BL/6 mice (ipsilateral side).
Mice were randomised and lymph nodes from two animals per treatment group were
combined for T cell analysis. For assessment of myeloid cells, popliteal lymph nodes
from 2 animals and inguinal lymph nodes from 4 animals were pooled, due to low cell
number. A large hematoma and swelling was observed macroscopically above the
treated knee joint in one animal of the AdIL-10 virus treated group, therefore this animal
was not pooled and appears as a singlet in this group. Single cell suspensions were
obtained from each lymph node from each animal as previously described (Ryan et al.,
2014). Cell suspensions were stained according to table 3.1 for cell surface expression
of CD4, CD8 and CD25 to characterise individual T-cell subsets. Cell surface
expression of CD25 was assessed as a marker of T cell activation (Caruso et al., 1997).
Cell suspensions were also stained for expression of CD11b (Alex Fluor® 647) and
Ly6C (Peridinin Chlorophyll Protein Complex (PerCP)/Cy5.5) (Table 3.1; Biolegend)
as markers of myeloid cells and inflammatory monocytes, respectively (Daurkin et al.,
2010, Ziegler-Heitbrock et al., 2010). Samples were analysed on a FACS Canto
cytometer (BD Biosciences).
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3.2.10 Statistics

Statistical analysis was performed utilising GraphPad Prism version 5. Data were
analysed utilising one-way or two-way ANOVA followed by Bonferroni’s multiple
comparisons test, or a Kruskal-Wallis test followed by Dunn’s multiple comparisons.
For all analyses, differences were considered statistically significant at p<0.05.
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3.3 Results

3.3.1 vIL-10 produced by AdIL-10 transduced human MSCs inhibits TNF-α
production by activated murine macrophages

In order to confirm that vIL-10 produced by transduced human MSCs was biologically
active and could exert an anti-inflammatory effect on murine cells, the effect on AdIL10 MSC CM on TNF-α production by LPS-stimulated RAW264.7 macrophages was
determined. Macrophages were stimulated with 0.5ng/ml LPS alone, or co-incubated
with LPS and AdIL-10, AdNull or untransduced human MSC CM, or medium
containing an equivalent concentration of recombinant vIL-10 (rvIL-10, 100 ng/ml). At
4, 6 and 12 hours post-LPS stimulation, a significant decrease in TNF-α production by
AdIL-10 CM and recombinant vIL-10 treated macrophages was observed compared to
macrophages treated with LPS only (Fig. 3.1; 1791 pg/ml in LPS only vs 628 pg/ml in
AdIL-10 transduced MSC CM at 12 hours, p<0.001). Furthermore, no significant
difference was observed between the effect of rvIL-10 treatment and the addition of
AdIL-10 CM at each time point. Treatment of RAW264.7 cells with CM from
untransduced or AdNull transduced human MSCs did not significantly reduce the levels
of TNF-α production compared to LPS only treated samples (1791 pg/ml in LPS only vs
1456 pg/ml in untransduced MSC CM at 12 hours).
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Figure 3.1 AdIL-10 transduced human MSC CM attenuates TNF-α production by activated murine
macrophages. TNF-α production by LPS-activated RAW264.7 macrophages as quantified by ELISA.
Macrophages were stimulated with 0.5 ng/ml LPS alone or in combination with untransduced, AdNull or
AdIL-10 transduced human MSC CM (100 ng/ml vIL-10), or 100 ng/ml recombinant viral (rv) IL-10.
Values represent the mean ± SD of 3 biological replicates. Statistical significance was determined by a
One-way ANOVA with Bonferroni’s multiple comparisons test. ***=p<0.001, indicating a significant
difference between LPS only (0.5 ng/ml) treated cells and AdIL-10 MSC CM treated macrophages.
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3.3.2 AdIL-10 transduced MSCs are immunosuppressive towards stimulated
murine lymphocytes

To confirm the immunomodulatory potential of a xenogeneic source of MSCs, the
ability of untransduced, AdNull and AdIL-10 transduced MSCs to suppress the
proliferation of stimulated C57BL/6 lymphocytes in vitro was determined. Lymphocytes
were co-cultured with untransduced, AdNull or AdIL-10 transduced human MSCs, at
MSC:T cell ratios of 1:10, 1:100 and 1:400. Untransduced, AdNull and AdIL-10
transduced human MSCs significantly reduced the proliferation of lymphocytes that
proliferated more than 5 generations, at co-culture ratios of 1:10 (p<0.001) and 1:100
(p<0.05 for Untransduced and AdNull human MSCs, p<0.005 for AdIL-10 human
MSCs) (Fig. 3.2 B). Additionally, AdNull and AdIL-10 transduced human MSCs
significantly reduced proliferation of this population at a co-culture ratio of 1:400
(p<0.05). Although AdIL-10 transduced human MSCs showed a trend towards
decreased proliferation compared to untransduced human MSCs, this effect was not
significant. At more than 3 generations of proliferation, only AdIL-10 transduced human
MSCs showed a significant decrease in proliferation compared to untreated lymphocytes
at a ratio of 1:10 (p<0.05, Fig. 3.2 A). No effect of untransduced, AdNull or AdIL-10
transduced human MSCs was observed at co-culture ratios of 1:100 and 1:400.
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Figure 3.2. Untransduced, AdNull and AdIL-10 transduced MSCs inhibit the proliferation of
stimulated C57BL/6 lymphocytes. Untransduced, AdNull and AdIL-10 transduced human MSCs were
co-cultured with Ionomycin and PMA-stimulated C57BL/6 lymphocytes for 4 days, at ratios of 1:10,
1:100 and 1:400. Murine lymphocyte proliferation was measured by CFSE dilution and flow cytometric
detection of CFSE fluorescent peaks. Values represent the mean ± SD of 3 biological replicates. Statistical
analysis was performed using One-way ANOVA, followed by Bonferroni’s multiple comparisons test.
*=p<0.05, **=p<0.005, ***=p<0.001, indicating a significant difference compared to un-cocultured
stimulated lymphocytes.
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3.3.3 Untransduced, AdIL-10 and AdNull transduced MSCs are not immunogenic
towards murine lymphocytes

Given the xenogeneic source of MSCs used in this study, the potential of untransduced,
AdNull and AdIL-10 transduced human MSCs to induce an immunogenic response by
unstimulated murine lymphocytes was evaluated. MSCs were co-cultured with
unstimulated lymphocytes at ratios of 1:5, 1:10 and 1:50. No significant increase in
lymphocyte proliferation was observed following co-culture of each human MSC group
at ratios of 1:5 and 1:50 (Fig. 3.3 A). Interestingly, untransduced human MSCs
increased proliferation of lymphocytes at a co-culture ratio of 1:10 (3.8 ± 1.2% increase,
p<0.05). To investigate whether this observation was due to differential effects of
untransduced and AdNull or AdIL-10 transduced human MSCs on mouse T lymphocyte
phenotype and activation, the amount of CD4+ and CD8+ T cells, and T cells positive
for the activation marker CD25 following co-culture was assessed. A decrease in the
number of CD4+ T cells was observed following co-culture at a 1:10 ratio with AdIL-10
and AdNull transduced human MSCs compared to untransduced (Fig. 3.3 B, p<0.005).
However, no significant difference was observed between MSC groups on the levels of
naive CD8+, or activated CD4+ or CD8+ T cells. Overall, these findings indicated that
human MSCs were not immunogenic in vitro.
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Figure 3.3. Untransduced, AdIL-10 and AdNull transduced human MSCs are not immunogenic
towards C57BL/6 lymphocytes. (A) Untransduced, AdNull and AdIL-10 transduced human MSCs were
co-cultured with unstimulated C57BL/6 lymphocytes for 5 days, at ratios of 1:5, 1:10 and 1:50. Murine
lymphocyte proliferation was measured by flow cytometric detection of CFSE dilution. (B) Untransduced,
AdNull and AdIL-10 transduced human MSCs were co-cultured with unstimulated murine lymphocytes
for 5 days at a ratio of 1:10. Expression of CD4, CD8 and CD25 was detected by flow cytometry. Values
represent the mean ± SD of 3 biological replicates. Statistical analysis was performed using One-way
ANOVA, followed by Bonferroni’s multiple comparisons test. *=p<0.05, **=p<0.005.
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3.3.4 Injection of vIL-10 overexpressing MSCs leads to long lasting reduction in
activated T cells

To determine the immunomodulatory effect of vIL-10 overexpressing human MSCs in
vivo during OA development, mouse popliteal and inguinal lymph nodes were harvested
6 weeks post-MSC injection and analysed by flow cytometry for expression of CD4,
CD8 and CD25. Quantification of vIL-10 release from AdIL-10 transduced human
MSCs in culture prior to injection showed that AdIL-10 transduced cells produced 858
ng/ml of AdIL-10 vs. 0ng/ml in both the untransduced and AdNull transduced human
MSC groups (Fig. 3.4 A). Administration of AdIL-10 transduced human MSCs
significantly reduced the levels of CD4+ T cells in the popliteal lymph nodes compared
to vehicle (45.8% in vehicle-treated vs. 27.2% in AdIL-10 human MSC group, p<0.05;
Fig. 3.4 B). Furthermore, a decrease in CD8+ T cells was observed in the AdIL-10
human MSC-treated group compared to AdNull MSC-treated (32% in AdNull
transduced human MSCs vs. 19.2% in AdIL-10 transduced human MSCs; p<0.05).
Similarly, in the inguinal lymph nodes both AdIL-10 virus and AdIL-10 transduced
human MSC-treated groups had significantly lower levels of activated CD4+ T cells
compared to vehicle (13% and 12.2% vs. 17.8%, respectively, p<0.05; Fig. 3.5).
Additionally, a significant reduction was observed in the numbers of CD8+ T cells
(31.6% in vehicle vs. 26.6% in AdIL-10 transduced MSC treated), as well as a decrease
in the number of activated CD8+ T cells (9.7% in MSC-treated knees vs. 4.7% in AdIL10 transduced MSCs; p<0.05). Levels of T cell-associated cytokines IFN-γ, IL-2 and IL4 were undetectable in serum harvested from animals in all treatment groups at the
experimental end-point, as determined by a chemiluminescent array.
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Figure 3.4. AdIL-10 transduced human MSCs reduce CD8+ and CD4+ T cells in the popliteal

lymph nodes 6 weeks post-injection. (A) vIL-10 release by untransduced, AdNull and AdIL-10 human

MSCs in culture prior to intra-articular injection, as quantified by ELISA. (B) CD4, CD8 and CD25

expression by lymphocytes isolated from the mouse popliteal lymph nodes, 6 weeks post-treatment. Data

points represent n=4, pooled from 8 animals. Data points in the AdIL-10 group represent n=5, with 3

samples pooled from 2 animals and 2 single samples. Statistical significance was determined using a
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Figure 3.5. AdIL-10 transduced human MSCs reduce the levels of activated CD4 and CD8 T cells in
the mouse inguinal lymph nodes 6 weeks post-injection. CD4, CD8 and CD25 expression by
lymphocytes isolated from the inguinal lymph nodes, 6 weeks post-treatment. Data points represent n=4,
pooled from 8 animals. Data points in the AdIL-10 group represent n=5, with 3 samples pooled from 2
animals and 2 single samples. Statistical significance was determined using a Kruskal-Wallis test,
followed by Dunn’s multiple comparisons test. *=p<0.05.
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3.3.5 Administration of vIL-10 overexpressing MSCs does not reduce the levels of
pro-inflammatory monocytes

To determine the immunomodulatory effect of vIL-10 overexpressing MSCs on myeloid
cells in vivo during OA development, lymph nodes were analysed by flow cytometry for
expression of the broad myeloid marker CD11b and high expression of Ly6C (Ly6C hi),
as a marker of inflammatory monocytes. Due to low cell number of isolated cells for
flow cytometric analysis, popliteal lymph nodes from each group were pooled to yield
n=4 and inguinal lymph nodes pooled to yield n=2. Levels of CD11b+ and
CD11b+Ly6C hi cells in the popliteal lymph nodes were similar in all pooled samples
from each treatment group (Fig. 3.6 A). However, a trend towards decreased levels of
CD11b+ and CD11b+Ly6C hi cells was observed in the inguinal lymph nodes following
treatment with AdIL-10 virus alone. Additionally, levels of MCP-1 in serum harvested
from animals at the experimental end-point were similar between each treatment group
(Fig. 3.6 B).
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Figure 3.6. AdIL-10 transduced MSCs do not reduce the levels of pro-inflammatory monocytes at 6
weeks post-injection. (A) CD11b and Ly6C expression by myeloid cells isolated from the popliteal and
inguinal lymph nodes at 6 weeks-post treatment, as detected by flow cytometry. For the popliteal lymph
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at 6 weeks post-treatment, as quantified utilising a chemiluminescent array.
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3.3.6 Injection of AdIL-10 transduced MSCs does not prevent OA development or
progression

To assess the effect of AdIL-10 transduced human MSCs on OA progression, knees
were harvested, sectioned and stained with Safranin O and Fast Green six weeks posttreatment. Following averaging the scores of damage to the lateral and medial femurs,
tibiae and synovial, mild OA was evident in all treatment groups with more damage
observed in the medial compartment compared to the lateral. However, no significant
difference was observed in the amount of damage in vehicle treated knees compared to
any other group in any compartment (Fig. 3.7 A & B). Although the majority of mice
developed mild osteoarthritic changes in the joint, some animals developed significant
OA characterised by severely damaged articular surfaces, the formation of osteophytes
and synovial inflammation (Fig. 3.8). This appeared to occur more in the MSC-treated
knees, irrespective of whether the MSCs were transduced or not. Vehicle and AdIL-10
virus treated groups were associated with the least damage.
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Figure 3.7. vIL-10 overexpressing human MSCs do not prevent OA development. (A) Median scores
of damage to the lateral and medial femurs, tibiae and synovial compartments, as determined by three
blinded observers. N=8 animals per treatment group. (B) The average of the sum of all damage scores
from each observer, representing total knee OA.
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Figure 3.8. Variability of OA progression at 7 weeks post collagenase injection of C57BL/6 mice.
Representative images of Safranin O and Fast Green stained sections showing mild OA (image on the left)
versus severe damage (image on the right). Black arrows indicate erosion of the medial femoral condyle
and osteophyte formation. Scale bar indicates 500 µm.
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3.4 Discussion
Increasing evidence highlights the heterogeneity of OA pathology, with synovial
inflammation recognised as a key factor contributing to disease pathogenesis.
Although bone marrow-derived MSCs have been extensively investigated for their
use in cell replacement strategies for treatment of OA, numerous studies suggest that
the therapeutic potential of MSCs may be attributable to their paracrine activity
which may be immunomodulatory (Murphy et al., 2003, Duffy et al., 2011).
However, the use of bone marrow-derived MSCs in pre-clinical models of OA has
generated contrasting results (Diekman et al., 2013, ter Huurne et al., 2012, van Buul
et al., 2014, Kim et al., 2014). Human MSCs transduced to overexpress soluble
tumour necrosis factor receptor II (hsTNFR) have been shown by Liu et al. to reduce
joint inflammation in a CIA model utilising immune competent mice, compared to
untransduced human MSCs (Liu et al., 2013). Therefore overexpression of
immunomodulatory factor overexpression may enhance the therapeutic potential of
MSCs. IL-10 overexpressing mouse MSCs have been previously shown to reduce
disease severity in a RA model (Choi et al., 2008), however the potential of vIL-10
to modulate inflammatory processes associated with OA pathogenesis has not yet
been described in the literature. The findings of this chapter highlight
immunomodulatory activity of vIL-10 overexpressing MSCs on activated murine
macrophages and T cells in vitro, and naive and activated CD4+ and CD8+ T cells in
vivo during OA progression. However, this immunomodulatory effect did not impact
the development of OA.

Several reports in the literature to date have highlighted the role of T lymphocytes in
OA pathogenesis. CD3+, CD4+ and CD8+ T cells have been identified in
inflammatory infiltrates of human OA synovial tissue and synovial fluid (Haynes et
al., 2002, Pessler et al., 2008a, Ishii et al., 2002). Furthermore, activation of CD8+
and CD4+ T cells has been observed following induction of OA in murine ACLT
models, and knock-out of CD4+ and CD8+ cells was shown by these groups to delay
the progression of OA (Shen et al., 2011, Hsieh et al., 2013). T cells may impact the
progression of OA through the production of inflammatory mediators contributing to
inflammation, as well as inducing osteoclast formation (Sakkas et al., 1998, Shen et
al., 2011). The results of this chapter demonstrate that intra-articular injection of
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vIL-10 overexpressing human MSCs leads to long term reductions in the numbers of
naive and activated CD4+ and CD8+ T cells in both the popliteal and inguinal lymph
nodes. Furthermore, intra-articular injection of AdIL-10 virus resulted in decreased
levels of activated CD4+ T cells in the inguinal lymph nodes in a comparable
manner to AdIL-10 transduced human MSCs. Previous reports have detected
increased levels of activated CD8+ T cells throughout OA progression over a 12
week period in an ACLT model (Hsieh et al., 2013). The findings of this chapter
indicate that the reduction of naive and activated T cells by vIL-10 overexpressing
MSCs was a long lasting effect, as was observed at 6 weeks post-MSC treatment.
However, comparable levels of pro-inflammatory monocytes were observed in the
lymph nodes of each treatment group. Analysis of monocyte-related inflammatory
markers at earlier time points may be required to evaluate the potential of vIL-10
overexpressing MSCs to modulate activated monocytes during OA progression.

Having observed a modulatory effect of vIL-10 overexpressing human MSCs on T
cells during OA pathogenesis, the next aim of this study was to assess whether this
immunomodulatory activity of AdIL-10 transduced MSCs altered the progression of
OA. For induction of OA, intra-articular injection of 1U collagenase was
administered over two consecutive days to induce mild structural changes and slow
disease progression. The aim of this experimental design was to achieve a mild OA
model to evaluate the potential of an anti-inflammatory component to attenuate OA
pathogenesis. Despite observing a long term effect of AdIL-10 transduced human
MSCs on naïve and activated T cells, an effect of this treatment on the severity and
progression of OA was not observed in this study. Overall, mild OA was evident in
all treatment groups with more damage observed in the medial compartment
compared to the lateral, which is consistent with previous reports (van Osch et al.,
1993). However, large differences between animals in the levels of OA and joint
damage were observed, which led to large experimental variation between groups.
Kim et al. have directly compared cartilage damage in both collagenase-induced and
destabilization of the medial meniscus (DMM) models of OA utilising male
C57/BL6 mice, and found the collagenase model to result in larger variation than
DMM (Kim et al., 2013). Furthermore, cartilage degeneration was reported by this
group to occur progressively until 6 weeks, but was reduced at 8 weeks post
induction. Preliminary pilot experiments previously performed by our group
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identified sufficient structural damage at 6 weeks post collagenase-induction of OA,
justifying the selection of the experimental end point utilised in the present study.
Furthermore, studies performed by other groups to evaluate the effect of ASCs in
collagenase-induced OA have focused on ASC administration 7 days post induction
of OA, and an experimental end-point of 42 days (Schelbergen et al., 2014, ter
Huurne et al., 2012). Differences between mouse strain and sex following
collagenase induction of OA has been reported by van Osch et al., with cartilage
damage more prevalent in males compared to females, and C57BL/10 mice more
susceptible to OA than C57BL/6 mice (van Osch et al., 1993). Interestingly,
Schelbergen et al. have shown that the immunomodualtory activity of ASCs in
collagenase-induced OA was dependent on the level of synovial activation present at
the time of administration (Schelbergen et al., 2014b). It is possible that the use of a
model expressing a more severe OA phenotype with active synovial inflammation,
or a longer time period between cell administration and joint harvest, may be
required to investigate to full therapeutic potential of vIL-10 overexpressing MSCs.

Schurgers et al. previously reported differential effects of MSCs on T cell
proliferation in vitro versus in vivo using a CIA model (Schurgers et al., 2010). In
contrast to these findings, the results of this chapter report a decrease in T
lymphocytes in vitro and in vivo in a collagenase-induced OA model following
treatment with AdIL-10 transduced MSCs. However, even though an immunogenic
effect of untransduced or virally transduced MSCs was not observed in vitro, the
majority of the severely damaged knees appeared in groups that were treated with
MSCs or transduced MSCs. Interestingly, fully genetically mismatched allogeneic
MSCs have been shown to hold less immunosuppressive activity compared to a
syngeneic or partially mismatched cell source, and have aggravated disease
pathogenesis in a murine CIA model (Sullivan et al., 2012). Conversely, human
ASCs have been shown to reduce cartilage damage and inflammation in C57BL/6
mice with collagenase-induced OA (Toupet et al., 2015). The findings of the present
study may be due to the xenogeneic nature of the MSCs used, and the potential of a
fully genetically mismatched source of MSCs to exacerbate OA pathogenesis
requires further investigation. Additionally, it may be possible that while there was a
reduction in the levels of immune cells present, vIL-10 overexpression was not
sufficient to overcome these xenogeneic effects.
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Elevated levels of IL-10 have been previously detected in cartilage, synovium and
subchondral bone explants of patients with OA (Hulejova et al., 2007), highlighting
a potential immunoregulatory role of IL-10 in the disease-associated cytokine
network (Katsikis et al., 1994). In addition to its pleiotropic immunomodulatory
activity, IL-10 has been shown to have positive effects on the synthesis of collagen
type II and aggrecan (Wojdasiewicz et al., 2014). Furthermore, IL-10 has been
reported to induce proliferation and promote chondrogenic or hypertrophic
differentiation of primary chondrocytes, highlighting a role for IL-10 in
endochondral bone growth (Jung et al., 2013). In the present study, overexpression
of vIL-10 within the joint did not protect cartilage from OA-induced damage. In light
of these previous findings, a potential effect of vIL-10 on chondrocyte hypertrophy
within an OA environment cannot be excluded.

The findings of this chapter highlight long term immunomodulatory activity of vIL10 overexpressing human MSCs on the levels of naïve and activated CD4+ and
CD8+ T cells in vivo during OA progression. However, a longer duration of study
may be required to relate this observed effect to therapeutic outcome. Based on these
findings, in instances of OA with a high inflammatory component, treatment with a
combination of MSCs and vIL-10 may help to reduce symptoms and disease
progression.
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CHAPTER 4

IMPACT OF SYNOVIAL MACROPHAGE
POLARISATION STATE ON THE
CHONDROGENIC DIFFERENTIATION OF
MSCs

Reprinted with permission from Osteoarthritis and Cartilage (Volume 22, Issue 8),
published by Elsevier Ltd.
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4.1 Introduction
The repair of damaged articular cartilage resulting from trauma or degenerative joint
disease poses a major challenge due to the limited capacity of cartilage for self
renewal, attributable to its avascular nature. MSCs are considered a promising cell
type for the repair of damaged cartilage due to their chondrogenic differentiation
potential (Murphy et al., 2003, Yoo et al., 1998). However, in order to achieve
cartilage repair in vivo, chondrogenically differentiating MSCs are exposed to
inflammatory mediators produced in response to injury or disease. Osteoarthritic
synovial fluid and medium conditioned by synovium explants have been previously
reported to inhibit the chondrogenic differentiation of MSCs (Heldens et al., 2012,
Kruger et al., 2012). Therefore the presence of a destructive inflammatory
environment, as found in OA, may impede the use of MSCs in cartilage repair
strategies.

The synovial membrane is an area of high functional importance within the joint,
responsible for the production of synovial fluid which lubricates and nourishes
chondrocytes. The membrane is composed of two cell types, synovial macrophages
and fibroblasts. Synovial hyperplasia, increased vascular density and inflammatory
cell infiltration are common features of OA (Pessler et al., 2008c). Furthermore, proinflammatory factors from the synovial fluid of injured and osteoarthritic joints have
been shown to stimulate cartilage degradation and inhibit matrix synthesis (Yang et
al., 2006, Beekhuizen et al., 2011a, Stevens et al., 2008, Legendre et al., 2003).
TNF-α, IL-1β, IL-6 and Oncostatin M have been previously identified as some of the
key players involved in synovial inflammation, with synovial macrophages
considered to play a prominent role in the production of these mediators (Benito et
al., 2005, Beekhuizen et al., 2011b, Beekhuizen et al., 2013, Bondeson et al., 2010).

Macrophages exhibit a high degree of plasticity, having the potential to change
phenotype according to environmental cues. They can be categorised as classically
activated (M1), representing pro-inflammatory phenotypes, or alternatively activated
(M2) macrophages, encompassing wound healing and regulatory subsets with antiinflammatory properties (Mosser and Edwards, 2008). M1 macrophages are
associated with high production of pro-inflammatory mediators such as TNF-α, IL-6
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and IL-12, and cell surface expression of the co-stimulatory molecule CD86,
required for T cell activation and cytokine production (Hofkens et al., 2013, Petro et
al., 1995). Macrophages of the M2 subtype produce immunoregulatory factors
including IL-10 and CCL18, and are associated with the surface expression of the
mannose receptor (CD206) (Mantovani et al., 2004, Martinez et al., 2006). The M1associated cytokines IL-6, IL1β and TNF-α have been previously reported to induce
destructive processes in chondrocytes including down regulation of collagen type II
and aggrecan synthesis, as well as up regulation of MMP-9 and COX-2 expression
(Pfander et al., 2004, Malfait et al., 2009, Aida et al., 2012, Shakibaei et al., 2007,
Poree et al., 2008).

As described in chapter 1 of this thesis, IL-10 is a broad spectrum anti-inflammatory
cytokine, previously shown to suppress pro-inflammatory mediator production by
activated macrophages, including TNFα, IL-1β and IL-6 (Malefyt et al., 1991a, Hart
et al., 1995). Additionally, IL-10 has been reported to induce a switch in macrophage
phenotype towards an M2 or anti-inflammatory like polarisation state (Martinez et
al., 2008, Boehler et al., 2014), and may reduce the activation of M1-polarised
macrophages (Villalta et al., 2011).

The present investigation tests the hypothesis that M1-polarised macrophages
mediate the previously shown anti-chondrogenic effects of OA synovium on MSC
chondrogenesis. The objectives of this chapter were to assess whether the inhibition
of MSC chondrogenesis by OA synovium is due to synovial macrophages, and
elucidate what role macrophage phenotype plays in this effect. Furthermore, the
potential of vIL-10 to modulate macrophage phenotype and attenuate the antichondrogenic effect of OA synovium was evaluated.
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4.2 Materials and Methods

4.2.1 Experimental design
The current study tests the hypothesis that M1 polarised macrophages are
orchestrators of the anti-chondrogenic effect of OA synovium. To assess the effect of
synovial macrophages on MSC chondrogenesis, chondrogenic gene expression
levels were compared between MSCs undergoing differentiation in medium
conditioned by human OA synovial explants, human synovial macrophages and
fibroblasts, or peripheral blood derived primary human monocytes differentiated
towards an M1 or M2 phenotype. TGF-β only stimulated differentiating MSCs were
included as an experimental control.

4.2.2 Synovium Conditioned Medium Preparation

For the generation of synovium-conditioned medium (SCM), OA synovial tissue was
isolated from 6 patients (4 males and 2 females aged 63.2 ± 4.2 years; mean ± SD)
with advanced clinical OA, undergoing total knee replacement at Erasmus MC,
University Medical Centre, Rotterdam. OA was determined based on clinical
evaluation of pain and radiographic changes, including narrowing of the joint space
and the formation of osteophytes. Ethical approval was granted by the local ethical
committee (number MEC 2004-322). Material received from the operating theatre
was stored in saline at 4 ⁰C and used within 6 hours of isolation. The synovial tissue
attached to Hoffa’s fat pad was washed in physiological saline to remove blood, and
the synovial membrane was separated from neighbouring tissues, based upon
morphological and physical characteristics (Fig. 4.1). Isolated tissue was washed in
fresh saline, and cut in to pieces varying between 1-3 mm2. 200 mg of synovial
tissue was cultured in one well of a 24-well plate with 1 ml of culture medium
composed of DMEM with GlutaMAX

TM

(Invitrogen) supplemented with 1.5 µg/ml

fungizone (Gibco), 50 µg/ml gentamycin (Gibco), 1% insulin-transferrin-selenium
(BD Biosciences), 25 µg/ml ascorbic acid-2-phosphate (Sigma–Aldrich) 40 µg/ml LProline (Sigma–Aldrich) and 1 mM sodium pyruvate (Gibco), referred to as basic
culture medium (BCM). Synovial tissue from each donor was cultured for 3 days
with or without the addition of 100 ng/ml vIL-10 (R&D systems), and culture
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medium was refreshed every 24 hours. SCM was stored at -80 ⁰C, and was not
subjected to more than one freeze thaw process. SCM harvested at day 3 of culture
was used for subsequent experiments to assess the effect of SCM on MSC
chondrogenesis. To investigate the effect of IL-6 neutralisation of SCM on MSC
chondrogenesis, SCM was supplemented with 15 µg/ml anti-human-IL-6 (purified
mouse monoclonal IgG1; R&D systems) or isotype control (IgG1; R&D systems)
prior to use.

A.

B.

Figure 4.1 Macroscopic images of OA synovium. (A) A representative image of synovial tissue
attached to Hoffa’s fat pad as received from the operating theatre. (B) Isolated synovial tissue
following dissection and separation from neighbouring fat (Right petri dish). Excess fat was removed
from synovium pieces, which floated in saline (Left petri dish).

4.2.3 Isolation of Synovial Macrophages and Fibroblasts

OA synovial tissue from one patient (Female, aged 59 years) was isolated as
described in section 4.2.1, and digested with collagenase B (1 mg/ml, Roche) diluted
in BCM for 45 minutes at 37 oC. Digested tissue was gently minced through a 100
µm filter (Becton Dickinson) and the resulting cell suspension was layered on top of
15 ml of Ficoll (Ficoll-Paque™ PLUS, GE Healthcare) and separated by density
gradient centrifugation at 1,000 g for 15 minutes. The interphase layer was removed,
washed in BCM and seeded at a density of 500,000 cells/cm2 in 6-well plates. Cells
were allowed to adhere at 37 oC for 15 minutes for a macrophage-enriched
population (MEP). Non-adherent cells were removed, transferred to a new well and
incubated for 120 minutes to generate a fibroblast-enriched population (FEP) (Koch
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et al., 1986, Kumagai et al., 1979). MEP and FEP CM was harvested following 24
hours of culture.

11-fibrau immunohistochemical staining was assessed to confirm the enrichment of
each fraction. 11-fibrau is specific for a 112-kDa molecule, localised to the cell
surface of human fibroblasts (Nazareth et al., 2007, Kelynack et al., 2000, van Osch
et al., 2001) Isolated synoviocytes were cultured on glass slides and incubated at 37
o

C for 60 minutes for a MEP, and 12 hours for a FEP fraction. Cells were fixed in

70% ethanol for 1 hour, blocked with 10% goat serum (Sigma-Aldrich) and
incubated for 1 hour with monoclonal anti-human 11-fibrau (4.2 µg/ml, Imgen
biosciences). Slides were incubated for 30 minutes with a biotinylated anti-mouse
immunoglobulin (Ig) antobody (Biogenex), diluted 1:50 with PBS/1% BSA/5%
human serum (CLB), and thereafter with an alkaline phosphatise-conjugated
streptavidin label (Biogenex) diluted 1:20 with PBS/1% BSA/5% human serum.
Slides were incubated with Neu Fuchsin, NaNO2, Naphtol AS-MX phosphate, Dimethylformamid with levamisole (Sigma-Aldrich) in TRIS-HCl buffer (0.2M, pH
8.5) in the dark for 30 minutes. Cells were counterstained with haematoxylin and
slides mounted utilising VectaMount (Vectorlabs).

4.2.4 Isolation of CD45+ Synoviocytes

To separate synoviocytes based on their expression of the hematopoietic cell surface
marker CD45, OA synovial tissue from 6 patients (1 male and 5 females aged 69.6 ±
7.5 years) was isolated, and digested as described in section 4.2.2. This work was
performed by Johannes Lehmann and Wu Wei, Department of Orthopaedics,
Erasmus MC, Rotterdam. Isolated synoviocytes were incubated with anti-CD45-PE
antibody (1:100 dilution, BD Biosciences) for 1 hour in the dark at 4 oC, and
subsequently labelled with 30 µl of anti-mouse IgG magnetic bead solution (AntiMouse IgG MicroBeads, Miltenyi Biotec) for 30 minutes in the dark at 4 oC. CD45+
and CD45- cell populations were isolated by magnetic activated cell sorting (MACS,
MACS Separation columns LS and MidiMACS™ Separator, Miltenyi Biotec).
CD45+ cells were seeded at a cell density of 100,000 cells/cm2 in a 12-well plate and
cultured in BCM for 24 hours, following which CD45+ CM was harvested. CM was
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subjected to centrifugation at 400 g for 5 minutes, stored at -80 oC and was not
subjected to more than one freeze thaw process.

4.2.5 Isolation and Differentiation of Human Monocytes

Buffy coats were obtained from 6 healthy male blood donors (aged 48.5 ±19.3 years;
mean ± SD) at the Sanquin Blood Bank, Rotterdam. Buffy coats from two donors
were used for each experiment, and PBMCs were isolated by Ficoll density gradient
centrifugation. Buffy coats were diluted (1:5) in PBS supplemented with 0.1% BSA,
and added to a Ficoll layer at a ratio of 2:1. The cells were separated by density
gradient centrifugation at 1,000 g for 15 minutes with brake off, following which the
interphase was removed and washed with 0.5% BSA/2mM EDTA in PBS. Cells
were resuspended in 100 µl of anti-CD14+ magnetic bead solution (CD14
microbeads human, Miltenyi Biotec) for 20 minutes in the dark at 4 oC. Monocytes
were separated from PBMCs by MACS (MACS Separation columns LS and
MidiMACS™ Separator, Miltenyi Biotec). Monocytes were seeded at a cell density
of 500,000 cells/cm2 in 12-well plates and cultured in xVivo 15 medium (Lonza)
supplemented with 20% FBS, 50 µg/ml gentamycin and 1.5 µg/ml fungizone.
Monocytes were stimulated with 10 ng/ml IFN-γ (PeproTech) & 100 ng/ml LPS for
72 hours for differentiation towards an M1 or 10 ng/ml IL-4 (PeproTech) for 72
hours for an M2 phenotype. To examine the potential of vIL-10 to modulate
macrophage phenotype, monocytes were treated with M1 or M2 differentiation
stimuli for 48 hours, followed by the addition of 100 ng/ml recombinant vIL-10
(R&D Systems) with M1 or M2 stimuli for an additional 24 hours. Cells were
washed to remove stimuli and cultured for 24 hours in BCM, following which M1 or
M2 CM was harvested. M1 or M2 CM was subjected to centrifugation at 400 g for 5
minutes, stored at -80 oC and was not subjected to more than one freeze thaw
process.

4.2.6 Cytokine Assays

Commercially available ELISA kits were used to determine the concentration of IL6 and CCL18 in SCM, M1 and M2 CM as per the manufacturer’s instructions (R&D
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systems). In brief, 96-well flat bottom plates were coated with 100 µl of 2.0 µg/ml
mouse anti-human IL-6 or mouse anti-human CCL18 capture antibody diluted in
PBS, and incubated overnight at room temperature. Plates were washed 3 times with
wash buffer consisting of 0.05% Tween-20 in PBS, and blocked with reagent diluent
composed of 1% BSA in PBS for 1 hour at room temperature. Following blocking,
plates were washed 3 times and 100 µl of sample or standard was added for 2 hours
at room temperature. Following sample incubation, plates were washed 3 times and
100 µl of 50 ng/ml biotinylated goat anti-human IL-6 or 400 ng/ml biotinylated goat
anti-human CCL18 diluted in reagent diluent was added. Following 2 hours
incubation plates were washed 3 times and 100 µl of Streptavidin-HRP, diluted
1:200 in reagent diluent, was added. Plates were incubated for 20 minutes, followed
by 3 washes and the addition of 100 μl of substrate solution composed of a 1:1
mixture of Colour Reagent A (H2O2) and Colour Reagent B (Tetramethylbenzidine)
(R&D Systems) for an additional 20 minutes. 50 µl of stop solution (2N H2SO4) was
added to each well, and optical density was determined using a microplate reader set
to 450 nm.

4.2.7 Isolation and culture of human MSCs

MSCs were isolated from heparinised bone marrow aspirates taken from the iliac
crest of one healthy volunteer (male, 35 years) and one patient with OA undergoing
total hip replacement surgery (female, 77 years) with informed consent. All
procedures for the collection of bone marrow were approved by the Clinical
Research Ethical Committee at University College Hospital, Galway, Ireland
(reference: 2/08), the institutional National University of Ireland Galway Research
Ethics Committee (reference: 08/May/14) and the local ethical committee of the
Erasmus MC, University Medical Center Rotterdam (MEC 2004-142). Bone marrow
aspirates were diluted 1:1 with PBS and centrifuged at 900 g for 10 minutes.
Following removal of the supernatant, a sample was taken from the bone marrow
suspension for counting, diluted in PBS and added to 4% acetic acid (1:1 ratio) to
facilitate erythrocyte lysis. Primary MSCs were plated at a cell density of 41.48 ×
106 to 59.33 × 106 cells per T-175 flask and expanded in α-MEM supplemented with
10% FBS, 1 ng/ml FGF-2, 25 µg/ml ascorbic acid-2-phosphate, 1.5 µg/ml fungizone
100

and 50 µg/ml gentamicin. Cultures were maintained at 37 °C with 95% humidity and
5% CO2 in the same medium for 5 days. Following incubation, non-adherent cells
were removed with PBS and fresh medium was added. Primary cells were passaged
following the formation of discrete colonies of MSCs, utilising 0.25% trypsin/0.53
mM EDTA solution. MSCs were used for chondrogenesis experiments at passage 3.

4.2.8 Chondrogenic differentiation of MSCs

For induction of chondrogenic differentiation, MSCs were encapsulated in 1.2% low
viscosity alginate powder (CP Kelco) dissolved in physiological saline at a density
of 4 x 106 cells/ml. MSC alginate beads were formed by purging the alginate-cell
suspension through a 23-gauge needle allowing droplets to fall into 102 mM CaCl2
solution. Negative control MSC beads were cultured in incomplete chondrogenic
medium (ICM) composed of BCM to which 0.1 µM Dexamethasone (Sigma–
Aldrich) was added. For induction of chondrogenesis, MSC beads were cultured in
complete chondrogenic medium (CCM), composed of ICM with the addition of 10
ng/ml TGF-β1 (R&D systems). MSC beads were cultured for 14 days, following
which medium was supplemented with CM from all conditions; 5% SCM, 10% FEP
and MEP CM were added to MSC beads, which were previously identified as
optimal concentrations. To allow for high variability in cell number between CD45+
and CD45- isolated synoviocytes, the lowest cell number used to generate CM across
all donors (0.15 µg DNA) was equivalent to a concentration of 50% CM, with the
cell number of all individual conditions normalised to this concentration. To account
for high variability in cell number between M1 and M2 differentiated monocytes, the
average cell number used to generate M1 and M2 CM across all donors, was
equivalent to a concentration of 20% CM. The cell number of all individual
conditions was normalised to this concentration to account for outliers (table 4.1).
The effect of all treatment conditions on the chondrogenic differentiation of MSCs
was assessed in experimental triplicates. Culture was continued for a further 3 days
after which mRNA was isolated, or 14 days after which samples were harvested for
DNA and GAG quantifications.
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Table 4.1. Calculation of the percentage of M1 and M2 CM, based on
macrophage cell number (µg DNA).
Donor

Condition

DNA (µg)

% CM

1

M1

1.64

19.95

M2

1.12

29.28

M1

1.58

20.65

M2

0.79

41.43

M1

3.00

10.88

M2

1.67

19.51

2

3

4.2.9 Quantification of DNA content

MSCs were released from alginate after 28 days of culture following incubation with
55 mM sodium citrate in 20 mM EDTA, and digested overnight at 60 oC with an
equal volume of papain solution (250 µg/ml papain in 50 mM EDTA and 5 mM Lcystein (Sigma-Aldrich)). Macrophages were lysed with 500 µl TritonX-100 (SigmaAldrich) and sonicated on ice for 10 seconds. The DNA content of all samples was
determined following ribonuclease type 3 (12.5 µg/ml, Sigma-Aldrich) and heparin
(415 U/ml, Leo Pharmaceuticals) treatment, utilising ethidium bromide (5 µg/ml,
Gibco). Deoxyribonucleic acid sodium salt from calf thymus (Sigma-Aldrich) was
used as a standard. DNA was quantified by spectrophotometric detection of ethidium
bromide binding at 340 and 590 nm.

4.2.10 GAG measurement

GAG

content

of

digested

MSC

alginate

samples

was

determined

spectrophotometrically at 530 and 590 nm after reaction with dimethylmethylene
blue (Polysciences); the pH was lowered to 1.75 for measurements in alginate
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samples using chondroitin sulphate from shark cartilage as the standard (SigmaAldrich). The effect of SCM (donor n=2) on GAG content of MSCs was assayed in
experimental triplicates.

4.2.11 Gene expression analyses of MSCs and macrophages

4.2.11.1 RNA isolation

MSC alginate beads were dissolved following incubation with 55 mM sodium citrate
at 4 oC with gentle agitation. The cell solution was centrifuged at 400 g for 8 minutes
at 4 oC and the pellet resuspended in 1 ml RNAbee (TelTest) per 1 x 106 nuclei and
stored at -80 oC. 350 µl/well of buffer RLT (Qiagen) was used for direct cell lysis of
M1 and M2 monolayer cultures. RNA isolation was performed on MSCs and
macrophage monolayers using a RNeasy Microkit (Qiagen) according to
manufacturer’s instructions. In brief, 200 µl of chloroform was added to cells
resuspended in RNAbee, and samples were shaken and subjected to centrifugation at
12,000 g for 15 minutes. The upper colourless aqueous phase was removed and
samples were transferred to an RNeasy MinElute spin column and centrifuged for 15
seconds at 8,000 g. The spin column was then washed by the addition of 350 µl of
Buffer RW1, and samples were centrifugation for 15 seconds at 8,000 g. To facilitate
on column DNase digestion, 10 µl DNase I stock solution was added to 70 µl Buffer
RDD and placed on the column for 15 minutes at room temperature. The column
was then washed by the addition of 350 µl of Buffer RW1 followed by 500 µl Buffer
RPE and centrifugation for 15 seconds at 8,000 g. 500 µl of 80% ethanol was then
added and the column was centrifuged at 8,000 g for 2 minutes, followed by an
additional spin at full speed for 5 minutes to dry the spin column. Finally, for the
elution of RNA, the spin column was placed in a new collection tube and 14 µl of
RNase-free water was added directly to the membrane. Columns were centrifuged
for

1

minute

at

14,000

g.

Nucleic

acid

content

was

determined

spectrophotometrically using a NanoDrop ND1000 spectrophotometer (Isogen Life
Science B.V.) at 260 and 280 nm.
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4.2.11.2 First strand cDNA synthesis

cDNA synthesis was performed using RevertAid First Strand cDNA synthesis Kit
(MBI Fermentas). In brief, 200 ng of RNA stock was added to 0.5 µl of oligo(dT)18
primer (0.5 µg/µl), 0.5 µl of hexamer primer (0.2 µg/ml) and RNase free water to a
final volume of 12 µl, and samples were incubated for 5 minutes at 70 ⁰C and placed
on ice. The following components were then added to synthesise cDNA, giving a
final volume of 20 µl: 4 µl of 5x reaction Buffer, 1 µl of Ribonuclease inhibitor (20
U/ml), 2 µl dNTPs (10 mM), and 1 µl Reverse Transcriptase enzyme (200 U/µl).
The resulting mixture was incubated at 25 ⁰C for 10 minutes, 42 ⁰C for 60 minutes
and 70 ⁰C for 10 minutes. Newly synthesised cDNA was stored at -20 ⁰C.

4.2.11.3 qRT-PCR

qRT-PCR was performed in 20 µL reactions on cDNA using the CFX96 Touch™
Real-Time PCR Detection System (BIO-RAD) utilising either Taqman Universal
PCR mastermix (Applied Biosystems) or SybrGreen (Eurogentec). Gene expression
of IL-6 was assessed as a marker of M1 and CCL18 and macrophage mannose
receptor 1 (MRC1) as markers of M2-polarised macrophages (Cheung et al., 1990,
Hart et al., 1989, Martinez et al., 2006, Martinez-Pomares et al., 2003). For MSCs,
the expression of the cartilage-related genes collagen type II (COL2) and aggrecan
(ACAN) were assessed. Primer pairs were used to determine the transcript levels of
genes of interest as described in table 4.2. The amplification conditions were as
follows: 95 ⁰C for 10 minutes, 40 cycles of 95 ⁰C for 15 seconds and 60 ⁰C for 1
minute. Gene expression levels were normalised to GAPDH and relative expression
was calculated using the 2-ΔCT method (2-(CT gene of interest – CT internal control)) (Schmittgen
and Livak, 2008).
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Table 4.2. Fw and Rv primers for genes of interest.
Primer sequence (5’-3’)

Gene
GAPDH

Fw
Rv
FAM

GTCAACGGATTTGGTCGTATTGGG
TGCCATGGGTGGAATCATATTGG
TGGCGCCCCAACCAGCCT

COL2A1

Fw
Rv
FAM

GGCAATAGCAGGTTCACGTACA
CGATAACAGTCTTGCCCCACTT
CCGGTATGTTTCGTGCAGCCATCCT

ACAN

Fw
Rv
FAM

TCGAGGACAGCGAGGCC
TCGAGGGTGTAGCGTGTAGAGA
ATGGAACACGATGCCTTTCACCACGA

IL-6

Fw
Rv

TCGAGCCCACCGGGAACGAA
GCAGGGAAGGCAGCAGGCAA

CCL18

Fw
Rv

GCACCATGGCCCTCTGCTCC
GGGCACTGGGGGCTGGTTTC

MRC1

Fw
Rv

TGGCCGTATGCCGGTCACTGTTA
ACTTGTGAGGTCACCGCCTTCCT

TNF-α

Fw
Rv

GCCGCATCGCCGTCTCCTAC
AGCGCTGAGTCGGTCACCCT

4.2.12 Evaluation of macrophage subtypes in synovium

5 µm sections were cut from paraffin embedded OA synovial tissue explants from 6
donors. Sections were stained for CD86 as a marker of M1 macrophages, or CD206
as a marker of the M2 subset (Hofkens et al., 2013, Drutman et al., 2012, Martinez et
al., 2006). Sections were deparaffinised, washed and heat-mediated antigen retrieval
performed. In brief, dako antigen retrieval solution (company) was diluted 1:10 in
distilled water before use and pre-heated in a microwave to 80-90 °C. Sections were
then placed in the solution and heated to 90°C for 20 minutes to expose antigenic
sites. Following cooling, sections were blocked with 10% goat serum (SigmaAldrich) and incubated for 1 hour with primary antibodies CD206 (2.5 mg/ml,
Abcam) or CD86 (Genetex, 0.45 µg/ml). Sections were incubated for 30 minutes
with a biotinylated anti-rabbit Ig antibody (Biogenex) diluted 1:50 with
PBS/1%BSA, and thereafter with an alkaline phosphatase-conjugated streptavidin
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label (Biogenex) diluted 1:50 in PBS/1% BSA. Sections were incubated with Neu
Fuchsin, NaNO2, Naphtol AS-MX phosphate, Di-methylformamid with levamisole
(all Sigma-Aldrich) in TRIS-HCl buffer (0.2M, pH 8.5) in the dark for 30 minutes
for colour development. Sections were counterstained with haematoxylin and slides
mounted utilising VectaMount.

4.2.13 Statistical analysis

Statistical analysis was performed using SPSS, version 15.0. Data were analysed
utilising a Kruskal-Wallis test, followed by the Mann Whitney U test. For all
analyses, differences were considered statistically significant at p<0.05.
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4.3 Results
4.3.1 Synovium conditioned medium negatively impacts MSC chondrogenesis

To confirm the negative impact of OA synovium on MSC chondrogenesis, the effect
of SCM on chondrogenic gene expression by MSCs during differentiation was
analysed. MSCs encapsulated in alginate were chondrogenically-primed for 14 days
and treated for an additional 3 days with 5% SCM, prepared with synovium from 6
individual donors. MSC alginate beads successfully underwent chondrogenesis in
our differentiation system, as indicated by significantly increased COL2 and ACAN
gene expression in TGF-β only treated MSC alginate beads compared to untreated
(Fig. 4.2 A). Gene expression levels of COL2 were significantly lower (p=0.002;
average decrease of 75.2% ± 17.3% in MSCs following treatment with 5% SCM,
compared to MSCs that were not exposed to SCM (Fig. 4.2 B); this inhibitory effect
was observed following treatment with SCM from all 6 donors, ranging from 44.2%
to 95.2% inhibition. SCM from 4 of the 6 donors resulted in decreased expression
levels of ACAN (inhibition ranging from 49.6% to 75.5%) in SCM-treated beads
compared to untreated (p=0.27) (Fig. 4.2 B). Furthermore, SCM treatment
significantly decreased (p=0.005) GAG content of MSCs that were cultured for 28
days (Fig. 4.2 C).

Additionally, the levels of IL-6 and CCL18 in SCM were quantified to evaluate the
inflammatory state of synovium from each donor. All donors secreted high levels of
IL-6 and lower levels of CCL18, albeit with high variability between donors (Fig.
4.2 D).
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Figure 4.2. OA SCM negatively affects MSC chondrogenesis. (A) TGF-β stimulation of MSC
alginate beads increases COL2 and ACAN gene expression. Values represent the mean ± SD of
experimental triplicates with one MSC donor. (B) Fold change in COL2 and ACAN levels compared
to TGF-β stimulated only control (indicated by the dashed line) following 3 days of 5% SCM
treatment. Values represent the mean ± SD of experimental triplicates. (C) GAG content of MSC
alginate beads at day 28 of chondrogenesis, following 5% SCM treatment for 14 days. Values
represent the mean ± SD of experimental triplicates with SCM from two synovium donors. (D)
ELISA analysis and quantification of IL-6 and CCL18 levels in SCM of 6 donors with OA. Statistical
significance was determined by Kruskal-Wallis test followed by Mann-Whitney U test. *=p<0.05.
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4.3.2. vIL-10 treatment of OA synovial explants does not attenuate the negative
impact of SCM on MSC chondrogenesis

To assess whether vIL-10 treatment of OA synovium may modulate the antichondrogenic effect of SCM on differentiating MSCs, additional synovial explants
from donors 1, 2, 3, 4 & 5 were cultured with 100 ng/ml of recombinant vIL-10 for 3
days prior to harvesting of SCM. In a similar manner to untreated SCM, vIL-10treated SCM significantly inhibited COL2 gene expression compared to TGF-β only
treated controls (p=0.004) (Fig. 4.3). Furthermore, the effect of vIL-10-treated SCM
on COL2 expression levels did not significantly differ from the effect of untreated
SCM (p=0.775). In addition to these findings, vIL-10 treatment of synovial explants
did not attenuate the inhibitory effect of SCM on ACAN gene expression (p=0.486).
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Figure 4.3. vIL-10 treatment of OA synovial explants does not attenuate the anti-chondrogenic
effect of OA SCM. Fold change in COL2 and ACAN gene expression levels compared to TGF-β
stimulated only control (indicated by the dashed line) following 3 days of treatment with 5% SCM or
vIL-10-treated SCM. Values represent the mean ± SD of experimental triplicates. Statistical
significance was determined by Kruskal-Wallis test followed by Mann-Whitney U test. The overall
effect of vIL-10-treated SCM did not significantly differ from SCM.
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4.3.3. Neutralisation of IL-6 in OA SCM does not attenuate the negative impact
of SCM on chondrogenic gene expression.

Given that SCM from each donor contained high levels of IL-6, we next sought to
investigate whether neutralisation of IL-6 in OA SCM may attenuate the negative
impact of OA SCM on MSC chondrogenesis. MSC alginate beads were treated with
5% SCM or anti-hIL-6 antibody-treated SCM pooled from 3 donors, for 3 days
following 14 days of chondrogenic differentiation. Both SCM and anti-hIL-6
antibody-treated SCM significantly reduced COL2 and ACAN gene expression by
chondrogenically differentiating MSCs compared to untreated control (p<0.001),
with no significant difference observed between the affect of both treatment
conditions (p=0.129 for COL2, and p=0.353 for ACAN) (Fig. 4.4). Furthermore,
neutralisation of IL-6 in SCM did not significantly increase COL2 or ACAN gene
expression compared to isotype control antibody-treated SCM, indicating that
neutralisation of IL-6 alone in OA SCM is not sufficient to inhibit downregulation of
chondrogenic gene expression.
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Figure 4.4. Neutralisation of IL-6 in OA SCM does not prevent downregulation of chondrogenic
gene expression. Gene expression levels of COL2 and ACAN following stimulation of MSC alginate
beads with 5% SCM or anti-hIL-6 antibody-treated SCM for 3 days. Values represent the mean ± SD
of experimental triplicates with SCM from 3 donors. Statistical significance was determined by
Kruskal-Wallis test followed by Mann-Whitney U test. ***=p<0.001.
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4.3.4 Synovial macrophages are mediators of the inhibitory effect of OA
synovium on MSC chondrogenesis

Having observed an unfavourable effect of SCM towards the chondrogenic
differentiation of MSCs, it was hypothesised that synovial macrophages may be
responsible for this effect. Cells isolated from OA synovium were separated to
generate fibroblast-enriched (FEP) and macrophage-enriched (MEP) fractions, based
on their differential adherence times to tissue culture plastic. Morphological
differences between cells in both fractions were clear. Cells of the macrophageenriched fraction displayed more cells with a round cell body which was associated
with numerous filopodia, characteristic of macrophage morphology (Barland et al.,
1962). The fibroblast-enriched fraction contained predominantly elongated cells with
cytoplasmic

processes

varying

in

shape

and

length

(Fig.

4.5

A).

Immunohistochemical stainings for the fibroblast membrane marker 11-Fibrau (van
Osch et al., 2001) further confirmed enrichment of each fraction (Fig. 4.5 B). MSC
alginate beads were treated with 10% MEP or FEP CM for 3 days, following 14 days
of chondrogenic differentiation, to assess the effect of synoviocytes from both
fractions on chondrogenesis. COL2 gene expression levels in MSCs were reduced
following treatment with MEP CM. FEP CM however, did not negatively impact
COL2 expression suggesting that synovial macrophages may be responsible for the
anti-chondrogenic effect of OA synovium (Fig. 4.5 C).

To further investigate these findings, synoviocytes were isolated from 6 synovium
donors and separated based on their expression of the hematopoietic cell and
synovial macrophage marker CD45 (Van Landuyt et al., 2010). To examine the
effect of CD45+ cells on the chondrogenic differentiation of MSCs, MSC beads
were treated with 50% CD45+ CM for 3 days, following 14 days of chondrogenic
differentiation. CM from CD45+ populations reduced COL2 and significantly
decreased ACAN gene expression levels (p=0.01) by chondrogenically differentiating
MSCs (Fig. 4.5 D).
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Figure 4.5. Synovial macrophages inhibit chondrogenic gene expression by MSCs. MSC alginate
beads were treated with 10% CM generated from synovial macrophage enriched (MEP) or fibroblast
enriched (FEP) populations (1 synovium donor), and 50% CD45+ population CM (6 synovium
donors). (A) Phase contrast images of Haematoxylin-eosin stained MEP and FEP. Black arrows
indicate characteristic macrophage morphology, and white arrows indicate characteristic fibroblast
morphology of both fractions. Scale bar indicates 50 µm. (B) Staining of MEP and FEP for the
fibroblast marker 11-fibrau. Scale bar indicates 150 µm. (C) Inhibition of COL2 gene expression in
MSCs following stimulation with MEP CM. Values represent the mean ± SD of experimental
triplicates and CM generated from 1 synovium donor. (D) Inhibition of COL2 and ACAN gene
expression in MSCs following stimulation with 50% CD45+ population CM. Values represent the
mean ± SD of 6 synovium donors, each assessed in experimental triplicate. Statistical significance
was determined by Kruskal-Wallis test followed by Mann-Whitney U test. *=p<0.05.
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4.3.5 M1 and M2-polarised macrophage subsets are present in end-stage OA
synovium

Having identified a role for synovial macrophages in the inhibition of chondrogenic
gene expression by MSCs, we next sought to identify whether M1 or M2
macrophages

in

OA

synovium

could

be

responsible

for

this

effect.

Immunohistochemical analyses for CD86 as an M1 marker and CD206 as an M2
marker were performed on sections of OA synovium (n=6). Expression of both M1
and M2 markers was detected in histological sections from all 6 donors, confirming
the presence of both M1 and M2-polarised subsets. However, large variation in the
level of expression of each marker between donors was observed (Fig. 4.6).
Expression of the M1 marker CD86 was primarily localised to the synovial lining
layer in two donors (donor 3 & 4), with dispersed expression also detected
throughout the sublining region. One donor (donor 6) contained CD86 expressing
cells predominantly in the sublining. Conversely, three donors (donor 1, 2 & 5) did
not express this marker. Expression of the M2 marker CD206 was detected in four
donors (donor 2, 3, 4 & 5), throughout the synovial lining and sublining layers. Two
donors contained few CD206 expressing cells localised to the sublining region
(donor 1 & 6).
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Figure 4.6. M1 and M2-polarised macrophages are present in OA synovium. Photomicrographs of OA synovium stained with anti-CD86, anti-CD206 or IgG isotype
control antibody. Images are representatives of paired sections from 6 donors. Black arrows indicate positive cells, scale bare indicates 300 µm.
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4.3.6 M1-polarised macrophages negatively impact MSC chondrogenesis

Next, we aimed to address whether the negative impact of OA synovium on the
chondrogenic differentiation of MSCs was associated with a specific macrophage
subtype. Medium conditioned by M1 differentiated monocytes contained
significantly higher levels of the M1-associated cytokine IL-6 compared to M2 CM,
but low levels of the M2-associated chemokine CCL18. Conversely, medium
conditioned by M2 differentiated monocytes did not contain IL-6, but CCL18 levels
were increased (Fig. 4.7 B). Moreover, differentiated monocytes exhibited IL6,
CCL18 and MRC1 gene expression profiles of M1 and M2 polarised cells (Fig. 4.7
A). No significant difference in TNF-α or IL-10 gene expression levels were
observed between M1 and M2 differentiated monocytes at this time point. To
examine the potential of vIL-10 to modulate macrophage phenotype, monocytes
were differentiated towards an M1 or M2 phenotype and subsequently treated with
recombinant vIL-10. vIL-10-treated M1 or M2 differentiated monocytes did not
significantly differ in their expression of characteristic M1 and M2 markers
compared to untreated M1 or M2 differentiated cells. This pattern of cytokine and
gene expression was observed with each of the 3 biological replicates.

Treatment of chondrogenic MSC alginate beads with 20% M1 CM significantly
inhibited COL2 (p<0.001) and ACAN (p<0.001) gene expression levels compared to
untreated chondrogenic MSCs (80% ± 14.1% and 86.8% ±11.5% decrease,
respectively) (Fig. 4.8). This inhibitory effect was observed with M1 CM from each
biological replicate (ranging from 63.8% to 89.7% inhibition for COL2, and 73.6%
to 94.5% inhibition for ACAN). No significant difference in COL2 gene expression
levels was observed between MSCs treated with 20% M2 CM and untreated MSCs
(p=0.124). However, treatment with 20% M2 CM did significantly reduce ACAN
gene expression (p=0.002; average decrease of 27.3% ± 9.9%, ranging from 17.2%
to 36.9%). Furthermore, the effect of vIL-10-treated M1 or M2 CM on chondrogenic
gene expression did not significantly differ from untreated M1 or M2 CM.
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Figure 4.7. Characteristic M1 and M2 marker expression by differentiated monocytes. Primary
monocytes were differentiated towards an M1 or M2 phenotype following stimulation with IFN-γ &
LPS or IL-4 for 3 days, with or without the addition of vIL-10. (A) Gene expression of M1 markers
IL-6 and TNF-α, and M2 markers CCL18, MRC1 and IL-10, by M1 or M2-differentiated monocytes.
(B) ELISA quantification of IL-6 and CCL18 levels in M1 and M2 CM. Values represent the mean ±
SD of 3 biological replicates, statistical significance was determined by a Kruskal-Wallis test
followed by Mann-Whitney U test. *=p<0.05.
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Figure 4.8. M1-differentiated macrophages inhibit chondrogenesis of MSCs. Gene expression of
COL2 and ACAN following stimulation of MSC beads with 20% M1 or M2 CM for 3 days. Values
represent the mean ± SD of macrophage biological triplicates, each assayed in experimental triplicate.
Statistical significance was determined by a Kruskal-Wallis test followed by Mann-Whitney U test,
**=p<0.005, ***=p<0.001.
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4.4 Discussion
The inhibitory effect of factors secreted by OA synovium on MSC chondrogenesis
has been previously reported in the literature, however, the exact mechanism
responsible for this effect has yet to be elucidated (Heldens et al., 2012, Kruger et
al., 2012). The findings of this chapter highlight that synovial macrophages isolated
from OA synovium are orchestrators of the negative impact of OA synovium on
MSC chondrogenesis. Furthermore, M1-polarised subsets are shown to inhibit the
chondrogenic differentiation of MSCs. These findings may implicate M1 synovial
macrophages as key regulators of the anti-chondrogenic effect of OA synovium.

Increased inflammatory cell infiltration and pro-inflammatory mediator production
by the synovial membrane are features of OA pathology postulated to drive catabolic
processes in neighbouring chondrocytes, such as the inhibition of matrix synthesis
(Pessler et al., 2008c, Legendre et al., 2003). Synovial macrophages play a key role
in the production of such inflammatory factors, however, little is known to date
regarding the effect of macrophage subsets on MSC chondrogenesis. The presence of
different

macrophage

subsets

in

OA

synovium

was

confirmed

by

immunohostochemical staining of OA synovium sections for the M1 and M2
macrophage markers, CD86 and CD206. In addition, secretion of the inflammatory
cytokine IL-6 and the anti-inflammatory factor CCL18 was assessed. Interestingly,
SCM from donor 1 contained less IL-6 and CCL18 than SCM from other donors,
and failed to reduce COL2 and ACAN gene expression in MSCs. These findings may
suggest that the anti-chondrogenic effect of OA synovium is dependent on its
inflammatory status. In light of this observation, the effect of neutralisation of IL-6
in SCM on the chondrogenic differentiation of MSCs was investigated. Previous
studies have reported down-regulation of cartilage-specific matrix genes, including
collagen type II and aggrecan core protein, in articular chondrocytes by IL-6
(Legendre et al., 2003). Furthermore, Wei et al. have shown that IL-6 treatment of
differentiating MSCs inhibits chondrogenesis in a dose-dependent manner (Wei et
al., 2013). In contrast to these findings, Tsuchida et al. have reported anabolic effects
of IL-6 on cartilage explants, and found that the addition of IL-6 to osteoarthritic
chondrocyte cultures inhibited GAG release while increasing the GAG content of
healthy chondrocytes (Tsuchida et al., 2012). In this current study, neutralisation of
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IL-6 in OA SCM did not attenuate the negative impact of SCM on COL2 and ACAN
gene expression by chondrogenically differentiating MSCs. These findings indicate
that IL-6 is not solely responsible for the anti-chondrogenic effect of OA SCM, and
that other factors present, alone or in combination, are mediating this effect.

A mixed expression pattern of M1 and M2 macrophages was previously detected in
the synovium of patients with OA, and the macrophages localised to the synovial
lining preferentially expressed markers of M2 polarised cells (Tsuneyoshi et al.,
2012). However, in the present study similar levels of M1 and M2 markers were
found localised to the lining layer in end-stage OA synovial tissue. Interestingly,
end-stage OA synovium was recently reported to be refractory to additional in vitro
pro-inflammatory stimuli, which may suggest a decreased plasticity of synovial
macrophages in diseased synovium (Gierman et al., 2013). This decrease in
macrophage plasticity may be a potential factor contributing to the inability of vIL10 to modulate macrophage phenotype and prevent the anti-chondrogenic effect of
OA SCM, as observed in this study. Additionally, the production of proinflammatory factors by end-stage OA synovium, such as IFN-γ, has the potential to
inhibit IL-10 signalling (Herrero et al., 2003, Dolhain et al., 1996). However,
considerable secretion of cytokines by OA synovial tissue following three days of
culture was observed in this study, suggesting that synovial macrophages remained
in an activated state during the entire culture period.

Interestingly, Gierman et al. have detected comparable expression levels of
inflammatory mediators by end-stage OA and normal synovial tissue, and an effect
of OA synovium on GAG release from cartilage explants was not observed in their
study (Gierman et al., 2013). Beekhuizen et al. previously demonstrated that OA
synovium did not affect GAG release but did inhibit GAG synthesis in cultured
osteoarthritic cartilage explants (Beekhuizen et al., 2011a). An inhibitory effect of
OA SCM on the expression of extracellular matrix genes ACAN and COL2 in MSCs
during chondrogenic differentiation was observed in the present study, and
significantly reduced GAG content compared to MSCs not exposed to SCM. In this
system, as in cartilage explants, end stage OA synovium may not directly induce
cartilage degradation and GAG release, but adversely affect GAG production.
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For proof of principle that synovial macrophages are responsible for the inhibitory
effect of OA synovium, the effect of CM from synovial fibroblast and macrophage
enriched populations on MSC chondrogenesis was assessed. The initial results
generated suggested that synovial macrophages are the primary mediators of the
anti-chondrogenic effect. Given the un-refined nature of this isolation procedure, we
sought to generate pure populations of both cell types using positive selection of
cells expressing the macrophage marker CD45, to clearly elucidate a role for
synovial macrophages (Van Landuyt et al., 2010). CD45+ population CM negatively
impacted chondrogenic gene expression by MSCs. Together these findings suggest
that synovial macrophages are responsible for the negative effect of OA SCM on
MSC chondrogenesis.

An MSC alginate bead system was utilised in this study to assess the chondrogenic
differentiation of MSCs, and the suitability of this system has been previously
reported (Randau et al., 2013). Furthermore, TGF-β has been previously identified as
an inducer of chondrogenic differentiation of MSCs (Johnstone et al., 1998, Barry et
al., 2001). An increase in COL2 and ACAN gene expression levels were observed in
this study following stimulation of MSCs with TGF-β alone, confirming that MSCs
successfully underwent chondrogenesis in this differentiation system. M1 and M2
CM, prepared from human blood-derived monocytes polarised into an M1 or M2
phenotype, were used as a model system to address the effect of both subsets on
MSC chondrogenesis. The significant difference in protein production and
differential gene expression of IL6 and CCL18 between M1 and M2-stimulated cells
validate the use of M1 and M2 CM as a model system for macrophage subtypes.
Corresponding with data using OA SCM, M1 CM significantly decreased COL2 and
ACAN gene expression by chondrogenically differentiating MSCs, where inhibition
of COL2 was not observed following treatment with M2 CM. Although M2 CM
treatment inhibited ACAN gene expression, this inhibitory effect was less than the
effect observed following treatment with M1 CM. Interestingly, M1-polarised
macrophages have been recently reported to inhibit the proliferation and viability of
MSCs in vitro; this effect was not observed with cells and mediators of the M2
subset (Freytes et al., 2013). However, in the present investigation, no significant
difference in DNA content between M1 or M2 CM-treated and untreated

122

chondrogenic MSCs was observed, suggesting that M1 polarised cells elicit this
unfavourable effect by directly impacting chondrogenic gene expression.

The findings of this chapter highlight that both medium conditioned by synovial
macrophages and M1-polarised monocytes inhibit the chondrogenic differentiation
of MSCs, whereas M2 conditioned medium does not have this effect. These findings
suggest that the negative effects of OA synovium on cartilage repair are mediated by
M1-polarised macrophages. Therefore, modulation of synovial macrophage
phenotype towards an anti-inflammatory state or attenuation of M1 mediators may
be of vital importance for the development of efficient MSC-based cartilage
regeneration strategies.
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CHAPTER 5

SUMMARY AND CONCLUSIONS
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5.1 Immunomodulation by vIL-10 overexpressing MSCs for OA therapy

OA is classically considered to be primarily a degenerative joint disease, in contrast
to RA, which is characterised by systemic inflammation, auto-antibody production
as well as localised synovial hyperplasia, and therefore termed an inflammatory
disease (McInnes and Schett, 2011). Inflammation in RA is mediated by a network
of cytokines including IL-17, TNF-α, IL-1 and IL-6, produced by infiltrating
macrophages, B cells and CD4+ T cells (Choy and Panayi, 2001). Furthermore,
autoreactive T cells are considered to play an important role in RA pathogenesis
(Afzali et al., 2007). However, OA is also associated with synovial inflammation
and immune cell infiltration, as well as the formation of a pannus similar to that
observed in RA (Furuzawa-Carballeda et al., 2008). Although synovial inflammation
is higher in RA compared to OA, OA joints are still associated with higher levels of
inflammation compared to healthy controls (Pessler et al., 2008a, de Lange-Brokaar
et al., 2012). As reviewed in chapter 1 of this thesis, increasing evidence has
identified components of the both the innate and adaptive immune systems, as well
the complement system in driving OA pathogenesis (Shen et al., 2011, Wang et al.,
2011, Bondeson et al., 2010). Inflammation of the synovial membrane may be a
primary occurrence in OA pathogenesis, or may be secondary to the generation of
damage-associated molecular patterns resulting from structural damage within the
joint (Fernandez-Madrid et al., 1995, Scanzello et al., 2008). Effusion synovitis has
been identified by MRI as a predictor of cartilage loss in the tibiofemoral joint at
thirty-months follow up in patients without tibiofemoral radiographic OA at the
initiation of the study (Roemer et al., 2011). Furthermore, elevated levels of the
soluble macrophage markers CD163 and CD14 in synovial fluid of patients with
radiographic knee OA have been shown to positively correspond with joint space
narrowing and osteophyte formation (Daghestani et al., 2014), and plasma levels of
alarmins S100A8 and S100A9, which are produced by activated macrophages, have
been shown to correlate with ostoephyte progression in patients with early
symptomatic OA (Schelbergen et al., 2014a). The findings of these groups shed
some light on the direct involvement of synovial inflammation on the progression of
OA.

125

MSCs have been extensively investigated for their use in cell replacement strategies
for the treatment of OA, and pre-clinical studies suggest that MSCs may enhance
tissue regeneration through the production of trophic factors (Caplan and Dennis,
2006, Murphy et al., 2003). Although a significant reduction in pain by OA patients
treated with MSCs has been observed (Vangsness et al., 2014), pre-clinical studies to
date have not consistently demonstrated a therapeutic role of MSCs in OA. Bone
marrow and adipose tissue-derived MSCs have been reported to halt OA progression
in some animal models (Diekman et al., 2013, ter Huurne et al., 2012), whereas
other groups have not seen an effect of MSC therapy on structural damage and
inflammation (Kim et al., 2014, van Buul et al., 2014).

In light of the increasing evidence highlighting the role of inflammation in driving
OA progression, this thesis sought to investigate the use of MSCs as a gene therapy
vehicle to deliver anti-inflammatory vIL-10 for treatment of OA. vIL-10 displays
comparable immunomodulatory activity to hIL-10, however it lacks particular
stimulatory functions (Go et al., 1990). The main aims of this investigation were as
follows:

1) Evaluate the feasibility of using MSCs as a vehicle to achieve vIL-10
overexpression, and assess the immunomodulatory properties of vIL-10
overexpressing MSCs.

2) Assess the ability of vIL-10 overexpressing MSCs to attenuate the
progression of OA and maximise the therapeutic potential of MSCs.

3) Examine the effect of OA synovium on the chondrogenic differentiation of
MSCs, and investigate the potential of vIL-10 to modify this effect.
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5.2 Human MSCs are a suitable cell source for efficient adenoviral transduction
and constitutive vIL-10 expression

MSCs are considered useful vehicles for gene therapy approaches due to their ability
to migrate to injured tissue and sites of inflammation (Li et al., 2009a, Klopp et al.,
2007, Sullivan et al., 2013). Furthermore, MSC-mediated delivery of therapeutic
genes has proven successful in preclinical models of RA, OA, myocardial infarction
and cancer (Liu et al., 2013b, Cao et al., 2011, Li et al., 2014, Li et al., 2007). The
first aim of chapter 2 of this thesis was to develop an optimal strategy for adenoviral
transduction of human MSCs, to achieve efficient transduction and overexpression
of vIL-10. The addition of centrifugal force or co-incubation with LaCl3 has been
shown previously to increase transgene expression, compared to co-incubation of
cells with adenovirus alone (Harui et al., 2006, Palmer et al., 2008), but the
efficiency of both methods with human MSCs has not been compared. The results of
this chapter found LaCl3-based transduction to be optimal for adenoviral
transduction of human MSCs, resulting in efficient transgene expression and high
reproducibility. It is noteworthy to mention that immunosuppressive effects of LaCl3
on LPS-activated macrophages have been observed by Guo et al., which highlights
the potential use of this compound by itself as an anti-inflammatory agent (Guo et
al., 2010).

Saa3 and MMP13-inducible gene vectors have been shown to successfully regulate
IL-10 overexpression and ameliorate symptoms following intra-articular injection in
a RA model (Vermeij et al., 2014). Given the prevalence of pro-inflammatory
stimuli in an OA joint, the potential to control vIL-10 release by MSCs using a
COX-2 promoter inducible vector was assessed. Although COX-2 promoter-driven
gene vectors have been shown to have functionality in other cell types, the findings
of this study indicate that COX-2 inducible promoters are not suitable for use with
human MSCs (Rachakonda et al., 2008, Lang et al., 2014, Wang et al., 2009, Inoue
et al., 1995). Despite observing unpregulated PTGS2 gene expression by MSCs in
response to pro-inflammatory cytokine stimulation, vIL-10 overexpression was
achieved irrespective of cytokine stimulation. The role of COX activity and
subsequent PGE2 induction in MSC-mediated immunosuppression has been
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extensively documented in the literature (English et al., 2009, Duffy et al., 2011). A
possible explanation for the findings of this chapter may relate to previous reports
identifying constitutive COX-2 expression and PGE2 production by MSCs during
culture, which was proposed by Kleiveland et al. to play a role in regulating MSC
proliferation (Kleiveland et al., 2008, Ryan et al., 2007). Despite not achieving
regulated vIL-10 release, vIL-10 produced by constitutively over-expressing MSCs
was biologically active in vitro, as shown by its ability to inhibit pro-inflammatory
responses by LPS-activated monocytes. These findings supported the use of MSCs
constitutively overexpressing vIL-10 to investigate the immunomodulatory potential
of vIL-10 in vivo utilising an OA model.

5.3 Immunomodulatory activity of vIL-10 overexpressing MSCs during
collagenase-induced OA progession

As discussed in section 5.1 of this chapter, studies to date reporting on the use of
MSCs for the treatment of OA have generated contrasting results. However, MSCs
have been successfully used as vehicles in gene therapy approaches for the repair of
cartilage defects in OA. Cao et al. have shown that administration of SOX-9
overexpressing allogeneic MSCs facilitated cartilage repair in a rabbit full thickness
cartilage defect model, compared to treatment with MSCs only (Cao et al., 2011).
Additionally, IL-1Ra-overexpressing MSCs have been shown to retain their ability
to undergo chondrogenic differentiation in the presence of an inflammatory
challenge with IL-1α in vitro, compared to untransduced MSCs (Glass et al., 2014).
MSC-based delivery of anti-inflammatory factors such as vIL-10 hsTNFR, have
proven successful in inflammatory arthritis models (Choi et al., 2008, Liu et al.,
2013). In light of these findings, chapter 3 of this thesis aimed to assess the potential
of vIL-10 overexpressing human MSCs to attenuate inflammatory processes and halt
disease progression in a collagenase-induced OA model.

Although previous reports have called into question the effect of genetic mismatch
on the immunosuppressive properties of MSCs (Sullivan et al., 2012), administration
of human MSCs alone or MSCs overexpressing immunomodulatory factors has been
shown to have therapeutic efficacy in OA and RA models, without any immunogenic
adverse effects observed (Horie et al., 2012, Liu et al., 2013b, Toupet et al., 2015).
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The results reported in this thesis have shown that untransduced or adenovirally
transduced human MSCs were not immunogenic and were immunosuppressive
towards activated murine lymphocytes in vitro. Furthermore, these findings
confirmed that vIL-10 overexpressed by human MSCs was biologically active
towards LPS-activated murine macrophages in vitro. Immunomodulatory activity of
AdIL-10 transduced MSCs on the levels of naive and activated CD4+ and CD8+ T
cells in the popliteal and inguinal lymph nodes in vivo was observed at 7 weeks post
induction of OA, and 6 weeks post administration of MSCs. However no effect was
observed on OA progression following treatment with untransduced, AdNull or
AdIL-10 transduced and AdIL-10 virus alone. Although average scores did not
indicate the development of advanced OA lesions, variability in OA scores was
observed with severely damaged knees appearing in groups that were treated with
untransduced and transduced MSCs, or AdIL-10 virus alone. These findings may
cast doubt on the suitability of a xenogeneic source of MSCs for the investigation of
MSC-mediated repair in preclinical models of OA. Xenotransplantation of human
ASCs using immunocompetent recipients has been previously described in models
of cerebral ischemia (Kang et al., 2003) and arterial injury (Kim et al., 2011), with
no sign of alloreactivity observed. Furthermore, human ASCs have been shown to
reduce cartilage damage and inflammation in C57BL/6 mice with collagenaseinduced OA (Toupet et al., 2015). Xenotransplantation of human bone marrowderived MSCs has improved therapeutic outcome in a mouse chronic airway
inflammation model (Bonfield et al., 2010), and prevented OA progression in
immunocompetent rats following hemi-meniscectomy (Horie et al., 2012). However,
Jeon et al. have reported that human clonal bone marrow derived-MSCs were not
capable of exerting an immunomodulatory effect in a mouse MHC-matched graft
versus host disease model (Jeon et al., 2010). Interestingly this group also observed
that stimulation of human MSCs with murine TNF-α and IFN-γ in vitro was not
sufficient to induce immunomodulatory mediator expression by human MSCs
compared to human cytokines, an effect which was postulated to potentially
contribute to the inefficiency of human MSCs in this model (Jeon et al., 2010). Bone
marrow-derived MSCs have been reported to share the same cell surface expression
profile of immunologically relevant antigens as ASCs (Niemeyer et al., 2007).
However, transcriptome analysis has revealed that ASCs have higher expression of
genes associated with the immune response compared to MSCs, whereas MSCs
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more predominantly express genes involved with the development of tissues from
embryonic mesoderm (Jansen et al., 2010). These findings may indicate that
variation in the therapeutic potential of ASCs and MSCs may be due to their
differential origin and gene expression patterns, and the use of ASCs may be more
beneficial to target inflammation associated with musculoskeletal disorders.

Allogeneic MSCs are currently considered an attractive cell source for clinical
cartilage repair applications, due to low immunogenicity of MSCs attributable to
their low cell surface expression of MHC class I molecules and no expression of
MHC class II (Le Blanc et al., 2003). Additionally, given that OA is an age-related
condition and MSCs are associated with an age-related reduction in proliferation and
differentiation capacity, MSCs from healthy donors may be a useful cell source for
the treatment of OA (Loeser, 2009, Stolzing et al., 2008). However, emerging
reports indicate that bone marrow-derived MSCs are not associated with a fully
immune privileged status (Griffin et al., 2013). Furthermore, Ryan et al. have
observed decreased immunosuppressive activity and increased MHC expression
following chondrogenic differentiation of allogeneic MSCs compared to
undifferentiated MSCs, which was associated with the initiation of an immunogenic
response in vivo (Ryan et al., 2014).

In addition to the growing development of systemic biomarkers to distinguish
between patients with mild OA and healthy individuals (Heard et al., 2013), synovial
fluid and serum levels of macrophage markers have been found to relate with the
degree of macrophage activation in the knees of patients with OA (Daghestani et al.,
2014). These findings highlight potential methods to identify patients with early
disease development who may benefit from therapeutic intervention to halt disease
progression, and identify patients with an inflammatory phenotype. Having
identified a reduction in the levels of naive and activated T cells in the popliteal and
inguinal lymph nodes of AdIL-10 MSC treated animals at 6 weeks post intraarticular injection, perhaps administration of vIL-10 overexpressing MSCs in an
inflammatory subset of OA patients may potentially modulate inflammatory
processes and subsequently alter disease progression. Taking into consideration the
findings of this thesis, MSC-mediated delivery of vIL-10 may facilitate successful
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tissue engineering strategies for cartilage repair, through the suppression of T cell
driven allogeneic host responses.

5.4 Evaluation of the impact of end-stage OA synovium on cell replacement
strategies utilising chondrogenically differentiating MSCs
As discussed previously, tissue engineering strategies such as autologous
chondrocyte implantation have been extensively investigated for the treatment of
cartilage defects (Bartlett et al., 2005a, Batty et al., 2011, Vanlauwe et al., 2012).
However, implantation of chondrocytes involves a two-stage surgical procedure and
is limited to the treatment of focal cartilage defects as opposed to general cartilage
loss associated with OA (Knutsen et al., 2007, Brittberg et al., 1994). The delivery
of progenitor cells such as MSCs is considered a favourable strategy for cell
replacement applications and cartilage repair in OA, and has been investigated
extensively in preclinical models (Mokbel et al., 2011, Lee et al., 2007). Clinical
studies performed utilising intra-articular injection of MSCs to treat patients with
knee OA, have reported a significant reduction in pain and a decrease in cartilage
defect size associated with the formation of hyaline cartilage at 6 months post
treatment (Jo et al., 2014, Vangsness et al., 2014). However, in contrast to these
findings, a retrospective evaluation 12 months post-operatively of OA knees treated
with MSCs reported abnormal repair (Koh et al., 2014). One factor contributing to
this variability may be the presence of inflammatory processes within an
osteoarthritic joint driving disease progression. Therefore an in-depth understanding
of how OA-associated inflammation impacts chondrocyte and progenitor cell
behaviour may be required in order to achieve efficient cartilage regeneration in a
catabolic OA environment.

5.4.1 Synovial macrophages and M1-polarised subsets negatively impact MSC
chondrogenesis

OA synovial fluid and medium conditioned by synovium explants have been
previously shown to inhibit the chondrogenic differentiation of MSCs (Heldens et
al., 2012, Kruger et al., 2012). Additionally, pro-inflammatory cytokines such as
TNF-α and IL-1β have been shown to negatively impact MSC chondrogenesis
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(Wehling et al., 2009). Although synovial macrophages are known to play a key role
in the production of such inflammatory factors, little is known to date regarding the
effect of macrophage subsets on MSC chondrogenesis. Chapter 4 of this thesis
sought to investigate whether the inhibitory effect of OA synovium on MSC
chondrogenesis is due to synovial macrophages, and clarify what role macrophage
polarisation state plays in this effect. In agreement with previous reports, SCM
prepared from OA synovium inhibited the chondrogenic differentiation of MSCs.
Furthermore, synovial macrophages were identified as orchestrators of this antichondrogenic effect. Having confirmed the presence of both M1 and M2
macrophage subsets in OA synovium, it was important to investigate whether the
negative impact of OA synovium on MSC chondrogenesis was associated with a
specific macrophage subtype. CM from M1-differentiated monocytes significantly
inhibited chondrogenic gene expression by MSCs, whereas treatment with M2 CM
did not have this effect. The results of this chapter suggest that the negative impact
of OA synovium on the chondrogenic differentiation of MSCs is mediated by M1
polarised macrophages.

vIL-10 is known to modulate pro-inflammatory responses of activated macrophages
and modulate macrophage phenotype (Malefyt et al., 1991a, Hart et al., 1995,
Martinez et al., 2008, Boehler et al., 2014). However in the present study, treatment
of OA synovium or M1-differentiated monocytes with recombinant vIL-10 did not
attenuate the inhibitory effect of SCM or M1 CM on MSC chondrogenesis. Previous
reports have suggested a decreased plasticity of synovial macrophages in OA
synovium (Gierman et al., 2013). Furthermore, induction of a M1 phenotype
involved the addition of IFN-γ to monocytes, which is a factor known to inhibit IL10 signalling (Herrero et al., 2003, Dolhain et al., 1996). These findings may in part
explain the current results. Misharin et al. have recently reported that non-classical
monocytes differentiate to M1-polarised macrophages during the onset of RA in
mice, highlighting a role for recruited monocytes in disease propagation (Misharin et
al., 2014). Interestingly, it was observed by this group that tissue-resident synovial
macrophages maintained an M2-phenotype throughout disease progression, which
may indicate that migration of non-classical monocytes from the blood may
overcome any potential protective effects of M2-polarised synovial macrophages
(Misharin et al., 2014). Previous studies have also found that macrophages localised
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to the synovial lining in explants from OA patients preferentially expressed markers
of M2-polarised cells (Tsuneyoshi et al., 2012). Taking these findings in to
consideration, targeting monocytes infiltrating the joint in OA with antiinflammatory or polarising factors such as vIL-10, may possibly serve to attenuate
M1-mediated catabolic events within the joint.

5.5 Conclusions and future directions
This thesis has demonstrated that human MSCs are a suitable vehicle to achieve
constitutive vIL-10 overexpression, which has immunomodulatory activity on
activated immune cells in vitro, as well as naive and activated T cells in vivo during
collagenase–induced OA in mice. These findings suggest that vIL-10 overexpression
by MSCs may serve as a useful strategy to maximise the immunomodulatory
potential of MSCs for the treatment of OA. Furthermore, in a cohort of OA patients
that has an inflammatory component associated with disease pathogenesis,
administration of vIL-10 overexpressing MSCs may modulate inflammatory
processes and alter disease progression. This thesis has also identified M1-polarised
macrophages as mediators of the inhibitory effect of OA synovium on MSC
chondrogenesis. This data highlights M1-polarised synovial macrophages as a
potential therapeutic target to improve the efficacy of current MSC-based cartilage
repair strategies for the treatment of OA.

As previously discussed in this thesis, gene therapy strategies offer novel approaches
for the treatment of OA, which may serve to modulate structural damage resulting
from catabolic inflammatory and degenerative processes within the joint. Adenoviral
vectors were utilised in the current studies, which served as a useful resource for
proof of principle and testing of the hypotheses of this thesis in a pre-clinical model.
However, safety concerns are associated with the use of adenoviruses due to their
potential to initiate an immunogenic response (Yang et al., 1995), which may limit
their use for clinical evaluation of gene therapy approaches. Adeno-associated
viruses (AAV) are considered to have a high safety profile for gene therapy
applications and have been investigated in clinical trials for treatment of disorders
such as Becker muscular dystrophy and choroideremia (Mendell et al., 2015,
MacLaren et al., 2014). Therefore, AAV may serve as a promising vector to explore
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the potential therapeutic efficacy of vIL-10 for treatment of OA in a clinical setting.
The use of a doxycycline-inducible vector to achieve inducible vIL-10 expression
may be of interest for future pre-clinical studies, given the potential of this system to
tailor transgene expression to periods of disease when therapeutic intervention would
be most beneficial. Additionally, taking in to consideration the findings of this thesis,
the use of an allogeneic or autologous source of MSCs rather than xenogeneic may
facilitate a clearer investigation of MSC-mediated repair in a collagenase-induced
model of OA.
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Oral Presentations
1. “Investigation of the potential of viral interleukin-10 overexpressing
mesenchymal stem cells to attenuate inflammation and impede osteoarthritis
progression in mice” -Matrix Biology Ireland Meeting, Galway, November
2014.
2. “Immunomodulatory activity of Mesenchymal Stem Cells overexpressing
vIL-10 during Osteoarthritis progression in mice” -Stem Cell Conference,
Galway, October 2014.
3. “M1-macrophages are potential mediators of the negative impact of
osteoarthritic synovium on mesenchymal stem cell chondrogenesis” -NUI
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research Day, June 2014.
4. “The impact of synovial macrophage polarisation state on chondrogenic
differentiation of mesenchymal stem cells” -Osteoarthritis Research Society
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5. “M1 polarised macrophages are potential mediators of the anti-chondrogenic
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2. “Attenuation of Inflammation by Immune Modulation for Cartilage Repair in
Osteoarthritis” -Tissue Engineering & Regenerative Medicine International
Society (TERMIS), September 2012.
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3. “Mechanisms of Action of Immunomodulatory Activity of Mesenchymal
Stem Cells Overexpressing Interleukin-10” -MSC conference, Galway, July
2012.
4. “Mechanism of Action of Anti-inflammatory effects of Interleukin-10
Overexpressing Mesenchymal Stem Cells” -Royal Academy of Medicine in
Ireland (RAMI), 2012.
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