
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:37:23Z

 

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

Title
Feasibility of mesenchmyal stem cells as modulators of
inflammation and as a cellular model to study cartilage damage
in osteoarthritis

Author(s) Raman, Swarna

Publication
Date 2020-04-10

Publisher NUI Galway

Item record http://hdl.handle.net/10379/15874

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


Feasibility of Mesenchymal Stem Cells as 

Modulators of Inflammation and as a 

Cellular Model to Study Cartilage Damage 

in Osteoarthritis 
 

 

 

 

 

 
 

A thesis submitted to the National University of Ireland as fulfillment 

 of the requirement for the degree of 

 

 

Doctor of Philosophy 

By 

Swarna Raman  

 

Regenerative Medicine Institute (REMEDI), 

College of Medicine, Nursing and Health Sciences, 

National University of Ireland, Galway. 

 

Thesis Supervisor: Prof. Mary Murphy 
 

 

 

November 2019 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



i 
 

Table of Contents 

Abstract ................................................................................................................... ix 

Acknowledgements ................................................................................................ xi 

Dedications.......................................................................................................... xiii 

Declaration ........................................................................................................... xiv 

Abbreviations ......................................................................................................... xv 

List of Figures ....................................................................................................... xx 

List of Tables ....................................................................................................... xxii 

Chapter 1 .................................................................................................................. 1 

1.1 Osteoarthritis .......................................................................................................................... 3 

1.2 Immunopathogenesis of OA ................................................................................................ 4 

1.2.1 Synovium in OA ................................................................................................................. 5 

1.2.2 Cartilage and chondrocytes in OA ................................................................................... 8 

1.2.3 Pro-inflammatory cells associated with OA .................................................................. 10 

1.2.4 Soluble mediators and pathways promoting inflammation in OA ............................ 13 

1.2.5 Alarmins and their ‘DAMPening’ effects in OA .......................................................... 21 

1.2.6 Role of inflammasomes in OA ....................................................................................... 23 

1.3 Anti-inflammatory cytokines in OA: Interleukin-10 as a potential target ................... 24 

1.4 Cell therapy for OA: MSC mediated immunomodulation in OA ................................ 26 



ii 
 

1.5 MSCs as mediators of anti-inflammation: an MSC: IL-10 story ................................... 28 

1.6 Tissue engineering strategies using 3D encapsulation of MSCs ................................... 29 

1.7 Feasibility of MSCs for long-term cartilage repair/reconstruction............................... 30 

1.8 Hypotheses and aims ........................................................................................................... 31 

Chapter 2 ............................................................................................................... 35 

2.1 Introduction .......................................................................................................................... 37 

2.2 Materials and methods ........................................................................................................ 40 

2.2.1 Isolation of bone marrow derived mMSCs ................................................................... 40 

2.2.2 Culture expansion and generation of mMSCs .............................................................. 40 

2.2.3 Assessment of cumulative population doubling........................................................... 41 

2.2.4 Characterisation of mMSCs ............................................................................................. 41 

2.2.4.1 Osteogenic differentiation of mMSCs ........................................................................ 42 

2.2.4.2 Alizarin Red S staining .................................................................................................. 42 

2.2.4.3 Quantitation of calcium using StanBio Calcium assay ............................................. 42 

2.2.4.4 Adipogenic differentiation of mMSCs ........................................................................ 43 

2.2.4.5 Oil Red O staining ......................................................................................................... 43 

2.2.4.6 Chondrogenic differentiation of mMSCs ................................................................... 44 

2.2.4.7 Histological analysis ....................................................................................................... 44 

2.2.4.8 Safranin O staining ........................................................................................................ 45 

2.2.4.9 Quantitation of GAG .................................................................................................... 45 



iii 
 

2.2.4.10 Measurement of DNA using PicoGreen assay ....................................................... 45 

2.2.5 Assessment of surface marker expression by flow cytometry .................................... 46 

2.2.6 Expansion and titration of adenoviral vectors ............................................................. 46 

2.2.7 Adenoviral transduction of mMSCs using lanthanum chloride (LaCl3) ................... 47 

2.2.8 Transduction of mMSCs using the Tet inducible system ........................................... 48 

2.2.9 Assessment of viability and CPD of transduced mMSCs ........................................... 49 

2.2.10 Quantitation of vIL-10 production by transduced mMSCs using viral ELISA. ... 50 

2.2.11 Statistical analysis. ........................................................................................................... 51 

2.3 Results .................................................................................................................................... 52 

2.3.1 mMSCs showed an accelerating trend in growth rate and displayed a homogenous 

population of fibroblast-like cells over time. .......................................................................... 52 

2.3.2 Tri-lineage differentiation ................................................................................................ 54 

2.3.2.1 Osteogenic differentiation of mMSCs ........................................................................ 54 

2.3.2.2 Adipogenic differentiation of mMSCs ........................................................................ 54 

2.3.2.3 Chondrogenic differentiation of mMSCs ................................................................... 57 

2.3.3 Surface marker characterisation of mMSCs .................................................................. 57 

2.3.4 Titration of expanded adenoviral vectors ...................................................................... 60 

2.3.5 Viral transduction of mMSCs with ADCMVIL10 ....................................................... 60 

2.3.6 Inducible and controlled vIL10 expression by mMSCs using the Tet system ......... 63 

2.3.7 Controlled production of vIL10 ..................................................................................... 65 

2.4 Discussion ............................................................................................................................. 67 



iv 
 

Chapter 3 ............................................................................................................... 73 

3.1 Introduction .......................................................................................................................... 75 

3.2 Materials and methods ........................................................................................................ 79 

3.2.1 Preparation of mMSCs and collection of conditioned medium (CM) ...................... 79 

3.2.2 Collection of L929-CM .................................................................................................... 79 

3.2.3 In vitro isolation and differentiation of macrophages ................................................... 80 

3.2.4 Macrophage secretome assay .......................................................................................... 80 

3.2.5 Cytokine quantification by ELISA ................................................................................. 81 

3.2.6 Measurement of nitric oxide production by Griess assay ........................................... 82 

3.2.7 Gene expression analyses of macrophages ................................................................... 82 

3.2.7.1 RNA isolation ................................................................................................................. 82 

3.2.7.2 First strand cDNA synthesis ........................................................................................ 83 

3.2.7.3 Quantitative Real-Time polymerase chain reaction (qRT-PCR) ............................. 84 

3.2.8 Macrophage co-culture assay ........................................................................................... 85 

3.2.9 Isolation of murine splenocytes ...................................................................................... 86 

3.2.10 Splenocyte:MSC co-culture assay ................................................................................. 86 

3.2.11 Statistical analysis ............................................................................................................ 86 

3.3 Results .................................................................................................................................... 88 

3.3.1 Marrow derived murine progenitor cells differentiated into macrophages .............. 88 

3.3.2 Paracrine effects of vIL10 MSCs on activated BMs .................................................... 88 



v 
 

3.3.3 Nitric oxide production by activated BMs .................................................................... 89 

3.3.4 MSC-mediated regulation of macrophage gene expression ........................................ 93 

3.3.5 Polarisation of activated macrophages towards a regulatory phenotype by vIL10 

MSCs ............................................................................................................................................ 95 

3.3.6 Suppression of T cell proliferation by vIL10 MSCs .................................................... 97 

3.4 Discussion ............................................................................................................................. 99 

Chapter 4 ............................................................................................................. 107 

4.1 Introduction ........................................................................................................................109 

4.2 Materials and methods ......................................................................................................115 

4.2.1 Isolation and culture of human MSCs and ACPs ......................................................115 

4.2.2 Validation of chondrogenic capacity of ACPs and MSCs ........................................115 

4.2.3 Caspase-Glo® 1 Inflammasome assay to optimise inflammasome activation ......116 

4.2.4 Gene expression of IL-1β and NLRP3 following inflammasome activation ........117 

4.2.5 Encapsulation and chondrogenic differentiation of ACPs and MSCs ....................118 

4.2.6 Stimulation of encapsulated cells using inflammasome activators and/or 

S100A8/A9................................................................................................................................118 

4.2.7 Histological analysis of encapsulated cells ...................................................................119 

4.2.7.1 Toluidine blue staining for chondrogenic pellets/alginate beads .........................120 

4.2.7.2 Measurement of GAG and DNA content in encapsulated cells ..........................120 

4.2.8 Gene expression analyses of encapsulated ACPs and MSCs ...................................120 

4.2.9 Statistical analysis ............................................................................................................121 



vi 
 

4.3 Results ..................................................................................................................................122 

4.3.1 ACPs and MSCs maintain their chondrogenic capacities over an extended period of 

time .............................................................................................................................................122 

4.3.2 Inflammatory response of MSCs but not ACPs to inflammasome activation ......126 

4.3.3 Encapsulated MSCs exhibit elevated caspase-1 activation than ACPs ...................128 

4.3.4 Inflammatory insults negatively impact chondrogenic differentiation of encapsulated 

MSCs but not ACPs .................................................................................................................130 

4.3.5 Effect of inflammatory insults on GAG production corresponds with hypertrophic 

differentiation of chondrocytes ..............................................................................................132 

4.3.6 Acute and chronic inflammatory signals promote hypertrophy in ICM cultured 

MSCs ..........................................................................................................................................135 

4.3.7 A chronic inflammatory environment enables OA-like terminal differentiation and 

a hypertrophic phenotype in MSCs .......................................................................................138 

4.4 Discussion ...........................................................................................................................141 

Chapter 5 ............................................................................................................. 149 

5.1 Retrospective ......................................................................................................................151 

5.2 MSCs efficiently over-express vIL10 in a sustainable and controlled manner .........154 

5.3 vIL10-MSCs effectively modulate inflammation by paracrine and juxtacrine signalling

 .....................................................................................................................................................155 

5.4 MSC-derived cartilage mimic OA-chondrocyte phenotype in response to 

inflammatory effectors in OA ................................................................................................158 

5.5 ACPs maintain their progenitor status and retain a stable articular cartilage phenotype.

 .....................................................................................................................................................160 



vii 
 

5.6 Conclusions and future directions ...................................................................................162 

Appendix 1 ........................................................................................................... 163 

1. Supplementary Figure 1: Optimisation of macrophage activation ............................165 

2. Supplementary Figure 2: Heat map analysis of fold changes in macrophage  gene 

expression ..................................................................................................................................166 

3. Supplementary Figure 3: Optimisation of BM:MSC co-culture conditions .............167 

4. Supplementary Figure 4: Optimisation of MSC:T cell co-culture conditions .........168 

5. Supplementary Figure 5: Mean values* of fold regulation of target genes (ICM data 

from Figure 4.8A&B) ...............................................................................................................169 

6. Supplementary Figure 6: Mean values* of fold regulation of target genes (CCM data 

from Figure 4.9A&B) ...............................................................................................................170 

Appendix 2 ............................................................................................................ 171 

Table 1: Mouse MSC medium ................................................................................................173 

Table 2: Osteogenic induction medium ................................................................................173 

Table 3: Preparation of standards for calcium assay ...........................................................174 

Table 4: Adipogenic induction medium ................................................................................174 

Table 5: Adipogenic maintenance medium ..........................................................................175 

Table 6: Incomplete chondrogenic medium (ICM) ............................................................175 

Table 7: Preparation of dilution buffer for GAG quantification ......................................176 

Table 8: Preparation of DMMB stock solution for GAG quantification ........................176 

Table 9: Preparation of C-6-S standard curve for GAG measurement ...........................177 



viii 
 

Table 10: Preparation of DNA standards for PicoGreen assay ........................................177 

Table 11: Surface markers for mMSC & BM characterisation ..........................................178 

Table 12: Isotype controls for mMSC & BM characterisation ..........................................179 

Table 13: FACS buffer .............................................................................................................179 

Table 14: Preparation of 2% DMEM titration medium .....................................................180 

Table 15: Preparation of 10% DMEM titration medium ...................................................180 

Table 16: L929 medium ...........................................................................................................180 

Table 17: Macrophage (BM) medium ....................................................................................181 

Table 18: Working concentrations of mouse cytokine ELISA kits ..................................181 

Table 19: Greiss reagent ..........................................................................................................182 

Table 20: T cell medium ..........................................................................................................182 

Table 21: Antibodies used in macrophage and T cell co-culture analysis ........................183 

Table 22: Mouse SYBR® Green forward (Fw) and reverse (Rv) primers ........................184 

Table 23: Human MSC medium ............................................................................................185 

Table 24: ACP medium ...........................................................................................................185 

Table 25: Preparation of Phosphate buffer solution for Toluidine blue stain ................186 

Table 26: Human SYBR® Green Forward (Fw) and Reverse (Rv) Primers- Part 1 .......187 

Table 26: Human SYBR® Green Forward (Fw) and Reverse (Rv) Primers- Part 2 .......188 

Bibliography ........................................................................................................ 189 



ix 
 

Abstract 

Osteoarthritis (OA) is the most common degenerative condition affecting whole joints 

and causing pain and cartilage degeneration, particularly in the elderly population. 

Inflammation of the synovium is now recognised as an important clinical feature initiating 

and promoting disease progression. Activated macrophages and T lymphocytes 

infiltrating the OA synovial lining mediate inflammatory responses such as production of 

pro-inflammatory cytokines, which can induce destructive processes in the cartilage. In 

addition to this danger signals like alarmins, released as an immune response, further lead 

to production of soluble mediators that could accelerate cartilage matrix degradation 

resulting in altered chondrocyte behaviour and hypertrophy. Mesenchymal stem cells 

(MSCs) have been considered as an attractive option for OA cell therapy. However, 

inflammation induced catabolic factors are also known to negatively impact cartilage 

engineering strategies, perhaps inhibiting the use of therapeutic cells for the treatment of 

OA. The work presented in this thesis sought to investigate the use of engineered MSCs 

as cellular mediators of anti-inflammation via viral interleukin-10 (vIL10) expression and 

also the potential of an in vitro model using MSCs to study inflammation-driven cartilage 

damage in OA. The tetracycline system (Tet) was used to modify mouse mesenchymal 

stem cells (mMSCs) to over-express vIL10 via adenoviral transduction. Doxycycline acted 

as a pharmacological switch to control the Tet system and successfully demonstrated 

efficient and tightly controlled vIL10 production by mMSCs. Engineered vIL10 MSCs 

proved to be immunosuppressive on activated macrophages and splenocytes in vitro via 

juxtacrine and paracrine signalling. These finding suggest that the Tet system of inducible 

vIL10 expression by MSCs may serve as a feasible strategy to enhance MSC-mediated 

immune regulation that can be translated towards attenuation of inflammation in OA. 

Furthermore, a three-dimensional in vitro cartilage model to study the effects of 

inflammation-triggered chondrocyte alterations in OA was developed. Activation of the 

pathogen recognising receptor NLRP3 inflammasome pathway in the presence of the 

S100A8/A9 danger ligand signal, in alginate encapsulated articular chondrocyte 

progenitors (ACPs) and human MSCs (hMSCs) demonstrated anti-chondrogenic effects. 
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This novel model interrogating this ligand receptor interaction could offer a new direction 

to control/prohibit the release of catabolic factors associated with early inflammatory 

responses, thereby improving MSC and/or chondroprogenitor-based cartilage 

engineering strategies. Overall, this thesis showcased the viability of MSCs as potential 

modulators of inflammation and a possible model to generate novel cartilage regeneration 

strategies.  
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1.1 Osteoarthritis 

Osteoarthritis (OA) is the most common, progressive and debilitating musculoskeletal 

disease. OA is typically characterized by loss of articular cartilage and thickening of the 

synovial lining, with simultaneous formation of osteophytes and subchondral sclerosis, 

ultimately causing severe pain and stiffness of affected joints. Although OA can affect any 

synovial joint, joints affected mainly include hips, knees, hands, metatarsophalangeal 

joints and apophyseal joints of the lower cervical and lumbar spine (Musumeci et al., 2015, 

Abhishek and Doherty, 2013, Harrell et al., 2019). OA can be broadly categorized into 

two forms namely primary and secondary, with aging and genetic predisposition 

considered as the main causes of primary OA (Arden and Cooper, 2005). Secondary forms 

arise from sports injuries, fractures, repetitive joint use, metabolic diseases like diabetes 

and abnormal mechanical loading due to obesity and estrogen deficiency (Felson et al., 

1988, Carman et al., 1994, Cicuttini et al., 1996, Berenbaum, 2011, Felson et al., 2000). 

Apart from these reasons, the avascular nature, poor replicative potential and inability to 

produce sufficient functional matrix by chondrocytes in damaged cartilage adds to OA 

progression (Burke et al., 2016). The disease has a detrimental effect on quality of life and 

is the leading cause of disability in elderly populations with co-morbidities such as 

depression and sleep disorders adding to its’ impact (Barry and Murphy, 2013, Kong et 

al., 2017, Gore et al., 2011). 

According to World Health Organization (WHO) reports, 10-15% of all adults over the 

age of 60 have some degree of OA, with a higher prevalence among women. It is also 

estimated that these numbers will increase to 20% and by 2050 around 130 million people 

worldwide will suffer from OA, of whom >40 million people  will be severely disabled as 

a consequences of the disease (Wittenauer et al., 2013). Unfortunately, without proper 

therapeutic strategies or effective treatment options, the socio-economic burden of OA 

per annum is also quite concerning. In terms of treatment costs, for knee OA alone 

around 185.5 billion US dollars is incurred per year. Furthermore, with an associated 

reduction in employment, short-term disability and work absenteeism, OA is indeed a 

huge liability on the global economy (Michaud et al., 2006).  
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The use of non-steroidal anti-inflammatory drugs (NSAIDS) and opioids for OA 

attenuation offer only temporary pain relief and these treatments do not prevent disease 

progression (Zhang et al., 2016). Non-operative methods with pre-clinical evidence of 

chondroprotection include viscosupplementation with hyaluronic acid (HA), platelet rich 

plasma, pulsed electromagnetic fields and the use of chondroitin, glucosamine or other 

nutraceutical agents (Zaslav et al., 2012, Bannuru et al., 2009). These options however 

come with multiple shortcomings like the need for repetitive use, and variations in efficacy 

and failure to reverse cartilage damage leaving total joint arthroplasty/replacement (TJR) 

as the only possible option. Although TJR has been successful in improving mobility and 

pain, the procedure comes with major pitfalls like the risk of infection and thrombosis 

after this  invasive trauma, and is very expensive (Grayson and Decker, 2012).  

In the last two decades, the FDA have approved a cell therapy treatment called autologous 

chondrocyte implantation (ACI) and this therapy has dramatically improved in terms of 

its patient success rate from 76 to 86% (Burke et al., 2016). However, efficacy of ACI is 

localized to the damaged cartilage site with de-differentiation of chondrocytes an issue 

(Viste et al., 2012, Mobasheri et al., 2014, Nazempour and Van Wie, 2016). Hence there 

is a pressing need for improved cell-based therapeutic strategy with long-term reparative 

and regenerative potential.  

1.2 Immunopathogenesis of OA 

OA was originally classified as a non-inflammatory form of arthritis, mainly affecting the 

articular cartilage. This was based on the observation that the leukocyte count in OA 

synovial fluid is lower than the average threshold of 2000 cells/mm3 to define it as an 

‘inflammatory’ disorder; numbers are lower than what is seen in septic arthritis, reactive 

arthritis and rheumatoid arthritis (RA) (Dougados, 1996, Sokolove and Lepus, 2013). 

Although cartilage is avascular and aneural with low chondrocyte replicative potential, in 

a disease environment these cells quickly respond to physical injury and halt the 

production of anabolic factors. Under the influence of soluble mediators like cytokines 

and prostaglandins from the synovial lining, chondrocytes release higher levels of 

catabolic enzymes such as matrix metalloproteinases (MMPs), leading to further cartilage 

damage (Jasin, 1988, Berenbaum, 2013).  
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In fact, continuous crosstalk between chondrocytes and the synovium creates an 

inflammatory stimulus, wherein either degraded cartilage products accumulate in the 

synovial lining and aggravate synovial inflammation or pro-inflammatory mediators and 

resident immune cells of the synovium begin to alter the normal function of chondrocytes 

resulting in cartilage damage. Inflammation is therefore an important driving factor in OA 

pathogenesis with involvement of an innate and adaptive immune response typically seen 

in cartilage, synovium and plasma in OA patients (Haseeb and Haqqi, 2013) (Figure 1.1). 

1.2.1 Synovium in OA 

The synovium, and in particular the cell and molecular components of the synovial 

membrane, play a vital role in modulating the function of chondrocytes in cartilage. 

Lubricin and HA are two critical molecules produced by cells of the synovial lining that 

offer optimal protection to diarthrodial joints by reducing friction, providing lubrication 

and inhibiting deposition of catabolic proteins at the articular surface. Under normal 

physiological conditions, the synovial lining is a thin layer, devoid of inflammatory cells. 

The synovial membrane controls molecular trafficking in the joint space by acting like a 

semi-permeable sieve, that retains high molecular weight lubricating molecules like 

lubricin and HA within the joint in order to maintain viscosity and composition of the 

synovial fluid but allows smaller molecules like cytokines and growth factors diffuse 

through the synovium. However, in an OA setting, inflammation causes synovial 

hyperplasia and alters the permeability of the membrane. On a molecular level, this leads 

to influx of macrophages, T cells and MMPs (MMP-1, 3, 9 and 13) leading to degradation 

of the articular matrix, increased neovascularisation and secretion of pro-inflammatory 

cytokines (Bondeson et al., 2010, Sellam and Berenbaum, 2010). Hence the synovial 

membrane loses its cartilage protective role and the synovial fluid eventually becomes a 

hub of catabolic mediators such as tumor necrosis factor-α (TNF-α) and interleukins (IL) 

like interleukin-1 beta (IL‑1β), interleukin-6 (IL‑6), interleukin-8 (IL‑8), interleukin-15 

(IL‑15), interleukin-17 (IL‑17) and interleukin-21 (IL‑21)(Scanzello and Goldring, 2012, 

Bondeson et al., 2006, Bresnihan et al., 2013).  
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Figure 1.1: Immunopathogenesis of OA development. A constant pathological loop of synovitis and 

cartilage degradation creates an inflammatory environment, altering the chondrocyte phenotype and pushing 

the cells into a hypertrophic state. Chondrocytes undergo terminal differentiation or de-differentiation with 

elevated expression of catabolic cytokines (IL-1β, TNF-α, IL-8, IL-18), aggrecanases (ADAMTS4, 

ADAMTS5), alarmins (S100A8/A9), metalloproteinases (MMP1, 3, 9, 13), collagens (type I, X) 

and depletion of ACAN and COL II. Abbreviations: ACAN-aggrecan; COL II-type II collagen; 

COL I-type I collagen; MMPs 1, 3, 9, 13- matrix metalloproteinases-1, 3, 9, 13; ADAMTS 4,5- a 

disintegrin and metalloproteinase with thrombospondin motifs 4,5; TNF-α-tumor necrosis factor-α; IL-

1β-interleukin-1β; IL-8-interleukin-8; IL-18-interleukin-18; S100A8/A9- S100 family of calcium 

binding proteins A8/A9. (Raman et al., 2018)  
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According to the American College of Rheumatology, the current criteria for OA 

classification necessitates the presence of radiographic osteophyte formation or bony 

enlargement (Sokolove and Lepus, 2013). However using a combination of imaging 

modalities and direct arthroscopic visualization techniques, inflammation of the 

synovium/synovitis has now been documented as an important clinical feature of OA 

that precedes the development of any significant radiographic modifications and/or 

notable occurrence of cartilage degeneration (Altman et al., 1986, Ayral et al., 2005). 

Synovitis, has also been associated with meniscal injury leading to OA and is associated 

with pain and dysfunction (Berenbaum, 2013). It is also known to directly influence many 

clinical symptoms including knee effusion, redness, heat and swelling (Sellam and 

Berenbaum, 2010, Ayral et al., 1999). Numerous studies utilizing magnetic resonance 

imaging (MRI) have shown a clear association between the presence of synovitis from 

early stages of OA and through progression of the disease (Felson et al., 2003, Roemer et 

al., 2011, Krasnokutsky et al., 2011). Microarray and gene pattern analysis of synovial 

tissues from patients without radiographic evidence of OA undergoing arthroscopic 

meniscectomy showed that 43% of patients had synovial inflammation that correlated 

with traumatic meniscal injury and pain. Synovial biopsy specimens that showed high 

inflammation scores recorded a strong chemokine signature, involving significant levels 

of chemokine ligand-5 (CCL5), chemokine ligand-7 (CCL7), chemokine ligand-19 

(CCL19) and IL-8 (Scanzello et al., 2011).  

The impact of synovitis throughout disease progression was demonstrated by Benito et al. 

who compared key immunohistological features of inflammation during early and late 

OA. Immunohistochemical staining of synovial tissue samples with gross synovial 

hypertrophy showed high expression of markers of inflammatory cell infiltration (CD4+ 

and CD68+ cells), angiogenesis with increased levels of vascular endothelial growth factor 

(VEGF) and blood vessel formation (as shown by factor VIII expression). Intercellular 

adhesion molecule-1 and pro-inflammatory cytokines (TNF-α, IL1β) were also seen in 

both early and late OA with significantly higher expression in early OA (Benito et al., 

2005). Analysis of proteins in the synovial fluid collected from patients with knee OA 

showed the presence of 108 different proteins that included plasma proteins, serine 

protease inhibitors, proteins pertaining to cartilage turnover and proteins involved in 
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inflammation and immunity (Sohn et al., 2012). In addition to this, these authors also 

demonstrated higher levels of pro-inflammatory cytokines like TNF-α, IL-6 and VEGF 

in OA synovial fluid compared to healthy individuals. Analysis of stimulated macrophages 

derived from toll-like repcetor-4 (TLR-4) deficient and wild type mice, proved that plasma 

proteins and inflammatory cytokines present in synovial fluid indeed function as damage-

associated molecular patterns (DAMPs) signalling through TLRs to mediate an early 

response to injury and damage to the joint (Sohn et al., 2012, Midwood et al., 2009, 

Scanzello et al., 2008). 

Although synovitis is a known histological feature reported in the vicinity of degrading 

cartilage at early stage OA (Ayral et al., 2005), one cannot exclude the individual roles of 

chondrocytes and cartilage during early and late OA. Macroscopic and histopathological 

analysis of human knee OA showed that products of cartilage breakdown are present in 

the microfissures of articular cartilage and synovial fluid long before any signs of 

degeneration are evident (Mow et al., 1974, Sokolove and Lepus, 2013, Pauli et al., 2011). 

It may be that events associated with early cartilage degradation could be a trigger for 

synovitis in OA.  

1.2.2 Cartilage and chondrocytes in OA 

Articular cartilage is a highly specialized connective tissue that ensures normal function 

and optimal load-bearing capacity (Sophia Fox et al., 2009, Buckwalter, 1991, Buckwalter, 

1990). It coordinates with the synovial membrane and synovial fluid to bring about 

frictionless movement. The components of articular cartilage are the extra-cellular matrix 

(ECM) with sparsely distributed specialized cells, the chondrocytes and collagen fibres 

(mainly type II and IX), proteoglycans, water and a small volume of non-collagenous 

proteins and glycoproteins such as fibronectin (Sophia Fox et al., 2009, Wooley et al., 

2005). With respect to the collagen network, the complex triple helical structure of 

collagen type II α-polypeptide chains, along with associated collagenous and non-

collagenous matrix proteins, provides vital sheer and tensile properties to stabilize the 

matrix (Goldring, 2000). The cartilage matrix of a healthy individual typically contains 

collagen type II and the subchondral bone tissue is where collagen type I is mainly 

localised (Martel-Pelletier et al., 2008, Poole et al., 2002, Pearle et al., 2005). 
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Aggrecan is the most abundant proteoglycan in cartilage, followed by decorin, biglycan 

and fibromodulin. The interaction of aggrecan with hyaluronan through link protein to 

form proteoglycan aggregates, is optimal for resisting compressive loads (Sophia Fox et 

al., 2009, Kiani et al., 2002). Other associated matrix components, playing a vital role in 

cartilage structure and function in association with the collagen network include small 

leucine-rich proteoglycans: decorin, biglycan, fibromodulin, and lumican (HeinegÅRd et 

al., 2006, Mow et al., 2012, Halper and Kjaer, 2014). Cartilage matrix disruption in OA is 

usually associated with altered chondrocyte behaviour and clustering, which in turn 

changes the composition of matrix components (Goldring and Otero, 2011, Goldring, 

2000). As lesions progress, changes in structural configuration and function of 

chondrocytes cause local loss of proteoglycan, cleavage of type II collagen at the cartilage 

surface and downregulation of aggrecan (ACAN) gene expression, further resulting in an 

influx of water content and loss of tensile strength in the cartilage ECM matrix (Goldring, 

2000, Nam et al., 2011, Maldonado and Nam, 2013)(Figure 1.1).  

Stable, articular chondrocytes are indispensable for the development, maintenance and 

repair of the cartilaginous ECM. They are highly-specialised cells with adult articular 

cartilage being an avascular tissue in nature (den Hollander et al., 2015, Goldring et al., 

2011). Under normal conditions, permanent hyaline cartilage found in articulating joints, 

does not undergo terminal differentiation (van der Kraan and van den Berg, 2012b). 

However, based on in vitro and in vivo evidence, re-programming of articular chondrocytes 

towards a hypertrophic, degradative phenotype frequently occurs as OA develops (van 

der Kraan and van den Berg, 2012b, van der Kraan and van den Berg, 2007). The process 

of chondrocyte hypertrophy can be divided into four stages namely initiation, progression, 

and late and end stages. In the joint of a healthy adult, chondrocyte hypertrophy is 

inhibited by transformation growth factor-β (TGF-β) via Smad2 and 3 signalling 

molecules (Van der Kraan and Van den Berg, 2012a, Schuh et al., 2010). 

Some studies have shown that synovitis influences changes to the cartilage ECM 

increasing local matrix stiffness. Chondrocytes in OA cartilage, sense the matrix stiffness 

and respond by acting in a hypertrophy-like manner. They begin to express hypertrophic 

markers such as collagen type X and MMP13, with signs of matrix calcification similar to 

terminally differentiated chondrocytes in the growth plate of long bones (a process known 
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as endochondral ossification) (Van der Kraan and Van den Berg, 2012a, Schuh et al., 

2010). The maintenance of optimal cartilage matrix stiffness via the TGF-β signalling 

pathway controls chondrocyte function promoting expression of critical genes like 

ACAN, type II collagen (COL2A1) and sex determining region Y-Box 9 (SOX9). Any 

change in matrix stiffness, can lead to chondrocyte dedifferentiation with an abnormal 

fibrochondrocytic phenotype and/or production of a non-functional ECM in arthritic 

joints (Yang et al., 2006, Allen et al., 2012, Marlovits et al., 2004, Lin et al., 2008). In vitro 

studies have also demonstrated the mechanosensitive nature of chondrocytes, wherein 

culturing chondrocytes on stiff tissue culture plastics causes the cells to eventually 

dedifferentiate (Das et al., 2008, Maldonado and Nam, 2013). Several studies conducted 

both in vitro and in vivo have proved the involvement of pro-inflammatory cytokines and 

metalloproteinases in matrix disruption (Sellam and Berenbaum, 2010). These factors 

mainly target chondrocytes, causing aberrant expression of catabolic and anabolic genes. 

Of the matrix-degrading enzymes produced by hypertrophic chondrocytes, MMP-13 is 

critical in its ability to cleave type II collagen with cleavage products shown to produce 

OA-like effects in the mouse knee joint (Neuhold et al., 2001, Goldring et al., 2011). 

Hence, understanding and identifying key molecules and associated pathways that 

promote inflammation and OA progression can aid in generating disease- 

preventing/modifying strategies. 

1.2.3 Pro-inflammatory cells associated with OA 

Although OA is not an inflammatory disease with an active adaptive immune response 

like RA, cellular infiltrates harboured within the inflamed synovium, clearly indicate the 

central role of the innate immune system in OA. Macrophages account for the major cell 

type present during synovitis in OA, followed by neutrophils and dendritic cells/antigen-

presenting cells (DCs/APCs). These cells mediate the host-immune response by eliciting 

a pro-inflammatory and anti-microbial activity, induced by innate receptors called pattern-

recognition receptors (PRRs). PRRs are known to recognise pathogen motifs of invading 

pathogens including but not limited to bacteria, fungi and viruses (Hajishengallis and 

Lambris, 2011, Haseeb and Haqqi, 2013). Toll-like receptors (TLRs), the NLRP3 (Nacht, 

leucine-rich and pyrin domain containing protein 3) inflammasome and advanced glycated 

end product receptors (RAGE) are key PRRs present on macrophages, chondrocytes and 
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synovial fibroblasts (SFs). These cells can be found in the synovium and cartilage matrix 

of OA patients and are responsible for triggering signalling cascades like mitogen-

activated protein kinases (MAPK) and nuclear factor-kappa B (NF-κB) pathways leading 

to inflammation (Kawai and Akira, 2010, Rosenberg et al., 2017, Radstake et al., 2004). 

Synovial macrophages (SMs) residing in the synovial lining, play a crucial role in 

inflammation and OA progression. Apart from antigen presentation and phagocytosis, 

SMs are responsible for the production of critical soluble mediators (cytokines and 

chemokines) like IL-β, TNF-α, IL-6 and oncostatin M (OSM) that cause cartilage 

breakdown (Beekhuizen et al., 2013, IWANAGA et al., 2000). This action of cytokine and 

chemokine production occurs when PRRs like TLR-2 and TLR-4 (Radstake et al., 2004) 

sense tissue damage in the form of damage associated molecular patterns (DAMPs) such 

as fibronectin (Okamura et al., 2001, Su et al., 2005), hyaluronan (Termeer et al., 2002, 

Jiang et al., 2005), biglycan (Schaefer et al., 2005) and tenascin-c (Midwood et al., 2009) 

present in OA cartilage matrix (Sokolove and Lepus, 2013, Sellam and Berenbaum, 2010). 

Bondeson et al. showed that SMs act as a driving force in influencing the production of 

IL-1, TNF-α, MMP3, MMP9, MMP13 and aggrecanases like ADAMTS4 (a disintegrin 

and metalloprotease with thrombospondin motifs 4) and ADAMTS5 in the OA synovium 

(Bondeson et al., 2010, Bondeson et al., 2006). Studies have shown how macrophage 

activation, especially by SMs, has a default role in MMP-mediated matrix damage in 

experimental models of OA cartilage. In one study, synovial MMP-3 production led to 

the formation of MMP-neoepitopes, causing cartilage degeneration and another study 

displayed how pro-MMP-9 production by SMs resulted in activation of mature MMP-9 

via the MMP-3/MMP-13 signalling pathway (Dreier et al., 2004, Blom et al., 2007).  

Selective depletion of SMs by injecting clodronate-laden liposomes in vivo impeded the 

formation of TGF-β induced osteophytes, thereby depicting the role of SMs in osteophyte 

formation (Van Lent et al., 2004). Similar to the inflammatory actions of SMs, SFs also 

contribute towards synovitis, either by enabling the adhesion of infiltrating immune cells 

or by activation of inflammatory soluble mediators. In a study conducted by Inoue et al., 

stimulation of SFs with IL-1β resulted in the production of macrophage colony 

stimulating factor (M-CSF), VEGF, IL-6 and IL-8 (Inoue et al., 2001). Secondly, SFs 

demonstrated their capacity to facilitate adhesion of mononuclear cells to specific sites of 
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inflammation by increasing the expression of vascular cell adhesion molecule-1 (VCAM-

1), in response to chemokines commonly detected in synovial fluid of patients with OA 

such as: C-C motif) ligand 2 (CCL2) and CCN family member 4 (Liu et al., 2013a, Lin et 

al., 2012).  

Natural killer cells (NKs) and dendritic cells are two other important cell types found to 

be present in the synovial tissue. Evidence of activated DCs has been reported in the 

synovium of a rabbit OA model at early stages of the disease (Huss et al., 2010, Xiaoqiang 

et al., 2012, Pettit et al., 2001). Other than the role of SFs in recruiting these cells to sites 

of inflammation, the exact mechanism of NKs and DCs in OA progression is not fully 

understood. Complement activation plays a part in the immunopathogenesis of OA and 

represents the involvement of an innate immune response via clearance of pathogens. 

Elevated gene expression of complement factors in the cartilage and synovium of OA 

patients and animals models have been recorded (Cantatore et al., 1988, Moskowitz and 

Kresina, 1986, Wang et al., 2011). Over-expression of the C5a (C5aR/CD88) receptor 

during RA and OA by human articular chondrocytes suggested the activation of 

complement factors leading to cartilage degradation (Onuma et al., 2002). Proteomic 

analysis of synovial fluid samples, collected from the knee joint of OA patients, revealed 

a differential expression of complement proteins, further confirming the involvement of 

complement system in OA (Ritter et al., 2013). 

Adaptive immune responses via activation of T cell subsets and B cells are not readily 

functioning in the early phases of OA. A number of possible explanations for their 

subsequent activation in OA are: 1. recruitment of these cells by the cytokine milieu 

produced during synovitis (Chevalier et al., 2013); 2. interaction of mononuclear cell 

infiltrates in the synovium (APCs and SMs) with the adaptive immune system during 

inflammation and signal T and/or 3. B cells taking an active role in producing antibodies 

against autoantigens similar to but less abundant than in RA (Sakkas et al., 1998, Jasin, 

1985). Active T cell populations found in the synovium are mainly CD4+, with equal or 

lesser percentages of CD8+ T cells and also B cells. 

Evidence of localised chronic T cell induction in OA synovitis is seen via expression of 

CD3ζ on CD4+ T cells (Ishii et al., 2002, Sakkas et al., 2004). Sakkas et al found that 

among the T Helper cells found in most OA patients, Th1 cells were detected five times 
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more than Th2. This data concurs with data to suggest that Th1 presents a pro-

inflammatory and Th2 an anti-inflammatory profile during OA (Sellam and Berenbaum, 

2010). Also, Th1 cytokines secreted in high levels included IL-2 and interferon-gamma 

(IFN-γ). These authors also proposed that IL-12 released by SMs in OA patients could 

be responsible for this Th1-like cytokine pattern, since IL-12 has been reported as a 

stimulator of Th1 during inflammation (Sakkas et al., 1998, Sakkas and Platsoucas, 2007). 

Two separate studies, revealed the role of OA chondrocytes in activating an autologous 

T cell response in vitro. Co-culture of chondrocytes derived from OA patients with 

autologous T cells, showed high production of Regulated on Activation, Normal T Cell 

Expressed and Secreted (RANTES - an inflammatory chemokine) in addition to release 

of MMP-1, MMP-3 and MMP-13 (Sakata et al., 2003, Nakamura et al., 2006). In a murine 

model of surgically induced OA by anterior cruciate ligament transection (ACLT), 

activated CD4+ T cells in the synovium accelerated the production of macrophage 

inflammatory protein- 1γ (MIP-1γ) and NF-κB and also elevated the expression of MMP-

9, leading to cartilage damage and osteoclast formation (Shen et al., 2011). Unlike T cells, 

the presence and percentage of B cells in the OA synovial membrane is quite low.  Yet 

those present exhibit an activated state as a result of secreted CXC-chemokine ligand 

(CXCl) 13, serving as a chemoattractant for these B cells (Shi et al., 2001, Jasin, 1985, 

Smith et al., 1992). B cells infiltrating the synovium tend to have detrimental effects in 

OA in the form of cytotoxicity and generation of autoantibodies against cartilage ECM 

components like type II collagen (Takagi and Jasin, 1992, De Rooster et al., 2000, 

Niebauer et al., 1988, Cooke et al., 1980, Jasin, 1985).  

1.2.4 Soluble mediators and pathways promoting inflammation in OA 

One of the main degradative events occurring in OA is the production of soluble catabolic 

mediators by activated macrophages, OA chondrocytes and SFs in the inflamed joint 

(Sellam and Berenbaum, 2010, Scanzello and Goldring, 2012). These pro-inflammatory 

mediators mainly include cytokines, chemokines, MMPs and aggrecanases and secretion 

of these mediators via transcriptional activation of their respective genes is mediated by 

PRRs and their corresponding signalling pathways such as: TLR, NF-κB, MAPK, 

WNT/β-catenin (wingless int-1) and RAGE (Haseeb and Haqqi, 2013, Goldring and 

Otero, 2011, Rosenberg et al., 2017, Sun et al., 2016, Sassi et al., 2014a). The aim of this 
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section is to discuss the role of key mediators associated with cartilage matrix breakdown 

and aggravation of inflammation in OA. Among the cytokines causing altered 

chondrocyte behaviour and inducing production of proteolytic enzymes leading to 

disruption of cartilage homeostasis, the most studied cytokines include IL-1𝛽, TNFα, IL-

6, IL-15, IL-17, and IL-18 (Sellam and Berenbaum, 2010). Table 1.1 provides an overview 

of the critical inflammatory mediators and their targeted downstream effects in OA.  
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Table 1.1 Inflammatory mediators and their targeted downstream effects in OA 

Mediator Protein 
category 

Effects in 
OA 

Pathways/receptor References 

IL-1β Cytokine Synovitis, 
chondrocyte 
hypertrophy 

TLR, NF-κB (Dingle et al., 
1979, Dingle, 
1981, Stannus 
et al., 2010, 
Henrotin et 
al., 1996) 

TNF-α Cytokine Synovitis, 
chondrocyte 
alteration 

TLR, NF-κB, MAPK (Saklatvala, 
1986, Stannus 
et al., 2010, 
Henrotin et 
al., 1996) 

IL-6 Cytokine Synovitis, 
chondrocyte 
alteration 

TLR, NF-κB, 
STAT1/3 

(Kaneko et al., 
2000, Yang et 
al., 2017, 
Guerne et al., 
1990, 
Kishimoto, 
2006) 

IL-8 Cytokine Synovitis, 
chondrocyte 
hypertrophy 

TLR, NF-κB (Kaneko et al., 
2000, 
Chauffier et 
al., 2012, Lotz 
et al., 1992, 
Merz et al., 
2003) 

IL-18 Cytokine Synovitis, 
chondrocyte 
hypertrophy 

TLR, NF-κB (Olee et al., 
1999, Mao et 
al., 2018) 

CCL5 Chemokine Synovitis, 
chondrocyte 
alteration 

NF-κB (Borzı ̀ et al., 
1999, 
Alaaeddine et 
al., 2001) 
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Table 1.1: Continued 

Mediator Protein 
category 

Effects in 
OA 

Pathways/receptor References 

ADAMTS4 Proteinase Synovitis, 
chondrocyte 
alteration 

NF-κB (Bondeson et 
al., 2006, 
Bondeson et 
al., 2010, 
Amos et al., 
2006) 

ADAMTS5 Proteinase Synovitis NF-κB (Bondeson et 
al., 2006, 
Bondeson et 
al., 2010) 

MMP3 Proteinase Synovitis, 
Cartilage 
breakdown, 
chondrocyte 
hypertrophy 

TLR, NF-κB, MAPK, 
WNT,  

(Sakata et al., 
2003, 
Nakamura et 
al., 2006, 
Dreier et al., 
2004) 

MMP9 Proteinase Synovitis, 
Cartilage 
breakdown, 
chondrocyte 
hypertrophy 

TLR, NF-κB, MAPK, 
WNT, 

(Sakata et al., 
2003, 
Nakamura et 
al., 2006, 
Dreier et al., 
2004) 

MMP13 Proteinase Synovitis, 
Cartilage 
breakdown, 
chondrocyte 
hypertrophy 

TLR, NF-κB, MAPK, 
WNT, 

(Dreier et al., 
2004, Blom et 
al., 2007, van 
der Kraan and 
van den Berg, 
2012b, 
Goldring et 
al., 2011) 
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Table 1.1: Continued 

Mediator Protein 
category 

Effects in 
OA 

Pathways/receptor References 

S100A8 Alarmin Synovitis, 
chondrocy
te cell 
death 

TLR, NF-κB, RAGE (van Lent et 
al., 2012, 
Zreiqat et al., 
2010, 
Schelbergen et 
al., 2012) 

S100A9 Alarmin Synovitis, 
chondrocy
te cell 
death 

TLR, NF-κB, RAGE (van Lent et 
al., 2012, 
Zreiqat et al., 
2010, Björk et 
al., 2009) 

ATP Alarmin Synovial 
and 
chondrocy
te cell 
death 

TLR, ROS, P2X7R (Zhao et al., 
2018, Ryan et 
al., 1992, 
Berenbaum et 
al., 2003) 

NLRP3 Inflammasome Synovitis, 
Cartilage 
calcificatio
n, 
chondrocy
te 
alteration 

TLR, ROS, P2X7R (Zhao et al., 
2018, Pazár et 
al., 2011, 
Cullen et al., 
2015, 
McAllister et 
al., 2018, 
Clavijo-
Cornejo et al., 
2016) 

MSU/BCPs Alarmin Synovitis, 
Cartilage 
breakdown 

TLR, ROS (Denoble et 
al., 2011, 
Midwood et 
al., 2009) 
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Since the discovery of IL-1β protein (catabolin) in a porcine synovial tissue sample and 

described as responsible for induction of cartilage destruction, the catabolic role of IL-β 

in controlling OA chondrocytes has been extensively studied (Dingle, 1981, Dingle et al., 

1979, Saklatvala et al., 1984). In OA cartilage, altered chondrocytes form complex clonal 

clusters and cells in these clusters express molecules of the IL-1 family. These include 

pro-IL-1, IL-1β-converting enzyme (caspase-1), and type 1 IL-1 receptor (IL-1RI). 

Synthesised pro-IL-1 is converted into its bioactive form following upregulation of the 

NLRP3 inflammasome through 1) a priming signal from a TLR agonist like 

lipopolysaccharide (LPS) and 2) activation cues from ‘danger’-associated signal like 

adenosine triphosphate (ATP) (Goldring and Otero, 2011, Dinarello, 1998, Latz, 2010). 

Mature IL-1β functions in an autocrine manner, inducing its own secretion, while 

simultaneously impacting synthesis of other pro-inflammatory cytokines such as TNF𝛼, 

IL-6, IL-8 (or the CXCL8 chemokine) and the chemokine CCL5/RANTES by 

chondrocytes in the joint. (Pulsatelli et al., 1999, Aigner et al., 2005, Alaaeddine et al., 

2001, Lotz et al., 1992, Guerne et al., 1990).  The ability of IL-1β to induce catabolic 

effects was displayed in a study where intra-articular administration of IL-1β caused severe 

loss of proteoglycan in the superficial cartilage layer in an OA-rat model (Chandrasekhar 

et al., 1992). In addition to IL-1β, IL-1R1 over-expression by chondrocytes found near 

the OA lesions in cartilage enhanced the effects of IL-1β, an effect also observed in 

human OA SFs (Sadouk et al., 1995, Shlopov et al., 2000). Gene therapeutic strategies 

using the IL-1 receptor antagonist (IL-1Ra) have shown partial prevention of cartilage 

damage in in vivo models; although effective the concentration must be at least 100 times 

higher than IL-1β (Santangelo et al., 2012, Pelletier et al., 1997, Caron et al., 1996, 

Fernandes et al., 1999, Zhang et al., 2004). 

IL-18 is another pro-inflammatory cytokine belonging to the IL-1 family and produced 

by SMs, SFs and chondrocytes in the OA joint. Like IL-1β, the mature form of IL-18 

requires caspase-1 activation and NLRP3 complex formation. In OA, elevated levels of 

caspase-1 in the synovium and articular cartilage further promote the production of IL18 

and IL-1β (Udagawa et al., 1997, Möller et al., 2003, Saha et al., 1999). Upregulation of 

IL18Rα receptor on the surface of chondrocytes causes excessive production of MMP1, 

MMP3 and MMP13.   
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This upregulation also causes depletion of proteoglycan, aggrecan, and type II collagen, 

inducing altered chondrocyte behaviour and apoptosis (John et al., 2007a, Dai et al., 2005, 

Joosten et al., 2004). Similar to IL-1β, TNF-α is a critical pro-inflammatory cytokine that 

binds to receptors on the surface of chondrocytes and is typically found in high levels in 

serum and synovium of patients with knee OA (Schlaak et al., 1996, Stannus et al., 2010). 

It also exerts a catabolic response by activating chondrocyte-mediated protease 

production (Kapoor et al., 2011). TNF-α and IL-β alone or together, cause abnormal 

activation of NF-κB and MAPK pathways in OA chondrocytes. Since NF-κB signalling 

is a regulator of inflammatory processes in these cells, the inflammatory cytokines can 

drive the cells to over-express MMPs, nitrous oxide synthase 2 (NOS2), cyclooxygenase-

2 (COX2) and IL-1 and supress the expression of ACAN and COL2A1, required for 

maintenance of the terminally differentiated, stable chondrocyte phenotype (Goldring and 

Otero, 2011, Goldring, 2012). 

The pro-inflammatory role of NF-κB in OA development has previously been shown 

both in vitro and in vivo (Bondeson et al., 2007, Amos et al., 2006). Over-expression of the 

inhibitory subunit kappa-B-alpha inhibited NFκB (IκB) post adenoviral transfer in SFs of 

OA patients, suppressed the secretion of TNF-α, IL-6, IL-8, monocyte-chemoattractant 

protein-1 (MCP-1/CCL-2), MMP1, 3, 9, 13 and oncostatin M. In another study, IL-1β 

stimulated expression of ADAMTS-4 but not ADAMTS-5 was impeded by IκB over-

expression (Amos et al., 2006). In a surgically induced rat model of OA, adenoviral 

delivery of an siRNA specific for NF-κB-p65 resulted in complete inhibition of NF-κB. 

This approach not only prevented p65 expression but also significantly decreased the 

stimulation of TNF-α and IL-1β in synovial fluid, lowering clinical signs of synovitis and 

cartilage degeneration (Chen et al., 2008, Haseeb and Haqqi, 2013). 

As described earlier, OA chondrocytes also display hypertrophy, expressing high levels of 

MMP13. In this context, activation of the MAPK pathway occurs via ERK (Extracellular 

Signal-Regulated Kinase), JNK (c-Jun N-terminal kinase) and the p38 kinase signalling 

cascade further leading to induction of COL10A1 and MMP13 gene expression in OA 

chondrocytes (Nishitani et al., 2010, Goldring, 2012). Similarly, the WNT signalling 

pathway is critical in determining chondrocyte cell fate and homeostasis, and previous 

genetic data indicated that aberrant WNT signalling can induce early chondrocyte 
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hypertrophy/de-differentiation, a sign of OA development (Yuasa et al., 2008, Luyten et 

al., 2009, Loughlin et al., 2004). For instance, WNT5a and 5b induced in vitro 

chondrogenesis in mesenchymal stem/stromal cells (MSCs) by activating cartilage nodule 

development and controlling the expression of cell cycle regulators like cyclinD1 and p130 

(Ladher et al., 2000, Yang et al., 2003). In two independent studies, IL-1 treatment of 

rabbit and human chondrocytes resulted in significant upregulation of WNT5a and β-

catenin, causing inhibition of type II collagen production and increased type I collagen 

and MMP13 expression ultimately leading to cartilage destruction (Ryu and Chun, 2006, 

Sassi et al., 2014b). 

IL-6 is one among the three main cytokines to be produced during synovial inflammation 

apart from IL-1β and TNF-α (Chevalier et al., 2013). Activation of mature IL-6 occurs 

following IL-6 receptor complex formation and stimulation of the STAT1/STAT3 (Signal 

transducer and activator of transcription 1/3) pathway (Zhong et al., 1994). Although 

there is strong evidence of catabolic IL-6 activity in the synovial fluid and cartilage of OA 

patients, this cytokine also acts in a pleotropic and regulatory manner (Kishimoto, 2006, 

Goldring, 2000). Both IL-6 and IL-8 do not have the capacity to activate cartilage 

degradation alone or directly, rather they are produced by human SFs and chondrocytes 

in response to IL-1β (Guerne et al., 1989), TNF-α (Guerne et al., 1990), prostaglandin E2 

(PGE2) (Inoue et al., 2002, Tetlow and Woolley, 2006), IL-17, IL-18 (Wojdasiewicz et al., 

2014) or stromal cell-derived factor 1/C-X-C motive chemokine 12 (SDF-1/CXCL12) 

(Chen et al., 2011). IL-6 is one of the principal molecules responsible for the recruitment, 

proliferation and differentiation of T- and B-cells to sites of synovial inflammation 

(Kishimoto, 2006, Gabay, 2006).  

Leukemia inhibitory factor (LIF) is an important member of the IL-6 cytokine family. It 

is a catabolic cytokine that triggers cartilage proteoglycan resorption, nitric oxide (NO) 

production and synthesis of MMPs during OA pathogenesis (Henrotin et al., 1996, 

Goldring, 2000). In contrast to its pro-inflammatory action, de Hooge et al. demonstrated 

the regulatory/protective role of IL6 in OA development where mice deficient in IL-6 

showed enhanced cartilage loss in a spontaneous aging model of OA (de Hooge et al., 

2005). 
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Elevated levels of IL-15 and IL-17 in the synovial fluid in early stages of knee OA has 

been documented and these two cytokines are involved in inducing the differentiation 

and proliferation of T (CD4+ and CD8+) cells, NK cells and mast cells (Suurmond et al., 

2015, Waldmann and Tagaya, 1999, Korn et al., 2009). In addition to this Scanzello et al. 

showed that these cytokines also stimulate MMP1, MMP3 and IL-6 in the synovial fluid 

of OA patients (Scanzello et al., 2009).  

Like cytokines, previous reports have shown the presence of a chemokine profile in the 

synovial fluid and their over-expression by human chondrocytes in OA (Endres et al., 

2010). Chemokines are smaller secreted molecules involved in chemotaxis of immune 

cells (Haseeb and Haqqi, 2013). Some of the critical chemokines reported in OA are: 

macrophage inflammatory protein-1alpha/chemokine (C-C motif) ligand 3 (MIP-

1α/CCL-3), macrophage inflammatory protein-1beta/ chemokine (C-C motif) ligand 4 

(MIP-1β/CCL-4), MCP-1/CCL-2, RANTES/CCL-5, IL-8/CXCL-8 and chemokine (C-

X-C motif) ligand 1 (CXCL1) (Borzı ̀ et al., 1999). CXCL-1 in combination with different 

cytokines produced varying deleterious effects on chondrocytes. In one study, human 

chondrocytes underwent cell death, displaying signs of necrosis and apoptosis in the 

presence of CXCL12 and CXCL1 (Wei et al., 2010, Borzi et al., 2002). Another study by 

Merz et al. showed that CXCL1 in combination with CXCL8 induced calcification and 

hypertrophic differentiation in chondrocytes (Merz et al., 2003). In addition to 

inflammation, IL8/CXCL8 expression is triggered by mechanical stimuli and metabolic 

stress (Chauffier et al., 2012). 

1.2.5 Alarmins and their ‘DAMPening’ effects in OA  

Among the cascade of catabolic events, synovial inflammation, subchondral bone 

modifications, angiogenesis and cartilage ECM breakdown are important clinical 

processes thought to occur either in the early stages or throughout OA progression 

(Weinans et al., 2012, Ayral et al., 2005, Sellam and Berenbaum, 2010). As a consequence, 

tissue damage, mechanical and cellular stress is induced and this causes the activation of 

endogenous danger/warning signals called alarmins (Oppenheim and Yang, 2005). These 

alarmins are a class of DAMPs that get released by activated, apoptotic or even altered 

cells like OA synoviocytes, modified chondrocytes or necrotic bone cells (Nefla et al., 
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2016). They trigger innate immune responses and predominantly contribute towards 

chronic inflammation by acting as ligands that recognise and bind to PRRs such as TLRs: 

TL2 and TLR4 and RAGE (Bianchi, 2007, Sokolove and Lepus, 2013, Rosenberg et al., 

2017). Activated PRRs stimulate downstream signalling pathways and produce pro-

inflammatory mediators like cytokines, chemokines aggrecanases, proteolytic enzymes 

and MMPs, as previously discussed. 

Alarmins are therefore key molecules in the context of OA initiation and inflammation 

based on two of their fundamental properties: 1) under normal physiological conditions, 

alarmins regulate cell proliferation, DNA transcription, differentiation and calcium 

homeostasis and 2) they have the capacity to bind and crosslink multiple receptors or 

PRRs on the same cell, activating synergistic yet distinct signalling pathways (Chan et al., 

2012, Foell et al., 2007, Nefla et al., 2016). Hence one can hypothesise that increased 

understanding and targeting of alarmins in OA therapy can potentially attenuate the 

disease. Among the alarmins implicated in OA, high-mobility group box 1 protein 

(HMGB-1) and the S100 family of proteins are the two intracellular alarmins recognised 

by RAGE and TLRs in the OA joint (Sokolove and Lepus, 2013, van Lent et al., 2012, 

Liu‐Bryan and Terkeltaub, 2010). The S100 family of proteins are one of the most 

extensively studied alarmins in both inflammatory arthritis and OA. The catabolic effects 

of these molecules in OA include synovial inflammation, angiogenesis, cartilage 

degradation, hypertrophic differentiation of chondrocytes, production of inflammatory 

cytokines and osteophyte development. 

Some of the well-documented S100s in the serum and synovial fluid of OA patients are: 

S100A4, A8, A9, A10, A11, A12 and S100B (Nefla et al., 2016). However, the focus of 

this section is to review the data reporting the role of S100A8/A9 in inflammation and 

cartilage breakdown in OA. S100A8 and S100A9 are calcium binding proteins that 

regulate the pathways controlling the cytoskeleton, movement, migration, and adhesion 

in a calcium-dependent manner (Sunahori et al., 2006, Zreiqat et al., 2010). Evidence of 

S100A8 and A9 roles in pain generation, activation in SMs and high levels of secreted 

S100A8/A9 heterodimer complex leading to synovitis have been reported in in vivo 

models of antigen induced arthritis (AIA) and OA(Zreiqat et al., 2010, van Lent et al., 

2003, Nabbe et al., 2003). The S100A8/A9 complex binds to surface PRRs like RAGE 
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and TLR4 and enables higher volumes of leukocyte recruitment to the inflammatory 

environment (Sunahori et al., 2006). When stimulated with IL-1, human chondrocytes 

express S100A8 and A9 in addition to S100B, which causes activation of ERK and NF-

κB pathways, leading to MMP13 expression; hence chondrocyte hypertrophy and cartilage 

degradation occurs (Zreiqat et al., 2010, Loeser et al., 2005, Donato, 2013). 

Extensive studies conducted by van Lent et al. showed the role of S100A8 and A9 in 

human and collagenase-induced murine OA. The group demonstrated that mice deficient 

in S100A9 displayed a significant reduction in disease severity (van Lent et al., 2012). 

Similarly, Schelbergen and colleagues showed that stimulation of human OA 

chondrocytes with S100A8 and A9 resulted in a TLR4-driven downregulation of aggrecan 

and type II collagen and upregulation of IL-6 and MMPs 1, 3, 9 and 13, evidence for 

S100-mediated cartilage catabolism (Schelbergen et al., 2012). S100A8 and A9 or the 

S100A8/A9 heterodimer complex are indeed potential biomarkers to predict and analyse 

alarmin-driven OA cartilage damage in vitro and in vivo, based on the evidence that elevated 

and prolonged retention of S100A8 and S100A9 levels in OA patients, was indicative of 

a higher risk of developing severe OA (van Lent et al., 2012, Vogl et al., 2018, Björk et al., 

2009). 

1.2.6 Role of inflammasomes in OA  

Among the family of PRRs activated during infection and inflammation, the NOD-like 

receptor (nucleotide binding domain and leucine-rich repeat containing receptor; NLR) 

contributes to the formation of large cytosolic multiprotein complexes called 

inflammasomes (Palm et al., 2014, Schroder and Tschopp, 2010). NLRP3 is well-studied 

as a factor involved in inflammasomes and their assembly in response to LPS and 

contributes to caspase-1 activation and subsequent release of mature IL-1β and IL-18 

(Cullen et al., 2015). NLRP3 assembly followed by caspase-1 activation is also induced by 

high levels of extracellular ATP via the P2X7 receptor and potassium (K+) efflux (Franchi 

et al., 2007). In the context of inflammation and OA development, ATP is one of the 

critical DAMPs that interacts with the PRR:LPS complex (TLR4 activator) and causes 

release of reactive oxygen species (ROS) from chondrocytes and synovial cells undergoing 

cell stress. 
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Studies have previously shown NLRP3-mediated, LPS/ATP-induced pyroptosis in OA 

fibroblast-like synoviocytes and calcification of cartilage in knee OA (Zhao et al., 2018, 

Shi et al., 2018, Ryan et al., 1992). Another class of DAMPs seen in the vast majority of 

knee and hip OA patients requiring arthroplasty are crystals such as: basic calcium 

phosphate (BCP) (Gordon et al., 1984), calcium pyrophosphate dihydrate (Midwood et 

al., 2009) and monosodium urate (MSU) or uric acid (Denoble et al., 2011). The presence 

of BCP crystals enhanced the secretion of IL-1β by macrophages and monocytes via 

NLRP3 activation (Pazár et al., 2011).  Hydroxyapatite is the main type of BCP crystal 

found in OA joints. Data from both in vitro and in vivo studies have shown that 

hydroxyapatite crystals activate NLRP3 and this process is dependent on K+ efflux, 

phagocytosis and ROS production. This data indicates that the pathogenic effects of 

hydroxyapatite in OA is mediated by NLRP3, followed by cartilage degeneration and 

synovitis via production of IL-1β, IL-18, and MMPs (Jin et al., 2011) High levels of uric 

acid and a 5.4-fold increase in NLRP3 protein expression in the synovial membrane of 

patients with knee OA correlated with the consequential generation of ROS and secretion 

of IL-1β and IL-18. 

These reports depict the role of NLRP3 in aiding the release and interaction of two critical 

cytokines, IL-1β and IL-18, known to contribute towards chondrocyte death and cartilage 

catabolism in OA (Olee et al., 1999, Clavijo-Cornejo et al., 2016, Denoble et al., 2011, 

McAllister et al., 2018). In conclusion, NLRP3 activation in OA and related inflammation 

provides a reason to utilise this DAMP member as a diagnostic marker for the 

development of therapeutic strategies to halt OA progression by targeting its role in 

activating IL-1β. 

1.3 Anti-inflammatory cytokines in OA: Interleukin-10 as a potential target 

During the process of OA development, synovial inflammation and cartilage degradation 

are the two main intertwined processes in joints as described earlier. As a consequence, 

activated synovial cells produce high levels of pro-inflammatory cytokines, collagenases 

and other hydrolytic enzymes, creating a deleterious feedback loop involving cartilage 

breakdown and synovitis. Synovial cells and chondrocytes attempt to counteract this 

inflammatory response by releasing anti-inflammatory cytokines like: interleukin-4 (IL-4), 
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interleukin-13 (IL-13), interleukin-10 (IL-10) and IL-1Ra, based on their presence in the 

synovial fluid of patients with OA (Sellam and Berenbaum, 2010, Goldring, 2000, Martel-

Pelletier et al., 1999). These anti-inflammatory cytokines reduce or inhibit the production 

of PGE2, IL-1β, TNF-α and MMPs and additionally induce the secretion of tissue 

inhibitor of metalloproteinase (TIMP) (Pelletier et al., 2001).  

IL-10 in particular, is a well-established immunoregulatory cytokine with pleotropic 

properties. It is the most widely studied cytokine known to predominantly have an anti-

inflammatory effect in the context of inflammation and immunomodulation in arthritis 

(both RA and OA) (Iannone et al., 2001, Asadullah et al., 2003). Mossman and colleagues 

originally identified a cytokine synthesis inhibitory factor (CSIF) produced by mouse Th2 

cells with a capacity to inhibit the activation of IFN-γ by Th1 cells. This factor was later 

described as IL-10 which plays a key role in regulating the proliferation and differentiation 

of B cells, NK cells, mast cells, granulocytes, cytotoxic and helper T cells, dendritic cells, 

endothelial cells and keratinocytes (Fiorentino et al., 1989, Moore et al., 2001, Rousset et 

al., 1992). 

Apart from Th2 cells, macrophages and monocytes also produce IL-10 and this 

production aids in inhibiting their release of IL-1, TNF, IL-6 and IL-8 and the antigen-

presenting capacity of monocytes during inflammation (de Waal Malefyt et al., 1991b, de 

Waal Malefyt et al., 1991a). Structural analysis of IL-10 by X-ray crystallography revealed 

that the murine form is a 35kDa heterodimer and human IL-10 is a 37kDa with similar 

CSIF activity. Activation occurs when the cytokine binds to the interleukin-10 receptor 

(IL-10R) complexes via JAK1 and STAT3 pathways. Recombinant human IL-10 and viral 

IL-10 are smaller polypeptides of 17-18kDa (de Waal Malefyt et al., 1991a, Moore et al., 

1990, Moore et al., 2001, Asadullah et al., 2003). During synovial inflammation and 

cartilage degradation, TNF-α is one of the main pro-inflammatory cytokines released 

(Saklatvala, 1986). However, studies have shown the capacity of IL-10 to reduce or inhibit 

TNF-α secretion in OA. In one study, the addition of IL-10 to synovial fibroblast cells 

from patients with OA resulted in a reduction of TNF-α and PGE2 release (up to 90% 

compared to controls) (Alaaeddine et al., 1999). In another recent study, stimulation of 

human synovial fibroblasts with TNF-α increased protein synthesis of several catabolic 

MMPs and IL-10, indicative of a defensive/regulatory role of IL-10 during inflammation 
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in OA (Mrosewski et al., 2014). Similar to production of catabolic factors by synovial cells 

in response to PRRs like TLRs, infiltrating macrophages, APCs and DCs also express 

high levels of IL-10; an event by which IL-10 demonstrates immunoregulation (Saraiva 

and O'garra, 2010).  

Another important role of IL-10 is chondroprotection. Both IL-10 and IL-10R are 

expressed by human chondrocytes and this production aids in stimulating the synthesis 

of type II collagen and aggrecan, inhibiting MMP production and prevention of 

chondrocyte apoptosis. Secondly, IL-10 administration also enhanced synthesis of 

proteoglycan in both healthy and OA cartilage in vitro (Iannone et al., 2001, John et al., 

2007b, EEKB and Siquan žEf, 2001). A number of studies have also demonstrated the 

anti-apoptotic property of IL-10. Human articular cartilage explants subjected to axial 

unconfined compression injury showed significant nuclear blebbing, cell death and 

elevated expression of MMP-3, MMP-13, ADAMTS-4 and NOS2. However, following 

IL-10 administration all these catabolic events were dramatically reduced, indicative of IL-

10 mediated chondroprotection (Behrendt et al., 2016). 

In another recent study, with the same compression injury model, administration of IL-

10 following injury to bovine articular cartilage resulted in significantly lower expression 

of COL1A1 and COL10A1 and elevated expression of SOX9, ACAN and COL2A1. In 

addition to this, culture of cellularized collagen ACI grafts with human IL-10 showed 

improved cartilage matrix formation and chondrogenic differentiation, suggestive of the 

ability of IL-10 in preventing cartilage damage and promoting chondrogenesis 

simultaneously (Behrendt et al., 2018). Recent in vitro and in vivo studies have also suggested 

an immunoregulatory and anti-apoptotic mechanism of IL-10 via dampening the 

assembly of the NLRP3 inflammasome and inhibition of caspase-8 and IL-1β activation 

in models of epileptic seizure and AIA (Gurung et al., 2015, Sun et al., 2019, Greenhill et 

al., 2014). Evidence from the above studies support the use of IL-10 as a potential drug 

candidate for OA attenuation.  

1.4 Cell therapy for OA: MSC mediated immunomodulation in OA 

To date ACI is the only FDA approved cell-based therapy for OA patients. Despite 

demonstrating therapeutic success in terms of patient improvement, ACI is associated 

with a number challenges such as  efficacy limited to localised cartilage defects, low 
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proliferative capacity and undesired dedifferentiation of chondrocytes and lack of long-

term follow-up (Harrell et al., 2019). MSCs are multipotent adult cells that are fibroblastic 

in nature, based on their origin from the stromal compartment of bone marrow first 

reported by Friedenstein and colleagues (Friedenstein et al., 1970, Friedenstein et al., 1966, 

Owen and Friedenstein, 1988). Although marrow has been the primary source of MSCs 

to date, these cells have also been successfully isolated from umbilical cord blood (Weiss 

and Troyer, 2006), skeletal muscle (Crisan et al., 2008), adipose tissue (Bunnell et al., 2008) 

and Wharton’s jelly (Troyer and Weiss, 2008). As progenitor cells of multiple origins, 

MSCs also display multi-lineage differentiation in vitro  into tissues that form mesodermal 

lineage such as cartilage, fat, bone and muscle (Barry and Murphy, 2013). 

MSCs have been in the limelight of orthopaedic research as an attractive option for OA 

cell therapy, due to a number of reasons. These include the capacity to expand with 

sustained proliferation, differentiation into chondrocytes in spite of undergoing multiple 

passages in vitro and minimal immunological rejection following engraftment are some of 

the basic beneficial characteristics of these cells (Harrell et al., 2019). 

 In addition to this, the property of paracrine signalling via secretion of bioactive active 

molecules enables MSCs to achieve therapeutic efficacy demonstrated by 

immunomodulation, angiogenesis, anti-apoptosis, chemo-attraction, wound-healing and 

aid in proliferation and differentiation of neighbouring stem and progenitor cells 

(Duijvestein et al., 2011, Liu et al., 2018b, Lee et al., 2013). MSCs modulate inflammation 

in the joint by sensing the inflammatory molecules in the microenvironment and alter 

their phenotype accordingly (English, 2013, Bernardo and Fibbe, 2013, Németh et al., 

2009). For instance, they adopt an anti-inflammatory phenotype in response to high levels 

of TNF-α and IFN-γ through TLR3 signalling. As a result, MSCs secrete large quantities 

of indolamine 2, 3 dioxygenase (IDO), NO, TGF-β, PGE2, hepatocyte growth factor 

(HGF), and hemoxygenase (HO) leading to suppression of T cell proliferation 

(Tomchuck et al., 2008). In a non-inflammatory environment, MSCs polarise to a pro-

inflammatory phenotype under the influence of low levels of LPS-induced TLR4 

signalling. Under this phenotype, MSCs secrete chemokines like RANTES, C-X-C Motif 

Chemokine Ligand 9 (CXCL9), C-X-C Motif Chemokine Ligand 10 (CXCL10), MIP-1α 

and MIP-1β (Ren et al., 2008). These chemokines in turn engage in recruitment of 

lymphocytes to sites of inflammation by binding to receptors on T cells and ultimately 
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leading to MSC-mediated T cell regulation. This pre-organised switch between pro- and 

anti-inflammatory phenotypes is one mechanism whereby MSCs promote host defence 

and joint repair and prevent excessive tissue damage (Waterman et al., 2010, Bernardo 

and Fibbe, 2013, Li et al., 2012). MSCs also regulate activated immune cells in the joint 

by inducing production of anti-inflammatory cytokines, IL-10 in particular. Infiltrating 

macrophages in the synovium produce high amounts of IL-1 and TNF and by adapting 

an anti-inflammatory phenotype, MSCs convert these macrophages to IL-10 producing 

immunosuppressive cells. Similarly, MSC-secreted PGE2 binds to specific receptors on 

these macrophages and stimulates the production of IL-10, thereby suppressing 

inflammation of the joint (Németh et al., 2009). MSCs therefore act as sensors/switchers 

of inflammation and modulate the joint environment by suppressing activated immune 

cells either by juxtacrine or paracrine signalling.  

1.5 MSCs as mediators of anti-inflammation: an MSC: IL-10 story 

Another positive aspect associated with MSCs is their ability to escape immune rejection 

and traffic to sites of injury. This enables them to act as carriers of immunosuppressive 

agents/cytokines or undergo genetic engineering in order to express therapeutic proteins 

(Jorgensen et al., 2003). Viral transduction of MSCs has been carried out successfully with 

an efficiency of up to 85% using retroviral vectors (Harrington et al., 2002). A number of 

in vivo studies have demonstrated the efficacy of IL-10 produced by transduced MSCs-

expressing the cytokine (Manning et al., 2010, Nakajima et al., 2017, Apparailly et al., 

2002). In 2008, Choi et al., successfully performed the first systemic administration of 

MSCs over-expressing retroviral-transduced IL-10 to mice with symptoms of rheumatoid 

arthritis in a collagen-induced arthritic mouse model. Treatment with MSCs or the vehicle 

alone did not show much inhibition of arthritis. However, the group treated with IL-10-

expressing engineered MSCs demonstrated disease inhibition, suppression of an 

autoimmune response to type II collagen and regulated cytokine production (Choi et al., 

2008). In a recent study using a murine model of collagenase-induced OA (CIOA), 

treatment with human MSCs over-expressing viral interleukin-10 (vIL10) resulted in 

reduction in populations of activated CD4+ and CD8+ T cells (Farrell et al., 2016). 

Interestingly, a previous study on anti-inflammatory gene delivery demonstrated uniform 

therapeutic efficacy of human, viral and mutant IL-10 in a rabbit model of AIA (Keravala 
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et al., 2006). Therefore, engineering MSCs to express or deliver vIL10 could potentially 

regulate their secretome profile towards immunomodulation in OA. 

1.6 Tissue engineering strategies using 3D encapsulation of MSCs  

Marrow-derived human MSCs have been extensively studied as a potential cell therapy 

for cartilage regeneration and tissue repair. Several pre-clinical and clinical studies have 

tested the efficacy of autologous, allogenic and xenogeneic MSCs via intra-articular 

injections for cartilage repair (Orozco et al., 2013, Kasemkijwattana et al., 2011, Emadedin 

et al., 2012, Murphy et al., 2003, Kim et al., 2014, Pigott et al., 2013, Saulnier et al., 2015, 

Hatsushika et al., 2013, Barry, 2019). Their capacity to undergo multi-lineage 

differentiation including chondrogenesis and self-renewing potential (Ma et al., 2012) 

make them a potential cell source for generating neo-cartilage. In addition, MSCs also 

allow simultaneous analysis of temporal changes in chondrogenic genes involved in ECM 

alterations leading to altered chondrocyte behaviour during OA (Ma et al., 2012, Debnath 

et al., 2015, Xu et al., 2008). The field of tissue engineering offers hope to repair damaged 

tissues using functional replacement constructs made of biocompatible scaffolds seeded 

with cells of interest i.e., MSCs (Diduch et al., 2000, Yamagata et al., 2018). The process 

of encapsulation of MSCs also enables the potential to isolate and study MSC-mediated 

paracrine signalling, changes in gene expression patterns and cell-matrix interactions 

during chondrocyte differentiation and hypertrophy in OA (Ibarra et al., 2000, McKinney 

et al., 2019, Xu et al., 2008). 

Numerous types of scaffolds have been used in cartilage tissue engineering to investigate 

MSC differentiation and natural hydrogels are among the most commonly studied 

(Yamagata et al., 2018, Awad et al., 2004). Among the types of natural hydrogels, sodium 

alginate derived from marine algae has been a preferred choice of scaffold to culture MSCs 

and chondrocytes (Debnath et al., 2015, van Susante et al., 1995, Rowley et al., 1999, Barry 

et al., 2001). Previous studies have shown that alginate facilitated a softer mechanical 

environment which enabled maintenance of a rounder chondrocyte morphology, optimal 

chondrocytic phenotype and enhanced stronger gene and protein expression of SOX9, 

aggrecan and type II collagen (Ma et al., 2012, Xu et al., 2008, Hwang et al., 2007). Xue et 

al. successfully demonstrated the capacity of human MSCs cultured on softer gels to 
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differentiate into a chondrocytic phenotype, irrespective of initial seeding density. This is 

not possible with chondrocytes due to their tendency to dedifferentiate and adopt a 

fibroblastic phenotype in vitro (Cucchiarini et al., 2015, Chubinskaya et al., 2001). Chelluri 

and co-workers showed that 3D encapsulation of human adipose derived stem cells in 

alginate resulted in uniform cell distribution and enhanced chondrogenic marker 

expression when compared to 2D pellet cultures with lower growth potential (Debnath 

et al., 2015). There is also in vivo evidence of cartilage matrix formation by MSCs 

encapsulated in alginate (Pleumeekers et al., 2014, de Vries–van Melle et al., 2013). Apart 

from enabling cartilage regeneration, alginate acts like a semi-permeable membrane for 

MSCs to secrete trophic factors into the surrounding environment and modulate 

inflammation as demonstrated by in vitro models of LPS-induced neuro-inflammation 

(Stucky et al., 2015, Stucky et al., 2017). 

1.7 Feasibility of MSCs for long-term cartilage repair/reconstruction 

In the context of inflammation-triggered cartilage damage in OA, one study conducted 

by Fahy et al. has demonstrated the anti-chondrogenic effect of OA synovial conditioned 

medium (SCM) in MSC-alginate beads. These authors further identified that M1 

(classically activated) polarised macrophages in the SCM were responsible for hindering 

the chondrogenic differentiation of MSCs (Fahy et al., 2014). Despite their therapeutic 

potential via paracrine signalling, bone-marrow derived MSCs tend to form fibrocartilage 

and demonstrate chondrocyte hypertrophy, seen with production of collagen type X and 

MMP-13 in vitro (Barry et al., 2001, Johnstone et al., 1998, Xu et al., 2008). This tendency 

towards terminal differentiation may be favourable for tissue engineering strategies related 

to bone formation mimicking the route of endochondral ossification. (Farrell et al., 2011, 

Farrell et al., 2008). However, this is not ideal for cartilage regeneration due to the risk of 

implanted MSCs forming terminally differentiated cartilage showing signs of 

mineralisation and possible bone formation (Pelttari et al., 2006, Scotti et al., 2010). 

Articular cartilage progenitors (ACPs) are cell populations residing in the upper zone of 

adult articular cartilage with evidence that these cells generate stable articular 

chondrocytes of native tissue through appositional growth (Williams et al., 2010, 

Dowthwaite et al., 2004, Kozhemyakina et al., 2015, Hayes et al., 2001). ACPs are 

fundamentally undifferentiated precursors of cartilage, developmentally primed to 
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become chondrocytes with minimal tendency towards terminal hypertrophic 

differentiation. Previous studies have demonstrated potential reparative effects of these 

cells in OA cartilage in response to injury (Jayasuriya and Chen, 2015, Khan et al., 2009a, 

Williams et al., 2010, Seol et al., 2012, Gerter et al., 2012, Koelling et al., 2009, Nelson et 

al., 2014, McCarthy et al., 2012) . The use of 3D chondrogenic models comparing MSCs 

and ACPs to identify primary inflammatory cues/mediators is a novel experimental 

strategy. This strategy may also enable identification of catabolic factors and possibly 

pinpoint the mechanisms responsible for aberrant chondrogenic gene expression leading 

to initiation of cartilage matrix disruption and chondrocyte apoptosis in early stages of 

OA pathogenesis. 

1.8 Hypotheses and aims 

OA is a multi-factorial disease of the whole joint with inflammation acting as a driving 

force in OA pathogenesis. Synovial inflammation and cartilage degradation are two main 

events contributing to a constant pathological loop and mediated by a number of 

inflammatory factors and activated immune cells. MSCs are progenitors of the 

mesenchymal lineage, capable of multi-lineage differentiation including chondrocytes and 

display immunomodulation via secretion of trophic factors with previous pre-clinical 

studies demonstrating the regenerative potential of these cells in OA joints via activation 

of endogenous progenitors. Given the fact that MSCs tend to form fibrocartilage and 

attain a hypertrophic phenotype during in vitro chondrogenesis, there is no data to indicate 

that these cells cannot successfully differentiate into a stable articular cartilage phenotype. 

Also, inflammation induced catabolic factors from activated synovium have been shown 

to negatively impact the use of chondrogenically differentiating MSCs as a therapy for this 

disease. On the other hand, chondroprogenitors form stable cartilage with the capacity to 

do this in the appropriate environment.  



Chapter One 
 

32 
 

Therefore two main goals of this thesis were: 

1. To develop an inducible anti-inflammatory cell-based therapy and evaluate the 

efficacy of controlled vIL10 expression by MSCs towards attenuation of 

immune responses in OA and 

2. To establish in vitro models of terminal and stable cartilage for investigation 

of inflammation-driven cartilage damage in OA. 

The aims and hypothesis of each chapter are as follows: 

Chapter 2: Development of a stable and efficient method of vIL10 over-expression 

by adenoviral transduction of murine MSCs (mMSCs) 

Hypothesis: Bone marrow derived mMSCs regulate and enhance the expression of 

vIL10 using the Tetracycline system under the influence of doxycycline. 

Specific aim: The main aim of this chapter was to develop a stable method of efficient 

adenoviral transduction in MSCs. To achieve this, three biological preparations of bone 

marrow derived mMSCs were isolated, expanded and characterized. Secondly, two 

different types of adenoviral vectors contained in a CMV promoter; a direct vIL10 

expressing adenoviral construct and a drug-controlled vIL10 expressing construct was 

compared and tested on mMSCs. Finally, the optimal dose and time point to achieve high 

levels of inducible vIL10 overexpression by MSCs was identified in order to generate 

engineered MSCs with a capacity to display positive immunomodulation. 

Chapter 3: Assessment of immunomodulatory effects of vIL10 over-expressing 

MSCs on activated macrophages and T cells in vitro.  

Hypothesis: Tetracycline induced vIL10 MSCs modulate inflammatory processes in vitro 

in a juxtacrine and paracrine manner. 

Specific aims: The aim of the work performed was to test the anti-inflammatory ability 

of engineered vIL10 MSCs on activated immune cells. For this, bone-marrow derived 

murine macrophages (BMs) and T cells from mouse spleen were stimulated in vitro and 

treated with different mMSC preparations from Chapter 2 and assessed using secretome 

and/or direct co-culture assays. Immunomodulatory effects of vIL10 MSC treatment on 
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macrophage polarisation, gene expression of macrophage-secreted pro and anti-

inflammatory factors and T cell activation and proliferation were analysed. 

Chapter 4: Establishment of a novel in vitro model investigating the impact of 

acute and chronic inflammatory effectors on cartilage development. 

Hypotheses: Inflammasome activation acts as an acute inflammatory insult to induce 

altered behaviour of stable or terminal chondrocytes and chronic inflammatory input of 

S100A8/A9 alarmins in conjunction with inflammasome activation promotes an OA-like 

hypertrophic phenotype. 

Specific aims: To develop an in vitro cartilage model to study the effects of acute and 

chronic mediators of inflammation leading to cartilage damage, using ACPs (articular-like 

cartilage) and MSCs (hypertrophic cartilage). To achieve this, chondrogenic 

differentiation of bone-marrow derived human ACPs and MSCs was carried out by 

encapsulating these cells in sodium alginate for 28 days. To examine the impact of 

inflammatory mediators on cartilage development, ACP and MSC beads were treated with 

the S100A8/A9 alarmin complex and/or activators of the NLRP3 inflammasome (LPS 

and palmitic acid). Effects of the dual inflammatory stimuli on cartilage development was 

assessed using caspase-1 activity, GAG quantitation, histological analysis and gene 

expression patterns of inflammatory and chondrogenic markers after 28 days of 

differentiation.  
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2.1 Introduction 

OA is still considered a ‘wear and tear’ disease of the joint, causing degradation of the 

articular cartilage (Rezend and Campos, 2013, Kong et al., 2017). Over the last decade, a 

disease, initially perceived as cartilage driven, is now known to be far more complex. This 

is due to the role of synovial inflammation or synovitis and release of inflammatory 

mediators by underlying bone, cartilage itself and synovium, making it an inflammation-

mediated condition of the whole joint (Rezend and Campos, 2013, Kapoor et al., 2011, 

Loeser et al., 2012, Goldring and Otero, 2011). Synovitis, has become an important 

clinical feature of OA with an increase in joint volume and evidence of higher levels of 

inflammatory cytokines in serum and synovial fluid in OA patients (Sohn et al., 2012, 

Pearle et al., 2007). The impact of synovitis extends from early to end stage OA. Other 

than manifesting as clinical signs like joint swelling, synovitis also displays its detrimental 

effects at a cellular and molecular level, acting as a trigger of OA progression. 

Mechanical load and ECM tissue breakdown can also initiate synovial inflammation. 

Synovial hypertrophy occurs as a result of products of ECM breakdown accumulating in 

the synovial cavity, with cells within the synovium acting to phagocytose these products. 

As a consequence, synovial cells start to release several hydrolytic enzymes such as 

collagenases that with the input of pro-inflammatory cytokines create a never-ending loop 

of cartilage degradation and synovitis (Sellam and Berenbaum, 2010). Despite the 

counteractive efforts of the immune system to halt this inflammatory cascade by 

producing anti-inflammatory cytokines, the quantities and duration of release is not 

enough to reverse the loop. Hence there is an urgent need to find a long-term and 

sustainable anti-inflammatory biological factor or drug for delivery to attenuate the 

osteoarthritic environment.  

IL-10, originally identified in 1989 (Fiorentino et al., 1989) is a well-studied multi-

functional cytokine, known for its ability to inhibit activation of macrophages, monocytes 

and T cells. IL-10 was chosen as the target protein in this chapter, based on its capacity 

to inhibit cytokine production by NK cells and T cells via indirect inhibition of 

macrophage/monocyte function, the latter being principal innate cells known to infiltrate 

and reside in the synovial fluid in OA (Moore et al., 2001, Sellam and Berenbaum, 2010, 
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Sohn et al., 2012). The field of cellular therapy for OA, has advanced significantly in the 

last 20 years from ACI being the sole FDA approved cellular therapy to use of stem cell-

based approaches taking the spotlight in recent years (Burke et al., 2016). MSCs possess 

a wide range of advantages for choosing them as a therapeutic vehicle for gene delivery, 

including and not limited to their self-renewal capacity, differentiation into chondrocytes 

(neo-cartilage formation), ease of engraftment and migration to injured mesenchymal 

tissues (Jorgensen et al., 2003, Manning et al., 2010). MSCs have been efficacious for gene 

therapy with a transduction rate of up to 85% using retroviral vectors and as a vehicle to 

express therapeutic cytokines such as secreted human erythropoietin, which was detected 

in vivo for 90 days after subcutaneous cell implantation (Harrington et al., 2002, 

Bartholomew et al., 2001, Jorgensen et al., 2003). 

The viral counterpart of IL-10, vIL10 encoded by the EBV gene (BCRF1), is 80% 

homologous to murine IL-10 and the mature protein sequences of human IL-10 and 

vIL10 are 84% identical. One critical reason to select vIL10 over human IL-10 for gene 

therapy, is the absence of immunostimulatory properties in the viral form of IL-10 (Hsu 

et al., 1990, Go et al., 1990, MacNeil et al., 1990, Moore et al., 1990, Vieira et al., 1991). A 

number of pre-clinical studies have demonstrated the therapeutic efficacy of delivering 

vIL10 using adeno/retroviral vectors in models of endotoxemia (Drazan et al., 1996), 

atherosclerosis (Han et al., 2010), wound healing (Peranteau et al., 2008), cardiac allograft 

survival (Qin et al., 1995) and particularly rheumatoid arthritis (Ma et al., 1998, Lechman 

et al., 1999, Vermeij et al., 2015, Broeren et al., 2016). One disadvantage of direct delivery 

of vIL10 in vivo is its short half-life, with the requirement for repetitive administrations to 

see a therapeutic effect (Ma et al., 1998). On the other hand, using engineered MSCs to 

express the target cytokines in vivo offers an advantage over direct vIL10 delivery due to 

the combined immunosuppressive property of MSCs and vIL10 (Manning et al., 2010). 

Choi and co-workers successfully demonstrated attenuation of collagen-induced arthritis 

following delivery of MSCs overexpressing vIL10 in mice (Choi et al., 2008).  



Chapter Two 
 

39 
 

Two critical aspects to be carefully considered while choosing viral vectors for efficient 

gene therapy are tightly controlled gene activation and a high level of regulated gene 

expression (Perez et al., 2002). The tetracycline (Tet) mediated gene regulatory system 

(Gossen and Bujard, 1992) fulfils both criteria and operates either in the presence (Tet-

On system) or absence (Tet-Off system) of a pharmacological switch, doxycycline (DOX) 

to control target gene expression (Schonig et al., 2010, Sato et al., 2013). Apparailly et al. 

were first to demonstrate successful tetracycline-inducible gene transfer of vIL10 in two 

consecutive studies in a murine model of experimental arthritis (Apparailly et al., 2002, 

Perez et al., 2002). A recent study published in 2014 showed the efficacy of the Tet-On 

system in MSCs expressing the IL-1 receptor antagonist (IL-1Ra) to treat cartilage injuries 

in OA, where engineered cartilage constructs expressing IL-1Ra displayed inhibition of 

IL-1-mediated upregulation of MMPs and enhanced GAG production.(Glass et al., 2014). 

The current chapter examines the hypothesis that bone marrow derived mMSCs can 

demonstrate regulated and enhanced expression of vIL10 using the Tet-On system under 

the influence of doxycycline. The main aim of this chapter was to develop a stable method 

of efficient adenoviral transduction in mMSCs. To achieve this, three biological 

preparation of bone marrow derived mMSCs were isolated, expanded and characterized. 

Secondly, two different types of adenoviral vectors contained in a CMV promoter; a direct 

vIL10 expressing adenoviral construct and a drug-controlled vIL10 expressing construct 

were compared and tested on mMSCs to assess the efficiency of direct vs-controlled 

release of vIL10. Finally, the optimal dose and time point to achieve high levels of 

inducible vIL10 overexpression by MSCs was identified in order to generate engineered 

MSCs with a capacity to display positive immunomodulation.  
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2.2 Materials and methods 

2.2.1 Isolation of bone marrow derived mMSCs 

Three biological preparations of mMSCs, were generated from the bone marrow of 

C57BL/6J female mice. For each preparation, 4 mice at approximately 6 weeks (w), were 

euthanized and the femur and tibia were dissected and placed in a 50ml tube with 

phosphate buffered saline (PBS, Sigma) containing 1% P/S (100U/ml penicillin and 100 

μg/ml streptomycin, Sigma). Using a sharp forceps and scissors, the bones were cleaned 

to remove muscles and snipped at both ends to enable expulsion of the marrow into a 

Petri dish containing MSC medium (Appendix 2; Table 1). A 26G needle fitted on a 2ml 

syringe filled with mMSC medium was used to plunge out the marrow and repeated until 

the bones appeared white. The marrow was passed through a 40µm cell strainer 

(Corning®) attached to a 50ml tube and the strainer was washed twice with 10ml MSC 

medium. The bones were crushed and placed in a sterile Eppendorf (Sarstedt) and 

digested with 0.4% collagenase I (Sigma, diluted at a 1:1 ratio in MSC medium) by 

incubating at 37°C for 20min. The collagenase mixture was pooled with the marrow and 

spun at 400g for 5min. Medium was changed and cell counting performed. The cell 

suspension (10µl) was mixed with 10µl of 4% acetic acid (Sigma) diluted in 40µl PBS (1:5 

dilution) in an Eppendorf and further diluted at a ratio of 1:1 with Trypan Blue (Sigma). 

Cell counting was performed using a haemocytometer. Based on the mononuclear cell 

count, approximately 35-40 million cells were seeded per T175cm2 flask and incubated at 

37°C with 5% O2 (hypoxia). Medium was changed on day 5 and the culture passaged at 

day 9 to 10 depending on growth of the colonies formed by the MSCs in the marrow 

sample. 

2.2.2 Culture expansion and generation of mMSCs 

Cells were passaged at 70 to 80% confluency. The medium was removed from each flask 

and cells were washed with 15ml of PBS. Adherent cells were detached from the culture 

surface with 4ml of 0.25% 1X Trypsin-1mM Ethylene diamine tetra-acetic acid (Trypsin-

EDTA; Gibco) per flask and incubated at 37°C for 4min. During incubation the process 

of cell detachment was enhanced by tapping the sides of the flask a few times. Trypsin 
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was then neutralized with an equal volume of mMSC medium. Cells were counted as 

previously described and spun down. After spinning at 400g for 5min, the supernatant 

was discarded and the pellet suspended in a volume sufficient to seed 5x105 cells per flask. 

Once seeding was completed, the flasks were labelled with the passage (P) number, date, 

strain and initials, and incubated in hypoxic conditions at 37ºC. Based on the yield 

obtained from the pooled population at P1, a minimum of 2x106 cells were cryopreserved 

for future use. Briefly, the required cell number was spun at 400g for 5min at room 

temperature (RT) and the cell pellet resuspended in 1ml of freezing medium comprising 

10% dimethyl sulphoxide (DMSO, Sigma) and fetal bovine serum (FBS, Sigma). The 

suspension was transferred to a cryovial tube (Thermo Scientific) labelled with the strain, 

passage number, cell number and date. The vial was placed in a Mr. Frosty (ThermoFisher 

Scientific) at -80ºC overnight and later transferred to the liquid nitrogen storage container. 

2.2.3 Assessment of cumulative population doubling 

The growth rate of C57BL/6 mouse MSCs was assessed by calculating the cumulative 

population doubling (CPD) over time. Following each passage, population doublings 

were determined based on the number of cells plated (input) and harvested (yield)  versus 

duration of culture time in days. The analysis was performed starting from the end of P2 

to P12. To maintain the same conditions with respect to yield, medium changes were 

done at a set interval of 3 to 4 days and cells were harvested at 80% confluence. 

2.2.4 Characterisation of mMSCs 

C57BL/6 MSCs were characterized by assessing their ability to differentiate into the three 

classical mesenchymal lineages i.e., bone, fat and cartilage. For this, differentiation assays 

namely osteogenesis, adipogenesis and chondrogenesis were performed using cells at P6.   
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2.2.4.1 Osteogenic differentiation of mMSCs 

Cells were trypsinised, neutralized and counted, and seeded at a density of 10x103 

cells/well in a 24-well plate (Thermo Scientific) with 1ml mMSC medium/well. A total of 

4 sets of control and 4 sets of test wells were set up and incubated at 37ºC, 5% CO2 until 

a confluent monolayer was formed. Osteogenic medium (1ml) (Appendix 2; Table 2) was 

added to the test wells and control wells received 1ml mMSC medium after removal of 

spent medium. The media were changed every 2 days, ensuring the addition of the correct 

medium to each well. The cells were harvested between days 10 and 12, based on the 

appearance of dark mineralized deposits in test wells. Three sets of control and test wells 

were processed for calcium quantitation and the last set was used for Alizarin Red S 

staining. 

2.2.4.2 Alizarin Red S staining 

Alizarin Red S (2%, Sigma) was prepared using deionised water (dH2O) and the pH 

adjusted to 4.1-4.3. Control and test wells were washed twice with 1ml PBS and the cells 

were fixed with ice cold 95% Methanol (Sigma) for 10min, followed by rinsing with dH2O. 

Alizarin Red S (1ml, 2% solution) was added and plates incubated at RT for 5min. The 

stain was then removed and cells washed with dH2O, leaving some water in the wells for 

microscopy. The plates were later air-dried and stored at 4ºC in the dark. 

2.2.4.3 Quantitation of calcium using StanBio Calcium assay 

Media was removed from control and test wells. After washing twice with PBS, cells were 

scraped from each well after exposure to 0.2ml of 0.5M hydrochloric acid (HCl) and 

collected in labelled Eppendorf tubes. This step was repeated once and remaining cells 

were scraped and pooled into the respective tubes. The solution was placed in the shaker 

overnight at 4ºC and calcium levels measured using the StanBio Calcium Liquicolour kit. 

Briefly, the calcium standard provided was diluted to generate a range of concentration 

from 0.05 to 1μg/ml prepared in 0.5M HCl (Appendix 2; Table 3). 10μl of sample or 

standard was plated in triplicates in a 96-well plate and 200μl of working solution (1:1 

working solution of CPC Liquicolor binding reagent and working dye) was added to each 

well and the plate was incubated at RT for 15min in the dark . The absorbance was read 
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at 550-650nm using the VictorTM X3 Multimode plate reader (Perkin Elmer). A trendline 

was derived from the standard curve and the concentration of calcium in each sample was 

represented as a bar graph.  

2.2.4.4 Adipogenic differentiation of mMSCs 

Cells were trypsinised, neutralized and counted prior to seeding in a 24-well plate (Thermo 

Scientific) at a density of 2x104 cells/well. Three control and 3 adipogenic test wells were 

set up using mMSC medium and incubated at 37ºC, 5% CO2 till the monolayer formed 

was confluent. Once confluent, 1ml/well adipogenic induction medium (Appendix 2; 

Table 4) was added to the test wells and left for 3 days. The control wells received the 

same volume of mMSC medium. After 3 days, the medium in test wells was changed to 

1ml/well of maintenance medium (Appendix 2; Table 5) and left for 1 day. The medium 

in control wells were replaced with mMSC medium Three cycles of changing from 

induction to maintenance media were performed and during the final maintenance step, 

cells were left in the maintenance medium for 5 days. The cells were then processed for 

Oil Red O staining. 

2.2.4.5 Oil Red O staining 

A working solution of Oil Red O (Sigma) was prepared by mixing 6 parts of Oil Red O 

stock solution with 4 parts of dH2O. This was left to stand for 10min followed by filtration 

using a Whatman no.1 filter (Fisher Scientific). Medium was removed from all wells and 

cells rinsed twice with PBS. The cells were then fixed using 1ml of 10% neutral buffered 

formalin (Sigma) for 10min to 1h at RT. Formalin was discarded and the plate was rinsed 

with dH2O. Oil Red O working solution (1ml) was added and left for 5min. The stain was 

discarded and excess stain cleared by adding 1ml/well of 60% isopropanol (Sigma). The 

plate was then rinsed under tap water and stained with 0.5ml/well of hematoxylin (Sigma) 

working solution made up as 1:5 parts of dH2O. The stain was left for 1min and wells 

washed with warm tap water until clear; some water was left in the well for photography.  



Chapter Two 
 

44 
 

2.2.4.6 Chondrogenic differentiation of mMSCs 

Cells were trypsinised, neutralized, counted and seeded at a density of 5x105 cells/pellet 

culture. A total of 12 cultures with control (6) and test (6) were set up for harvesting on 

day 21. The required number of cells for all pellet cultures were placed in a tube and 

centrifuged at 400g for 5min. The cells were resuspended in incomplete chondrogenic 

medium (ICM) (Appendix 2; Table 6) and cell suspensions were aliquoted into microfuge 

tubes (Sarstedt) with 5x105 cells/tube. The tubes were spun at 100g for 5min using the 

Eppendorf 5417C Centrifuge and control cells resuspended in ICM. Test samples were 

resuspended in 0.5ml complete chondrogenic medium (CCM). CCM was prepared fresh 

each time by adding 0.5μl of 10ng/ml TGF-β3 (Peprotech) and 2μl of 100ng/ml BMP-2 

(Peprotech) per 1ml of ICM. All tubes were spun at 100g for 5min and caps of all tubes 

(ICM and CCM) were loosened and placed in the incubator at 37ºC in hypoxic conditions. 

Medium was changed thrice a week without disrupting the pellet using 0.5ml ICM or 

CCM. After 21 days, the pellets were washed twice with PBS. Pellets of 3 cultures were 

then allowed to air-dry and stored at minus 80ºC until required for measurement of 

glycosaminoglycan (GAG) and DNA. The remaining 3 cultures were processed for 

histology and Safranin O staining. 

2.2.4.7 Histological analysis 

Pellets were washed, collected and fixed with 1ml of 10% formalin for 1h. After fixation 

the pellets were prepared for histological processing through the Leica tissue processor 

and run overnight in the following steps: 70% IMS 1h, 90% IMS 1h, 100% IMS 1h 

(replaced and repeated three times (x3)), Xylene (Sigma) 1h (x3) and melted paraffin wax 

1h (x3). Samples were then embedded in paraffin wax using the wax embedding station 

(Leica) and the wax block placed on a cooling block (Leica) to harden the wax. 5μm 

sections of each pellet were cut using a microtome (Leica) and placed on Superfrost plus 

slides (Thermo Scientific). The slides were heated at 60ºC in a slide oven (Leica) for 1.5-

2h prior to use. Representative slides for each pellet were chosen for the staining 

procedure. 
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2.2.4.8 Safranin O staining 

Selected ICM and CCM slides were stained as follows: 100% xylene for 5min, 100% 

xylene for 5min, 100% IMS for 2min, 100% IMS for 2min, 95% IMS for 1min, 70% IMS 

for 1min, dH2O 1min, 0.02% Fast Green FCF (w/v) (Sigma) for 4min, 1% acetic acid 

(Sigma) for 3s, 0.1% Safranin-O (Sigma) for 6min, 95% IMS for 1min, 100% IMS for 

2min, 100% IMS for 2min, 100% xylene for 2min, 100% xylene for 2min. The slides were 

mounted with the distyrene plasticizer xylene (DPX; Sigma), cover slipped and left to air 

dry in the fume hood. 

2.2.4.9 Quantitation of GAG  

Prior to starting the assay, the chondrogenic pellets were digested overnight at 60ºC in 

200µl solution of papain (Sigma) at a final concentration of 0.1mg/ml. Papain solution 

was prepared in a dilution buffer (Appendix 2; Table 7). 1,9 Dimethyl methylene blue 

(DMMB; Sigma) stock solution (Appendix 2; Table 8) was prepared and pH was adjusted 

to 1.5. The samples were vortexed to ensure pellet disruption. Chondroitin-6-sulfate (C-

6-S; Sigma) at a concentration of 400μg/ml was diluted 1:5 in dilution buffer to give a 

working stock (80µg/ml) and was used to make dilutions for the standard curve 

(Appendix 2; Table 9). The appropriate standards or samples (25µl) were added to a 96-

well plate. All standards and samples to be assayed were set up in triplicate. Dilution buffer 

(75µl) and 200µl of DMMB stock solution was added to each well  and incubated at RT 

for 5min. The plate was read at 595nm using VictorTM X3 Multimode plate reader. 

2.2.4.10 Measurement of DNA using PicoGreen assay 

The assay was performed using the Quant-iT PicoGreen dsDNA assay kit (Molecular 

Probes). A 1X Tris-EDTA (TE) solution was prepared from the 20x stock provided in 

the Quant-iT Kit (1.2ml for each sample and 6ml for standards). A dilute PicoGreen 

solution, 200-fold dilution of dimethyl sulfoxide (DMSO) stock in 1xTE was then 

prepared. DNA stock (100µg/ml) at a working concentration of 2μg/ml (20µl 

stock+980µl 1XTE) was used to prepare the standard curve (Appendix 2; Table 10). The 

samples were diluted 1:20 (20µl sample + 380µl 1xTE). Relevant standards or samples in 

triplicate (100µl) were added to the wells of a 96-well black plate (Thermo Scientific). 
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100µl of PicoGreen solution was added to each well and incubated at RT for 2-3min, 

protected from light. The plate was read on a fluorescent plate reader using a Pico DNA 

protocol (excitation at 485nm, read at 538nm) and the final results were expressed as the 

amount of GAG/pellet as a ratio of the amount of DNA/pellet (µg/µg). 

2.2.5 Assessment of surface marker expression by flow cytometry  

MSCs were tested for expression of typical cell surface markers by flow cytometry (FCM) 

at P4 to ensure they conformed to a mesenchymal lineage devoid of 

myeloid/hematopoietic cell populations. The experimental groups (in triplicates) 

consisted of unstained control cells and cells to be stained with MSC markers: cluster of 

differentiation/cell (CD) 90.2 (Thy-1), stem cell antigen-1(Sca-1), CD105 (endoglin) and 

CD140a (the alpha chain of the platelet derived growth factor receptor (PDGF receptor) 

(Dominici et al., 2006). Hematopoietic markers CD34 (Mucosialin), CD45 (Ly-5) and 

CD11b (αM integrin) were used to ensure purity of the cell population and corresponding 

isotypes were used to differentiate non-specific background signal. Cells in culture were 

trypsinised and counted as described previously. The cells were resuspended in 

fluorescent activated cell sorting (FACS) buffer (Appendix 2; Table 13) with 1x105 

cells/100µl of buffer in a 96-well V bottom plate (Sarstedt) and spun at 400g for 3min. 

This process was repeated twice followed by staining each well with the antibodies and 

isotype controls as above ( list of antibodies and isotype controls in Appendix 2; Table 

11&12) for 30 min at 4°C. Stained cells were centrifuged at 400g for 3min and 

resuspended in fresh buffer. The process was repeated twice to remove any 

excess/unbound stain. The samples were transferred to a 5ml tube suitable for FCM in a 

final volume of 200µl buffer and analysis performed using the BD FACS Canto II 

instrument. 

2.2.6 Expansion and titration of adenoviral vectors 

The adenoviral vectors used to modify mMSCs were purified stocks provided by Dr. 

Martina Anton, Technische Universität München and Prof. Thomas Ritter at REMEDI, 

NUI Galway. Four different first-generation adenoviral vectors with a cytomegalovirus 

(CMV) promoter, namely, (i) Adenoviral empty vector (AD NULL), (ii) Adenoviral 
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Epstein Barr viral Interleukin-10 (ADCMVIL10) and (iii) the bicistronic Tet inducible 

system vector  with an adenoviral reversible tetracycline (tet)-controlled transactivator 

element (AdCMVrtTA) and (iv) Adenoviral Tet responsive element for vIL10 expression  

(AdTREtvIL10) were used in the study. Vectors (iii) and (iv) were expanded and titrated 

separately but used as a single vector in further experiments as ADTET, either 

supplemented with (ADTET +DOX) or without (ADTET –DOX) doxycycline. The 

method of Tet induction in these vectors will be explained in Section 2.2.8. The human 

embryonic kidney cell line HEK 293 (provided by Ms. Martine Harte, REMEDI, NUI 

Galway) transformed with sheared fragments of Adenovirus type 5 DNA was used for 

viral infection and propagation of vectors (Graham et al., 1977). Cesium chloride density 

centrifugation was used to purify viral stocks and the final lysate was reconstituted in 10% 

glycerol (Sigma) for storage at -80°C. The vectors were titrated based on plaque 

formation. For the plaque assay, dilutions of frozen lysates of each vector, ranging from 

10-8 to 10-10 (3 dilutions) were prepared in 2% medium (Appendix 2; Table 14). Prior to 

starting the assay, HEK-293 cells were seeded in 6mm dishes at a density of 5x105 

cells/dish. At 80% confluency, the cells were rinsed with PBS and 1ml of 2% medium 

was added along with 1ml of relevant diluted adenoviral lysate. A negative control dish 

with cells alone in 2% medium was included in the assay. The cultures were incubated at 

37°C for 90min, rocking every 15min. This was followed by removing the adenovirus and 

5 ml of 1.25% low melting point agarose (Sigma) in 10% medium (Appendix 2; Table 15) 

was overlaid on cells in each dish. After 48h incubation, the overlay was repeated with 

3ml of 1.25% agarose. Plaque formation was seen in 7-10 days after adenoviral infection 

and the viral titre for all vectors was calculated as follows: number of plaques x dilution = 

plaque forming units (PFU)/ml. 

2.2.7 Adenoviral transduction of mMSCs using lanthanum chloride (LaCl3) 

Adenoviral transduction of mMSCs was performed using cells at P5-P7 utilizing the 

lanthanide-based method (Palmer et al., 2008). Briefly, on day 0 cells were trypsinised, 

neutralized, counted and seeded in 6-well plates (1x105 cells/well), set up in triplicates in 

2ml mMSC medium and incubated  overnight at 37ºC 5% CO2. On day 1, LaCl3 (Sigma) 

was weighed and dissolved in dH2O to make a 0.4M stock. The stock solution was filtered 

and from this the final working solution of 0.04mM LaCl3 was prepared in sterile 
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conditions using α-MEM (Gibco). To determine the optimal viral dose, various 

multiplicities of infection (MOI) ranging from 0 (untransduced) to 100, 250, 500 and 1000 

were tested for ADCMVIL10. 

 The amount of viral stock to be added for the desired MOI was calculated using the 

formula: viral MOI x cell number/ viral titre (pfu/ml). For each MOI a 15ml centrifuge tube 

was taken and serum-free α-MEM was added based on the number of wells. The 

calculated volume of virus stock in medium was added to the corresponding tubes and 

0.04mM LaCl3 was added at a 1:1 ratio and mixed well. The virus/LaCl3 mix was allowed 

to stand at RT for 30min. Cell culture medium was then removed from mMSCs that were 

seeded on day 0 (overnight) and replaced with 2ml virus/LaCl3 mix. The cells were 

incubated for 3h at 37ºC. Following incubation for 3h, the virus/LaCl3 mix was removed 

and the cells were washed twice with mMSCs medium and replaced with fresh mMSC 

medium. Once the optimum MOI was obtained, the experiment was repeated with the 

final MOI alongside other vectors. Efficacy of vIL10 release was measured by viral 

ELISA, using media collected at 24, 48 and 72h post transduction and stored at -80ºC 

and viability was assessed at 72h by FCM. 

2.2.8 Transduction of mMSCs using the Tet inducible system 

Cells at P7 were used for transduction with the Tetracycline (Tet) virus system. 

AdCMVrtTA and AdTREtvIL-10 were used for the experiment. Briefly, on day 0 cells 

were trypsinied, neutralized, counted and seeded (1x105 cells/well) in 6-well plates. Three 

groups namely untransduced, ADTET +DOX (AdCMVrtTA+AdTREtvIL-10 with 

doxycycline) and ADTET –DOX (AdCMVrtTA+AdTREtvIL-10 without doxycycline) 

were tested. All groups were set up in triplicate, with viral doses ranging from MOI 0 

(untransduced) to 5, 10, 15, 20, 25 and 50. The cells were seeded using complete mMSC 

medium and incubated at 37ºC at 5% CO2. On day 1, cells were transduced with the 

viruses using the LaCl3 protocol. After 3h incubation with the LaCl3/virus mix, the mix 

was removed and cells washed twice with complete mMSC medium. The Tet system 

utilizes DOX as the pharmacological switch for activation and expression of vIL10. A 

stock solution of 50mg/ml was prepared by dissolving 250mg DOX (Sigma) in 5ml of 

dH2O. This solution was sterile filtered, aliquoted and stored at 4ºC. From this stock 

solution a final working solution of 3μg/ml DOX was prepared in mMSC medium in 
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such a way that each well received 2ml of this agent.  After the final rinse with medium, 

the group designated as ADTET +DOX, was supplemented with this agent mixed in 

medium. The other group received complete mMSC medium alone. A fresh working 

solution DOX was prepared daily and added to the ADTET +DOX group. Transduced 

medium was collected at 24, 48 and 72h post transduction for quantitation of vIL-10 

production by viral ELISA and viability was assessed at 72h by FCM. The experiment 

was repeated with the final MOI alongside other vectors for final validation of the system. 

2.2.9 Assessment of viability and CPD of transduced mMSCs 

Cells transduced with all viral groups including an untransduced group were processed 

for assessment of viability using flow cytometry after 72h of transduction. Briefly, media 

from the wells were removed and washed with 2ml PBS/well. This was followed by 

trypsinisation using 300μl of trypsin-EDTA/well for 4min. Cells were then neutralized 

with 2ml of complete mMSC medium/well and the cells trypsinized and transferred to 

labelled 15ml centrifuge tubes. Prior to processing for flow cytometry, the cells in each 

group were counted and CPD was calculated as described in Section 2.2.3 using the initial 

seeding density on day 0 and yield on day 3. The cells were then spun at 400g for 5min at 

RT. The pellet was resuspended in 2ml of FACS buffer and spun twice at 400g for 5min. 

After the second spin, the pellet was resuspended in 200μl FACS buffer and transferred 

to labelled flow tubes. A working solution of Sytox Red dead cell stain (Life technologies; 

final dilution - 1:14000 as optimized based on manufacturer’s protocol) was prepared. 

The untransduced cells prior to staining with Sytox were used to gate mMSCs as single 

cells and live vs dead cells. Sytox fluorescence was detected at 640/658nm when bound 

to DNA. The gating parameters were set as follows; forward scatter (FSC) = 0, side scatter 

(SSC) = 340 and APC (red filter for detection of viability) = 560.  After completing the 

gating strategy, 200μl of the dye was added to all samples set in triplicates and analysed. 

The gating strategy was represented as dot plots and/or histograms and viability and CPD 

were represented as a bar graph. 
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2.2.10 Quantitation of vIL-10 production by transduced mMSCs using viral ELISA. 

Media collected after 24, 48 and 72h transduction from mMSCs treated with ADNULL, 

ADCMVIL10, ADTET +DOX, ADTET -DOX and untransduced groups were 

subjected to ELISA for measurement of vIL10 levels. Briefly, the surface of each well of 

a 96-well plate was coated with 100µl of purified rat anti-human and viral IL-10 capture 

antibody (BD Biosciences) at a final working concentration of 0.5μg/ml in PBS and kept 

overnight at RT. The wells were rinsed with 1X wash buffer (10X wash buffer diluted in 

dH2O: R & D systems) thrice and blocked by adding 300μl of reagent diluent (1% bovine 

serum albumin (BSA; Fisher Scientific) in PBS) to all wells and incubated for  a minimum 

of 1h at RT. The plate was then rinsed thrice with 1X wash buffer. Prior to addition of 

samples, a working solution of 2ng/ml of vIL-10 standard was prepared by performing a 

1:5000 dilution of recombinant EBVIL-10 stock (R & D systems) in reagent diluent. 

Using this working solution, standards were prepared as serial dilutions to make up the 

standard curve. Standard 1 was prepared at a final concentration of 1ng/ml. For this 700μl 

of 2ng/ml working solution was added to 700μl of reagent diluent in an Eppendorf tube 

and vortexed. From standard 1, 700μl was added to a second tube with 700μl of reagent 

diluent making standard 2. In this way up to 7 standards were prepared by serial dilution. 

The last vial was regarded as the BLANK containing only reagent diluent. The standards 

were set up in triplicates and the samples from each MOI and time period of transduction 

were set up as experimental triplicates and technical duplicates. Standard or samples 

(100μl) were added to relevant wells and incubated for 2 h at RT. After incubation, the 

samples were discarded and the washed thrice with 1X wash buffer. A final working 

concentration of 0.5μg/ml of Biotin labelled detection antibody (BD Biosciences) 

prepared in reagent diluent, was added to all wells and incubated for 2 h at RT. This was 

followed by a washing step and addition of 100μl of Streptavidin-HRP (R & D systems) 

to all wells for 20min RT. The wash step was repeated followed by addition of 100μl of 

Substrate solution A and B (R & D systems) in a 1:1 ratio to all wells for 20min at RT. 

The reaction was ceased by addition of 50μl 2N Sulfuric acid (H2SO4) solution to all wells 

and the absorbance was read at 450-550 nm. Results were plotted as a bar graph with 

vIL10 release in pg or ng/ml on the Y axis against time point of medium collection post 

transduction on the X axis. 
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2.2.11 Statistical analysis. 

Statistical analysis was performed using GraphPad Prism software, version 6. Data were 

analysed utilizing either Unpaired t-test with Welch’s correction or two-way ANOVA 

followed by Bonferroni’s multiple comparisons test. Error bars represent the mean ± 

standard error of the mean (SEM). For all analyses, differences were considered 

statistically significant at p<0.05 and significance was assessed in three biological donors 

(sample number, n=3) assayed using technical triplicates.   
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2.3 Results 

2.3.1 mMSCs showed an accelerating trend in growth rate and displayed a 

homogenous population of fibroblast-like cells over time. 

 Bone marrow derived cells from C57BL/6 mice were culture expanded at 37°C in 

hypoxia (5% O2) and maintained until P12. The growth rate was assessed from P2 to P12 

and CPD calculated while maintaining the seeding density at 5x105 cells/T175 cm2 flask.  

Media changes were performed every 2 days and at the same time daily throughout the 

expansion. The input of cells before initiating a new passage and the yield of cells from 

the previous passage was noted. Calculation of CPD showed a clear trend of acceleration 

in growth starting from P3 on day 14 up to P12 on day 56 (Figure 2.1A). All three 

biological preparations of mMSCs displayed and maintained a steady doubling time during 

this time. There was a dramatic change in morphology and size, with cells growing in 

multiple colonies of small heterogeneous clusters (Figure 2.1B) around day 10 to adherent, 

convex, round and stretched-out shapes with high contamination of hematopoietic cells 

populations at P2 (Figure 2.1C). This was followed by an increase in cell size by P4 with 

more uniform spindle-shaped MSC-like cells and abundant doublets (Figure 2.1 D). The 

cells acquired a homogenous fibroblastic mesenchymal morphology around P6 (Figure 

2.1 E) till P12.  
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Figure 2.1 Growth and morphology of mMSCs. A) XY scatter graph showing CPD values of 

C57BL/6 mMSCs, calculated based on yield after every passage and number of days in culture. Bright-

field images of cells on B) day 10, C) P2, D) P4, and E) P6 depicting morphological changes in monolayer 

culture over time. Scale bars, 250µm; Prep 1 to 3 – individual biological preparations (n=3).  
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2.3.2 Tri-lineage differentiation 

mMSCs showed the ability to differentiate into osteogenic, adipogenic and chondrogenic 

lineages when induced with the appropriate differentiation medium. 

2.3.2.1 Osteogenic differentiation of mMSCs 

mMSCs (10x103 cells/well) demonstrated osteogenesis when induced with the osteogenic 

medium and maintained for 12 days, as evidenced by Alizarin Red S staining. Cells in test 

wells showed a clear presence of calcium deposits (Figure 2.2B) and control cells that were 

cultured in mMSC medium did not show any change in morphology or the presence of 

calcium deposition (Figure 2.2A). Osteogenesis was further confirmed with quantitation 

of calcium using the Stanbio Calcium assay (Figure 2.2.C). Cells from osteogenic wells 

showed a significant amount of calcium in comparison to controls (p=0.0028). 

2.3.2.2 Adipogenic differentiation of mMSCs 

MSCs were tested for their adipogenic differentiation by maintaining them in an 

adipogenic induction medium followed by a week in maintenance medium. The cells in 

test wells (Figure 2.3B) started to form fat right after the completion of first cycle of 

induction, followed by maturation and further lipid deposition over the next two cycles. 

Oil red O staining for detection of fat production showed adipogenesis in test but not 

control wells (Figure 2.3A). Semi-quantification (Figure 2.3C) of lipid deposition by 

comparing the absorbance values between control and test showed a significantly higher 

quantities in test samples (p=0.0006).  
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Figure 2.2 Osteogenic differentiation of mMSCs. A) Control cells cultured in mMSC medium did not 

show any calcium deposition. B) Osteogenically induced test cells showed calcium deposition with strong 

Alizarin Red S staining. C) Quantitation of calcium deposition was significantly higher in test cells 

compared to control mMSCs. Values are expressed as the Mean±SEM (𝑛=3, technical triplicates). 

Statistical significance was determined by Unpaired t test with Welch’s correction. **p<0.005. Scale 

bars, 100μm.  
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Figure 2.3 Adipogenic differentiation of mMSCs. A) Control cells cultured in mMSC medium did not 

show lipid deposition. B) Test cells induced with adipogenic medium showed fat deposition with strong Oil 

Red O staining. C) Quantitation of fat deposition was significantly higher in test cells compared to control 

mMSCs. Values are expressed as the Mean±SEM (𝑛=3, technical triplicates). Statistical significance 

was determined by Unpaired t test with Welch’s correction. ***p<0.001. Scale bars, 100μm.  
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2.3.2.3 Chondrogenic differentiation of mMSCs 

Mouse MSCs cultured in complete chondrogenic medium from all three preparations 

proved to have the potential to differentiate to chondrocytes.  In comparison to test CCM 

pellets, ICM control samples failed to condense into a pellet. Mature chondrocytes with 

cartilage formation were seen with Safranin O staining in pellets exposed to CCM (Figure 

2.4A). Total GAG production measured post 21 days in culture using the DMMB assay 

revealed that the test samples produced 9.6µg GAG/pellet in comparison to ICM where 

no GAG was detected (Figure 2.4B). Similarly, DNA content (Figure 2.4C) of CCM 

pellets was significantly higher than in ICM pellets as seen using PicoGreen determination. 

GAG production normalised against the DNA content (Figure 2.4D), clearly showed a 

significant difference between ICM and CCM samples for all three biological preparations 

of mMSCs. 

2.3.3 Surface marker characterisation of mMSCs 

Bone marrow derived MSCs were tested for compliance to one of the criteria proposed 

by the International Society for Cellular Therapy (ISCT) of being positive for surface 

markers of the MSC phenotype (Dominici et al., 2006). Cells of all three mouse 

preparations were processed for FCM (Figure 2.4) and an initial gating strategy was 

performed to select singlets that were mMSCs (Figure 2.5A). All 3 mMSC preparations 

demonstrated positive expression for CD90.2 (95.7 %+), CD105 (98.6 %+), and 

mesenchymal progenitor markers Sca-1 (73.5 %+) and CD140a (PDGFRα; 90.1 %+) in 

comparison to their isotype controls (Figure 2.5B – top panel; 2.5C). These cells showed 

no expression of the hematopoietic marker CD45, macrophage marker CD11b and 

endothelial marker CD34 (Figure 2.5B; bottom panel), thereby conforming to criteria for 

a mesenchymal line of stromal cells.   
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Figure 2.4 Chondrogenic differentiation of mMSCs. A) Qualitative analysis of mMSCs induced into 

chondrogenesis showed formation of mature cartilage in CCM pellets with Saffranin O (red) and Fast 

Green (green) staining after 21 days of culture. No pellet formation seen in ICM samples B) 

Quantification of glycosaminoglycans (GAG) content showed significant levels in CCM samples. C) 

DNA content was significantly higher in CCM and D) GAG/DNA ratio was also significant in 

CCM compared to ICM cultures Values are expressed as the Mean±SEM (𝑛=3, technical triplicates). 

Statistical significance was determined by Unpaired t test with Welch’s correction. 

**p<0.01****p<0.0001. Scale bars, 100μm.  
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Figure 2.5 Surface marker characterisation of mMSCs. A) Cells were analysed by FCM, and gated to 

include singlets and MSCs, B-top panel) histograms of positive markers vs isotypes, (B-bottom panel) 

negative markers vs isotype controls  and C) mean fluorescence expression of all markers. Mean ± SEM, 

(n=3; technical triplicates).  
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2.3.4 Titration of expanded adenoviral vectors 

Adenoviral vectors ADNULL, ADCMVIL10, AdCMVrtTA and AdTREtvIL10 were 

expanded by transfection of HEK 293 cells using crude viral lysates (CVL). Infection of 

293 cells was confirmed by a cytopathic appearance 24h post transfection (Figure 2.6A). 

Viral stocks prepared from these cells for each vector, were purified by ultracentrifugation 

and separation of infectious viral particles, that were then extracted and frozen down as 

the final lysate to be titrated (Figure 2.6B). A plaque assay was performed and viral titres 

defined for the adenoviral stocks were: 1x1011 PFU/ml for ADNULL, 2x1010 PFU/ml 

for ADCMVIL10, 1.2x109 PFU/ml for AdCMVrtTA and 3x108 PFU/ml for 

AdTREtvIL10. 

2.3.5 Viral transduction of mMSCs with ADCMVIL10 

Adenoviral transduction of mMSCs with the ADCMVIL10 vector using the LaCl3 

method at a titre of 2x1010 PFU/ml was performed using 1x105 mMSCs (P5) that were 

transduced with MOIs 0, 100, 250, 500 and 1000. vIL10 release was measured after 24, 

48 and 72h by ELISA. Transduction had no effect on morphology by microscopic analysis 

or  cell viability (tested by FCM). Cells maintained their size and fibroblastic morphology 

(Figure 2.7A) and viability (Figure 2.7C) above 90-95% for MOIs 100, 250 and 500, at 

72h post transduction. Viability was less than 80% using MOI 1000. Measurement of 

vIL10 levels by ELISA (Figure 2.7B), showed consistently increasing levels of vIL10 using 

MOI 500. At lower MOIs of 100 and 250, there was no IL10 production after 24h and 

48h, and at MOI of 1000, IL10 secretion was not statistically significant at 24h. In 

addition, the release of vIL10 was five-fold lesser than MOI 500 across all time points. 

Although, the release was statistically significant for doses 250, 500 and 1000 at 72h, the 

use of an MOI of 500 for 72h was found to be the optimal condition that resulted in a 

stable and significant increase in vIL10 over-expression by all 3 preparations of mMSCs.  
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Figure 2.6 Expansion and titration of vectors. Bright field images of HEK 293 cells before A- left panel) 

and after A- right panel) viral infection. B) Purified viral lysates were obtained by ultracentrifugation as 

depicted. The right panel illustrates the purity obtained after ultracentrifugation Scale bars, 100μm.  
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Figure 2.7 Transduction efficiency of ADCMVIL10 using LaCl3. A) Bright field images of mMSCs 

before (left panel) and 72h (right panel) post transduction at an MOI 1000. B) Measurement of vIL10 

levels by viral ELISA at 24, 48 & 72h post transduction. C) Assessment of viability at 72h post 

transduction by FCM.  Values are expressed as the Mean±SEM (𝑛=3, technical triplicates) Statistical 

significance was determined by two-way ANOVA with Bonferroni’s multiple comparisons test. 

*p<0.05, **p<0.005 ***p<0.001, ****p<0.0001. MOI- multiplicities of infection. NS- Not 

Statistically Significant. Scale bars, 250μm   
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2.3.6 Inducible and controlled vIL10 expression by mMSCs using the Tet system 

With data showing successful expression of vIL10 by mMSCs transduced with 

ADCMVIL10, control of vIL10 expression was assessed to develop a therapeutic vector 

suitable for timed release of vIL10. mMSCs (1x105,  P7) were transduced with the ADTET 

bi-cistronic vector, consisting of equal quantities of AdCMVrtTA (1.2x109 PFU/ml) and 

AdTREtvIL10 (3x108 PFU/ml) using the LaCl3 method. Controlled release of vIL10 by 

the ADTET vector was assessed by measuring levels produced by transduced mMSCs 

after treatment with ADTET +DOX or ADTET –DOX at MOIs 0, 5, 10, 15, 20, 25 and 

50. Quantification of vIL10 release by ADTET +DOX cells proved the system to be 

efficient at MOIs of 10 to 50 across all time points (Figure 2.8A). Although vIL10 

production was seen at MOI 5, values were not significant. Secondly, addition of DOX 

acted as a pharmacological switch based on the absence of IL10 secretion by all groups 

of transduced cells not treated with the drug. Statistical analyses comparing vIL10 release 

between MOIs showed consistent, yet stable production at MOIs 10, 15, 20, 25 and 50 

with strong significance (P<0.0001). However, examination of viability (Figure 2.8B) with 

Sytox dye by FCM for these doses showed increased cell death at MOI 50 (74%). Hence, 

the optimal dose to be tested for final validation was MOI 25 with cells and medium 

collected at 72h for maximum vIL10 expression.  
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Figure 2.8 Inducible release of vIL10 using doxycycline as a control-switch. A) Measurement of vIL10 

levels released by mMSCs transduced with the adenoviral Tet-ON vector treated with DOX at 24, 48 

& 72h post-transduction. Transduced cells showed no release of vIL10 by ELISA in the absence of 

DOX (data not shown). B) Assessment of mMSC viability measured by FCM at 72h post transduction 

with the ADTET system. Values expressed as the mean ± SEM,(n=3, technical triplicates) was 

analysed by two-way ANOVA with Bonferroni’s multiple comparisons test, *p<0.05; **p<0.01, 

***p<0.005, ****p<0.0001 MOI - multiplicities of infection; NS - Not statistically significant.   
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2.3.7 Controlled production of vIL10 

The capacity of the Tet system to control vIL10 expression in response to a 

pharmacological switch was compared to ADCMVIL10 and the empty vector, ADNULL. 

mMSCs were subjected to a final round of transduction with all vectors. Briefly, 1x105 

cells/well were transduced with either ADNULL, ADCMVIL10 at MOI 500 or ADTET 

+DOX at MOI 25 for 24, 48 and 72h. An untransduced and ADTET –DOX group was 

also included to investigate optimal functioning of adenoviruses and to rule out leakiness 

in the Tet system, respectively. Firstly, assessment of viability by FCM staining for Sytox 

(Figure 2.9, Panel A) and growth rate (CPD, Figure 2.9C) calculated at 72h showed that 

none of the vector groups had a detrimental effect on MSCs. Percentage cell viability 

among the three MSC preparations was maintained above 75-80% (Figure 2.9B). 

Measurement of vIL-10 release at all time points by viral ELISA (Figure 2.9D) displayed 

stable vIL10 production by the ADCMVIL10 and ADTET +DOX group. Transduction 

using the Tet system demonstrated a cumulative, two-fold higher vIL10 production by 

ADTET +DOX (MOI 25) compared to ADCMIL10 (MOI 500), but also demonstrated 

tightly controlled IL10 expression, not seen in the absence of DOX (ADTET –DOX). 

Statistical inter-comparison of all groups and 3 MSC preparations exhibited overall 

significance with p<0.0001.   
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Figure 2.9 Comparison of vector transduction efficiency. A) Gating strategy showing dot plots, segregation 

of live and dead MSCs by FCM and gating for Sytox Red+ cells. B) Assessment of viability by FCM 

and C) CPD at 72h post transduction was shown to be unaffected by adenoviral transduction. D) 

Measurement of vIL10 levels by viral ELISA 24, 48 & 72h post transduction for untransduced, 

ADNULL, ADCMVIL10, ADTET +DOX and ADTET -DOX showed significant vIL10 

production only by ADCMVIL10 and ADTET +DOX MSCs. Values expressed as mean ± 

SEM, (n=3, technical triplicates) and analysed by two-way ANOVA using Bonferroni’s multiple 

comparisons test, **** p<0.0001.  
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2.4 Discussion 

Originally discovered by Friedenstein, as resident cells in rat bone marrow acting as 

precursors to osteocytes, with fibroblastic morphology, colony forming capacity and 

adhering to tissue culture surfaces (Friedenstein et al., 1966, Barry, 2019), MSCs later 

gained the reputation of being multipotent, self-renewing cells having a regulatory effect 

on skeletal tissue homeostasis and repair as described by Caplan (Caplan, 1991, Houlihan 

et al., 2012). The first objective of this work was to isolate, expand and characterize bone 

marrow mMSCs suitable for further genetic engineering. Culture expansion of all three 

biological preparations from C57BL/6J mice, cultured at 5% O2 (hypoxia) yielded a 

population of cells with fibroblastic morphology by P6, displaying enhanced proliferation 

and accelerated CPD. The impact of oxygen concentrations on MSC plasticity, 

proliferation and differentiation in vitro has been studied for a considerable time and 

culture of bone marrow MSCs at 21% O2 (normoxia) leads to reduced growth potential 

and senescence following a number of passages (Hu et al., 2018b). This can be attributed 

to the fact that the physiological oxygen pressure in the marrow environment typically 

ranges between 1-7% (Hung et al., 2007). All three marrow preparations proved to 

originate from a mesenchymal lineage via demonstration of tri-lineage differentiation, 

with significant quantities of calcium (osteo), lipid (adipo) and GAG (chondro) elaborated 

by the cells under the appropriate conditions, in comparison to control samples. 

The minimal criteria to define human MSCs, also applicable to other species with small 

differences in surface markers, as proposed by ISCT are: (1) adherence to plastic; (2) 

positive expression (>95%) of CD105, CD73 and CD90 and negative expression (< 2%+) 

of CD45, CD34, CD14 or CD11b, CD79a or CD19 and MHC class II; and (3) ability to 

differentiate into adipocytes, osteoblasts, and chondrocytes under standard in vitro 

differentiating conditions (Dominici et al., 2006, Harrell et al., 2019). Based on these 

criteria, bone marrow MSCs have been successfully isolated and characterized previously 

from different species including human (Pittenger et al., 1999, Ghoniem et al., 2015, Zaim 

et al., 2012), dog (Muir et al., 2016), goat (Li et al., 2017a), rat (Chen et al., 2004, Ridzuan 

et al., 2016) and rabbit (Wang et al., 2016). Deriving a pure line of MSCs from mouse 

marrow is more complex due to a more diverse cell population in marrow consisting of 

higher percentage of hematopoietic cells (Phinney et al., 1999). Strict adherence to ISCT 
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recommended surface maker characterization for mouse MSCs is difficult because of 

strain related differences, especially seen with Sca-1 and CD34 expression (Peister et al., 

2004, Chen et al., 2016). Hence, surface marker characterization of marrow derived MSCs 

by FCM showed positive expression for CD90 (regulates differentiation of MSCs), Sca-1 

(involved in MSC migration, (Xishan et al., 2014)), CD105 (also called SH2, recognising 

a member of TGF-β family, endoglin which is involved in differentiation, migration and 

proliferation of MSCs (Barry et al., 1999, Lv et al., 2012)) and CD140a (murine MSC 

development and maturation (Rostovskaya and Anastassiadis, 2012)). Sca-1 has been 

considered a critical marker for murine MSC characterisation based on previous studies. 

Bone marrow MSCs isolated from C57BL/6 mouse were positive for Sca-1 and these 

cells displayed higher proliferative capacity compared to Sca-1 negative cells (Peister et 

al., 2004, Baustian et al., 2015). Selective isolation of MSCs based on expression of Sca-1 

and PDGFR-α yielded a purer population of cells without hematopoietic contamination, 

negligible cellular senescence and robust differentiation into bone, fat and cartilage 

(Houlihan et al., 2012, Morikawa et al., 2009). While MSCs were negative for 

hematopoietic markers CD34 and CD45, a small percentage of cells were unexpectedly 

positive for the macrophage/monocyte marker CD11b. Although this is indicative of 

hematopoietic cell contamination early passage number (P6) and hypoxic culture 

conditions may have contributed to this unexpected expression. Previous studies have 

also shown that murine MSCs derived from C57BL/6, cultured at 5% oxygen stained 

positive for CD11b until P8 and this expression was absent at later cell passage number 

(Meirelles Lda and Nardi, 2003, Hu et al., 2018a). Mouse MSC preparations generated for 

this study did demonstrate capacity towards tri-lineage differentiation. However, 

qualitative and quantitative analysis of lipid formation was relatively lower and this could 

be an effect of culturing under hypoxic conditions (Hu et al., 2018b). While higher 

adipogenic differentiation of MSCs is a strong indicator of the cells’ multipotent ability, 

MSCs are also known to exhibit tendency towards adipogenesis in normoxia, with 

accumulation of adipose tissue and reduced bone formation as result of aging or stress 

induced senescence in the marrow (Rosen and Bouxsein, 2006, Jin et al., 2010). 

IL-10 is a well-established pleotropic cytokine with immunoregulatory properties and 

previous in vivo studies of direct delivery or systemic administration of recombinant IL-
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10 protein or adenovirus-mediated transfer of IL-10 has demonstrated ability to suppress 

the development of arthritis (Joosten et al., 1997, Katsikis et al., 1994, Kuroda et al., 2006). 

However, this observed efficacy was seen only when treatment was administered prior to 

the onset of arthritis and not after disease induction. While clinical trials have shown that 

a dose of up to 25µg/kg of human IL-10 is safe and well-tolerated, a fraction of patients 

showed moderate flu-like symptoms at doses up to 100µg/kg. In addition, RA patients 

present a pathophysiological correlation between IL-10 and elevated autoantibody 

production and B cell activation (Moore et al., 2001, Narula, 2000). In another trial, 

systemic administration of recombinant IL-10 did show clinical improvement but also 

had toxic effects in RA patients (Tilg et al., 2002). Similar to this, doses beyond 8µg/kg 

resulted in induction of anaemia and headaches in patients with Crohn’s disease. Also, 

direct IL-10 delivery, has the disadvantage of a short half-life of just 2 hours, MSC-

mediated gene therapy offers long-term inducible protein expression for sustainable 

effects (Milligan et al., 2005, Li et al., 1994). While clinical data supporting the use of IL-

10 has been disappointing with respect to RA, there are no clinical studies targeting OA 

via IL-10 therapy. 

The main aim of this chapter was to therefore develop a stable method of efficient 

adenoviral transduction in MSCs. Adenoviral transduction of MSCs to deliver therapeutic 

factors/cytokines using adenoviral vectors offers major advantages such as ease of 

manufacturing and the ability to transduce even quiescent cells without integrating into 

the host genome (Kovesdi et al., 1997, Ehrhardt et al., 2003). The ability of MSCs to 

effectively transfer/deliver exogenous genes, while simultaneously migrating into affected 

organs carrying the target genes, along with low immunogenicity and innate 

immunosuppressive properties, make the cells an attractive option for cellular and/or 

gene therapy (Manning et al., 2010).  

Gene therapy based pre-clinical trials have demonstrated effective delivery of vIL10 using 

genetically engineered MSCs and anti-inflammatory factor expression to enable 

attenuation of RA (Vermeij et al., 2015, Choi et al., 2008). Although MSCs are quite 

receptive to adenoviral transduction, additional co-incubation with a chemical agent such 

as LaCl3 enhances transgene expression compared to incubation with adenoviral construct 

alone (Palmer et al., 2008). This was also found for the data reported here where 
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transduction of mMSCs with ADCMVIL10 using lanthanide-based transduction yielded 

efficient and continuous vIL10 release by mMSCs with significant levels (P<0.0001) 

maintained at MOI 500 to 72h post transduction and no alteration in cell viability. Unlike 

retroviral constructs that integrate with the host genome, adenoviral vectors lack this 

ability making them more suitable for further use in clinical studies. However, this aspect 

can be associated with a negative outcome, as efficient transgene expression gradually 

lowers following lineage-specific differentiation (Hung et al., 2004, Schlimgen et al., 2016). 

To overcome this, the current chapter proposed and tested the hypothesis that bone 

marrow-derived mMSCs can demonstrate regulated and enhanced expression of vIL10 

using the Tet-On system under the influence of doxycycline. In support of this, 

tetracycline-inducible, controlled vIL10 gene transfer has been previously demonstrated 

effective in a murine model of experimental arthritis (Apparailly et al., 2002, Perez et al., 

2002). Transduction of mMSCs with ADTET vector in the presence of doxycycline 

displayed enhanced yet stable increase in vIL10 release at all time points with results 

statistically significant (p<0.0001) at 72h at an optimal dose of MOI 25 adenoviral vector. 

Two critical objectives of the work were: (1) to compare the efficiency of vIL10 

production between ADCMVIL10 and ADTET system constructs, in order to analyse 

the impact of using a pharmacological switch in controlling transgene expression and (2) 

to determine the optimal time point and dose of viral vector that can give rise to vIL10 

MSCs with positive immunomodulatory capacities. To achieve this, mMSCs were 

transduced with ADNULL (empty vector), ADCMVIL10, and ADTET with (ADTET 

+DOX) or without (ADTET -DOX) doxycycline. The hypothesis was effectively proved 

based on the following results: (1) the Tet-On system, executed using ADTET +DOX 

enabled inducible and regulated vIL10 expression that was approx., two times higher 

(p<0.0001) at a dose (MOI 25) nearly 20 times lower than the dose required for 

ADCMVIL10 (MOI 500) even at 72h post transduction; (2) the use of the adenoviral 

vector did not alter the proliferation or the viability of vIL10 positive mMSCs and, (3) 

doxycycline acts as a pharmacological switch, providing tightly controlled vIL10 

expression by ADTET +DOX and not by ADTET -DOX mMSCs. While 

overexpression of IL-10 by murine MSCs using a retroviral vector previously yielded a 

release of 22ng/ml which was ten times more than the release observed with Tet-ON 
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MSCs in this chapter, over-dose of IL-10 comes with reversal of immunoregulatory (i.e. 

immune-stimulation as previously reported) effects, which would not be desirable when 

looking at utilising the Tet-ON system for clinical translation (Choi et al., 2008, Asadullah 

et al., 2003). The findings of this chapter therefore support the use of this novel bi-

cistronic Tet-On vector system to generate vIL10 MSCs and further investigate the 

immunomodulatory capacity of these engineered MSCs on activated immune cells in vitro, 

towards the ultimate aim of prevention/attenuation of inflammation in OA.  
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3.1 Introduction 

Although OA is regarded as a degenerative disease of articular cartilage it affects the whole 

joint with a growing body of evidence suggesting that inflammatory processes may be the 

main contributing factor to disease progression (Sokolove and Lepus, 2013, Scanzello and 

Goldring, 2012). Synovial inflammation in particular is believed to trigger several clinical 

signs and symptoms and it plays a major role in the progression of OA (Kraus et al., 2016). 

Resident and infiltrating cells in the OA synovium include macrophages, fibroblasts and 

a quantifiable number of B and T cells. Activation of joint cells, including synovial 

fibroblasts (SFs) and chondrocytes occur in response to endogenous stimuli (e.g., TLRs) 

from their microenvironment after injury or infection. This event results in innate immune 

activation and production of inflammatory cytokines, aggrecanases, degradative proteases 

and MMPs further leading to cartilage destruction (Mosser and Edwards, 2008, Utomo et 

al., 2016, Sokolove and Lepus, 2013). 

There is substantial evidence that synovial macrophages are the most crucial cell types 

responsible for initiating the recruitment and activation of other immune cells and 

controlling inflammation (Mantovani et al., 2013). In vivo studies in CIA models have 

shown reduction in chondrocyte death and proteoglycan degradation following depletion 

of phagocytic synoviocytes and also indicated that macrophages/monocytes were the 

predominant innate cells involved in induction of cartilage damage (Van Lent et al., 1998, 

Van Lent et al., 1997). Depletion of synovial macrophages also resulted in substantial 

reduction of osteophyte formation in a murine model of experimental OA (Blom et al., 

2004). Macrophages display a high degree of plasticity and are capable of altering their 

phenotype depending on the type of PRR or external cue they interact with (Murray et al., 

2014, Mantovani et al., 2013). Macrophage phenotypes can be categorised as classically 

activated (M1) induced by IFN-γ, TNF-α, or LPS and alternatively activated (M2) 

macrophages, which can be further split into wound healing (stimulated by IL-4) and 

regulatory (activated by IL-10) subsets. In general M1 macrophages trigger local 

inflammation via cell surface expression of the major histocompatibility complex- class II 

(MHC-II) and CD86, needed for activation of T cells and high production of cytokines 

TNF-α, IL-1, IL-6 and IL-12 (Mosser, 2003).   
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This cytokine production by M1 subsets leads to chondrocyte alterations and subsequent 

down regulation of aggrecan and collagen type II, and the simultaneous up regulation of 

COX-2 and MMP-9 expression (Fahy et al., 2014). On the other hand, M2 macrophage 

subsets adopt an anti-inflammatory profile and secrete high levels of TGF-β and IL-10, 

and express the mannose receptor (CD206) on their cell surface (Mosser, 2003, 

Mantovani et al., 2013, Bernardo and Fibbe, 2013). CD4+ effector and CD8+ cytotoxic T 

lymphocytes are the most abundant adaptive immune cells found in the OA synovium 

(Ishii et al., 2002) and their reactivity towards chondrocyte membranes is caused by 

exposure to antigens possibly arising from products of cartilage degradation (Alsalameh 

et al., 1990). Based on previous reports, activation of CD4+ T cells occurs in conjunction 

with secretion of IFN-γ, IL-2, MIP-1γ and osteoclastogenesis in OA patients with chronic 

joint lesions. This T cell reactivity in the OA synovial membrane is mediated by IL-12 

produced as a consequence of macrophage polarisation, suggestive of the role of T cells 

in chronic inflammation and disease progression (Shen et al., 2011, Sakkas and Platsoucas, 

2007). 

MSCs are adult multi-potent fibroblast-like cells that were originally regarded as a 

favourable source for cell therapy to effect  cartilage regeneration due to their self-renewal 

and chondrogenic differential potential (Yoo et al., 1998, Barry and Murphy, 2013, 

Mancuso et al., 2019). However, numerous studies have identified MSCs as cells with 

immune regulatory properties based on their ability to sense an inflammatory 

environment and adopt differential phenotypes following active interaction with cellular 

members of the innate immune system (Bernardo and Fibbe, 2013). MSCs display both 

pro- and anti-inflammatory effects via secretion of trophic factors that can further 

orchestrate either regulation or suppression of activated immune cells (Prockop and Oh, 

2012, Murphy et al., 2003, Le Blanc and Mougiakakos, 2012, Keating, 2012, Mancuso et 

al., 2019). In the context of synovial inflammation in OA, MSCs have mediated 

macrophage polarisation from the M1 to M2 phenotype, and also suppressed CD4+ Th1 

reactivity and enhanced generation of anti-inflammatory CD4+ Tregs in human OA 

synovium (Németh et al., 2009, Van Buul et al., 2012, Yang et al., 2009). Many other in 

vitro studies have demonstrated a strong correlation between the ability of MSCs to favour 

the generation of CD4+CD25+FoxP3+ Tregs (Burr et al., 2013, Maccario et al., 2005) to 
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their polarising effect on M2 macrophages (Eggenhofer and Hoogduijn, 2012), i.e., MSC 

mediated T cell regulation is monocyte-dependent and happens via juxtacrine and 

paracrine signalling (François et al., 2012, English et al., 2009, Cutler et al., 2010, Melief 

et al., 2013b). IL-10 is an important anti-inflammatory factor involved in MSC-mediated 

immunomodulation of macrophages and T cells (Melief et al., 2013a). Chondrocytes 

express IL-10 and IL-10R (Iannone et al., 2001) and this 34kDa heterodimeric cytokine 

is also produced by activated macrophages, B and T cells (Fiorentino et al., 1989, Evans 

et al., 2007, Zdanov et al., 1997). When exposed to an inflammatory environment, 

endogenous and/or exogenously injected MSCs engrafted in the joint, produce TSG-6, 

IDO and PGE2 which enables inhibition of TLR2/NFκ-B signalling resulting in 

macrophage polarisation. PGE2 in particular binds to EP2 and EP4 receptors on 

macrophages and alters their phenotype to IL-10 producing M2 subsets. Similarly, TGF-

β and PGE2 produced from the MSCs influence the production of chemokine (C-C motif) 

ligand 18 (CCL-18) by M2 macrophages and together all three factors favour the 

generation of Tregs (Németh et al., 2009, Prockop and Oh, 2012, Melief et al., 2013b, 

Melief et al., 2013a). Early studies on IL-10 mediated immunomodulation on 

macrophages have shown that reduced expression of NO, CD86, IL-12 and MHC-II by 

activated macrophages/monocytes led to regulation of APCs followed by inhibition of T-

cell presentation and proliferation (Moore et al., 2001, de Waal Malefyt et al., 1991b). 

Viral and human IL-10 exhibit structural similarities and share 84% amino acid sequence 

homology (Vieira et al., 1991). Although both forms of IL-10 display similar 

immunosuppressive potential, vIL10 is much favoured for therapy as it lacks stimulatory 

functions (Go et al., 1990). Anti-inflammatory gene delivery strategies using adenoviral 

vectors or over-expression of vIL10 by transduced MSCs have been successfully carried 

out in in vivo models of experimental arthritis (Apparailly et al., 2002, Lechman et al., 1999, 

Vermeij et al., 2015, Ma et al., 1998, Choi et al., 2008). Van de Loo and co-workers showed 

that lentiviral mediated inducible expression of vIL10 resulted in reduced production of 

TNF-α, IL-1β and IL-6 in a 3D micro mass model of human synovial membrane (Broeren 

et al., 2016). Furthermore in a study conducted by Farrell et al. vIL10-overexpressing 

human MSCs induced long-term reduction in activated CD4 and CD8 T cell populations 



Chapter Three 
 

78 
 

in draining lymph nodes of mice with collagenase-induced osteoarthritis (CIOA) (Farrell 

et al., 2016). 

Here the hypothesis that tetracycline induced vIL10 MSCs modulate inflammatory 

processes in vitro in a juxtacrine and paracrine manner is interrogated. The main aim of 

this work was to test the anti-inflammatory ability of engineered vIL10 MSCs on activated 

immune cells. For this, bone-marrow derived murine macrophages (BMs) and T 

lymphocytes from mouse spleen were stimulated in vitro and treated with different groups 

of MSCs and assessed using secreted factors and/or effects on direct co-culture assays. 

Immunomodulatory effects of vIL10 MSC treatment on macrophage polarisation, gene 

expression of macrophage-secreted pro and anti-inflammatory factors and T cell 

activation and proliferation was particularly analysed.  
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3.2 Materials and methods 

3.2.1 Preparation of mMSCs and collection of conditioned medium (CM) 

To test the immunomodulatory capacity of C57BL/6J mMSCs (untransduced and vIL10 

MSCs derived in chapter 2) on activated macrophages and T cells in vitro, the mMSC-CM 

and cells were collected as described below. The cells (2x105) were seeded in triplicate in 

6-well plates and cultured overnight (day 0) using 2ml of mMSC medium/well at 37ºC 

5% CO2. Adenoviral transduction was performed on day 1 as described in section 2.2.7. 

The experimental groups were as follows: 1. untransduced MSCs, 2. ADNULL (MOI 

500), 3. ADCMVIL10 (MOI 500), 4. ADTET +DOX (MOI 25) and 5. ADTET –DOX 

(MOI 25). Transduction of ADTET +DOX and –DOX was carried out as described in 

sections 2.2.7 and 2.2.8. The medium from all these groups was collected on day 4/72h 

(as optimised in Chapter 2, Figure 2.9) and centrifuged at 400g for 5min. The supernatants 

were filter sterilised using a 0.45µm syringe filter (Sarstedt) and stored at -80°C until 

further use. The cells from each experimental group were trypsinised and collected as 

previously described (see Section 2.2.9). The MSCs were used in direct co-culture 

experiments with activated BMs and/or T cells and the CMs from MSCs were used in 

macrophage secretome assays. 

3.2.2 Collection of L929-CM 

The murine fibroblast cell line NCTC clone 929 (also called L929) was received from Dr. 

Aideen Ryan and Dr.Kevin Lynch, REMEDI. These cells were used as the source of M-

CSF to grow BMs. L929s were seeded at a concentration of 1x106 cells per T175 culture 

flask using L929 medium (Appendix 2; Table 16). The cells were supplemented with fresh 

medium every two days and the CM containing M-CSF was collected when cells reached 

90% confluence (around day 4). The collected CM was centrifuged at 400g for 5min and 

filter sterilised using a 0.45µm syringe filter, aliquoted in smaller volumes and stored at -

20°C until further use. 
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3.2.3 In vitro isolation and differentiation of macrophages 

Bone marrow progenitor cells were cultured in the presence of M-CSF derived from 

L929-CM to obtain differentiated macrophages. Briefly, femurs and tibias were obtained 

from 6-8 w old C57BL/6 mice, the muscles were removed and cleaned bones were placed 

in a sterile petri-dish. The ends of the bones (epiphyses) were snipped and bone marrow 

was flushed out of each of the shafts with RPMI-1640 (Sigma) using a 2 ml syringe locked 

onto a 25Gx 5/8″ needle. The cells were filtered through a 40μm cell strainer and 

centrifuged at 500g for 5min. To lyse the red blood cell population, the pellet was re-

suspended in 1 ml of Red Blood Cell Lysing Buffer Hybri-Max™ (Sigma) and incubated 

for 3 min on ice, protected from light. RPMI-1640 (10 ml) was used to neutralise the lysis 

buffer and centrifuged again. This step was repeated twice and at the end of the third spin, 

the pellet was re-suspended in BM medium (Appendix 2; Table 17) and cells were counted 

using a haemocytometer. After obtaining the count, the cells were divided among 6-well 

plates at 3x105 cells/well with 3ml of BM medium, containing 15% of L929-CM (M-CSF) 

for differentiation. The medium was changed once at day 2 and at the end of 6 days, cells 

were collected by gentle scarping using a 25cm cell scraper (Sarstedt) and counted. 

Macrophage differentiation was confirmed by FCM (as described for MSCs in section 

2.2.5) using the antibodies F4/80, CD45.2 and CD11b and their corresponding isotype 

controls (Appendix 2; Table 11&12). 

3.2.4 Macrophage secretome assay 

Differentiated BMs between 6 and 10 days were collected by gentle scraping and spun at 

500g for 5min. A cell count was performed and the BMs were primed with 20ng/ml IFN-

γ (Peprotech) and seeded in 24-well plates at 2x105 cells/well in triplicate, on day 0. The 

following day (day 1), cells were stimulated with 10ng/ml LPS (Sigma; optimisation shown 

in Appendix 1; S1) and treated with 50% mMSC-CM from all 5 experimental groups 

(described in Section 3.2.1). A negative control group of BMs without exposure to IFN-

γ and LPS (‘unstimulated’) and a positive control group with only IFN-γ+LPS 

(‘stimulated’) and no mMSC-CM was included. Seven experimental groups were included 

in all assays as follows: 1. Resting (negative control), 2. Stimulated (positive control), 3. 

Untransduced, 4. ADNULL, 5. ADCMVIL10, 6. ADTET +DOX and 7. ADTET –
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DOX. After 6h (See Appendix 1; S1 for optimisation), medium was collected for ELISA 

and levels of mouse TNF-α (also used for optimisation of LPS dose and time-points), IL-

1β, IL-6 and IL-10 were measured. The levels of these cytokines were also measured in 

all the mMSC-CM groups. 

3.2.5 Cytokine quantification by ELISA 

The mouse DuoSet ELISA kits (R&D Systems) for TNF-α, IL-1β/IL-1F2, IL-6 and IL-

10 were used to quantify the release of the cytokines from activated/treated BMs and 

mMSC-CMs. As per manufacturer’s instructions, 96-well flat-bottom plates were coated 

with 100μl of rat anti-mouse TNF- α/IL-1β/IL-1F2/IL-6/IL-10 capture antibody (See 

Appendix 2; Table 18 for concentrations used) diluted in PBS, and incubated overnight 

at RT. The wells were rinsed thrice with 1X wash buffer (10X wash buffer diluted in 

dH2O: R&D Systems) and blocked with 300μl of reagent diluent (1% bovine serum 

albumin (BSA; Fisher Scientific) in PBS) and incubated for a minimum of 1h at RT. 

Following the blocking step, the plates were washed three times and 100µl of appropriate 

recombinant standard or sample was added as experimental triplicates and technical 

duplicates and incubated for 2h at RT. After sample incubation, the plates were washed 

three times before the addition of 100µl of biotinylated goat anti-mouse TNF-α/IL-

1β/IL-1F2/IL-6/IL-10 detection antibody (concentrations in Appendix 2; Table 18) 

diluted in reagent diluent and incubated for 2h at RT. The plates were rinsed three times 

and streptavidin-HRP (R&D Systems) was diluted to a ratio of 1:40 in reagent diluent and 

added to all the plates at final volume of 100µl. After 20min incubation at RT, the plates 

were rinsed again three times, followed by addition of 100µl TMB/E substrate solution 

(Merck Millipore). After an incubation of another 20min, the reaction was stopped with 

50μl of stop solution (2N H2SO4) added to each well, and optical density was determined 

using a Victor X3 plate reader set to 540/450 nm. The reagent diluent was added in 

technical triplicates served as the blank. The absorbance values at 540 nm were divided 

by the 450 nm readings and the blank value was then subtracted from all readings. A linear 

curve was generated using the known standard concentrations and the sample 

measurements were interpolated using the linear equation obtained. The results were 

plotted as a bar graph with appropriate cytokine values in pg/ml or ng/ml on the Y axis 

against respective LPS/CM treatment on X axis. 
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3.2.6 Measurement of nitric oxide production by Griess assay 

NO production by activated/CM treated BMs was tested using culture supernatants,  

collected as described in section 3.2.4, by standard Greiss assay protocol. Briefly, 100µl of 

standard or supernatant was added in triplicate to wells of a 96-well flat-bottom plate. 

Sodium nitrite (NaNO2 at 100µM), prepared in RPMI-1640 with an assay range from 

100µM (highest standard point) to 3.125µM, was used as the standard for the assay. This 

was followed by addition of 100µl Greiss reagent (solution A: solution B at 1:1 ratio; 

Appendix 2; Table 19) to all the wells. The plate was then incubated in dark for 10min at 

RT and absorbance was measured at 540nm using the Victor X3 plate reader. 

3.2.7 Gene expression analyses of macrophages 

To test the immunomodulatory potential of vIL10 MSCs on the gene expression profile 

of activated BMs, macrophages were processed in the same manner as explained in section 

3.2.4, but stimulated with LPS for 24h and treated with appropriate MSC-CMs (test 

groups as in Section 3.2.4). After 24h, the cells were collected by gentle scraping and 

centrifuged at 400g for 5min. The cell pellets were suspended in 350µl RLT buffer 

(Qiagen) containing β-mercaptoethanol (10µl for every 1ml of buffer; Sigma) and stored 

at -80°C until RNA extraction. For identification of pro-inflammatory cytokines 

mediating inflammatory responses in BMs, the RT2 Profiler PCR array (PAMM-011ZA; 

96-well format; Qiagen) was initially used to profile the expression of 84 relevant mouse 

inflammatory cytokine and receptor genes (for the plate layout, please see Appendix 2; 

Table 22.). Based on the analysis of the array, 8 genes were selected (see Appendix 1; S2 

for details) for validation and assessment using the macrophage secretome assay and cell 

collection was repeated for further analysis. 

3.2.7.1 RNA isolation 

Total RNA was isolated from frozen BM cell pellets using the RNeasy Mini kit (Qiagen). 

Briefly, cell pellets were thawed for 20min at RT followed by centrifugation of the lysates 

at 13,000g for 3min. The supernatants were carefully collected and an equal volume of 

70% ethanol (350µl) was added prior to mixing by gentle pipetting. The lysates (up to 

700µl) were transferred to RNeasy Mini spin columns placed in 2ml collection tubes for 
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centrifugation at 8000g for 15s. The flow-through was discarded and 350µl of Buffer RW1 

(Qiagen) added to the columns and spun again. On-column DNase digestion was 

performed using the RNase-Free DNase Set (Qiagen). For this 10µl of DNase I stock 

solution (provided in RNase-Free DNase Set) was mixed with 70µl of Buffer RDD 

(Qiagen). This mixture was added directly to the RNeasy spin column membranes with 

BM lysates and incubated at RT for 15min. After incubation, 350µl of Buffer RW1 was 

added on top of the DNase solution in the columns and spun again. The flow-through 

was discarded and 500µl of Buffer RPE (Qiagen) was added to the columns and spun. 

This step was repeated again and spun for 2min the second time. The spin columns were 

placed in new collection tubes and spun at full speed for 1min to dry the membrane. The 

collection tubes were replaced again with 1.5ml tubes (supplied in kit). 50µl of RNase-free 

water (Qiagen) was added to the spin columns and spun at maximum speed for 1min and 

RNA was eluted. The nucleic acid content was determined spectrophotometrically using 

a NanoDrop ND1000 spectrophotometer at 260 and 280 nm. 

3.2.7.2 First strand cDNA synthesis 

cDNA synthesis was performed using the QuantiNovaTM Reverse Transcription Kit 

(Qiagen). For this, cDNA was synthesised as a two-step process. The first step involved 

genomic DNA (gDNA) elimination where the maximum volume for every 

reaction/sample was 15µl. For this 400ng of RNA stock was added to RNase-free water 

to a final volume of 12μl, followed by the addition of 1μl of Internal Control RNA and 

2µl of gDNA Removal Mix (both supplied in the kit) to 0.2ml tubes. The samples were 

heated to 45°C for 2min, and placed immediately on ice. To facilitate reverse transcription 

(step 2), the following components were added to each reaction to a final volume of 20μl: 

1µl of Reverse Transcription Enzyme and 4µl of Reverse Transcription Mix (both 

supplied in the kit) to each template RNA (15µl samples in ice). After this, first strand 

cDNA synthesis was performed on the Veriti Gradient Thermal cycler, by incubating the 

samples at 25°C for 3min (annealing step), 45°C for 10min (reverse-transcription step) 

and 85°C for 5min (inactivation of reaction). The newly synthesised cDNA were stored 

at -20°C until required. 
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3.2.7.3 Quantitative Real-Time polymerase chain reaction (qRT-PCR) 

For the initial identification of inflammatory mediators, qRT-PCR was carried out using 

the RT2 Profiler PCR array. Each array consisted of a 96-well plate pre-coated with 

primers for 84 key genes, five housekeeping genes (HKG), three positive PCR controls, 

three reverse transcription controls (RTC) and one well to account for mouse genomic 

DNA contamination (MGDC). Prior to starting the experiment, the cDNA samples were 

thawed on ice and diluted with RNase-free water to make up the final volume to 102µl. 

Each 96-well block was assigned for a sample and the PCR reaction mix was prepared in 

the following manner: 650µl of RT2 SYBR Green Mastermix, 102µl of cDNA reaction 

sample and 548µl of RNase-free water (all supplied in the kit). Components were mixed 

gently by pipetting and transferred onto the RT2 supplied loading reservoir. To each well, 

10µl of prepared PCR reaction mix was loaded and the block was sealed tightly with 

Optical adhesive film. The block was placed in the Roche® LightCycler® 480 (96-well 

block). The amplification conditions were as follows: 95°C for 10min, 45 cycles of 95°C 

for 10s and 60°C for 1min. Gene expression levels were normalised to Glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) and threshold cycle (CT) was calculated using the 

real-time cycler software (Roche). After this, the obtained CT values for all 7 test groups 

of BMs (described in section 3.2.4) were exported to an excel spreadsheet linked with the 

online SABiosciences PCR Array Data analysis template (Qiagen software). The data was 

reported in the software as fold change/regulation using delta-delta CT method, in which 

delta CT was calculated between gene of interest (GOI) and an average of reference genes 

(HKG), followed by delta-delta CT calculations (delta CT (Test Group)-delta CT (Control 

Group)). Fold change in expression was calculated using the 2^ (-delta CT) formula 

(Schmittgen and Livak, 2008). 

Based on the analysis of the array, a total of 8 genes were selected for final validation. 

qRT-PCR for single gene analysis was carried out using the QuantiNOVATM SYBR® 

Green PCR Kit and  pre-designed  mouse SYBR green primers (see primer sequences 

listed in Appendix 2; Table 23) were obtained from the KiCqStart® SYBR® Green Primers 

for Gene expression analysis (Sigma-Merck). The reaction was run on the StepOne Real-

Time PCR Systems (Thermo Fisher Scientific). In brief, a master mix was prepared using 

the PCR kit to yield a volume of 19µl per reaction as follows: 10µl SYBR Green PCR 
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master Mix was mixed with 2µl of ROX reference dye. The forward and reverse primer 

pairs for each gene were re-constituted in 1X Tris-EDTA (TE) buffer (Sigma) and added 

at a final concentration of 0.7µM; the volume of RNase-free water was varied accordingly. 

To each well of a MicroAmp™ Optical 96-Well Reaction Plate (Applied Biosystems), 1µl 

of each cDNA sample (10ng) was added in triplicate, followed by 19µl of PCR master 

mix bringing the total reaction volume in each well to 20µl (as per the instructions). Wells 

designated for RTCs were replaced with TE buffer instead of cDNA. The plate was sealed 

with MicroAmp™ Optical adhesive film (Applied Biosystems) and the amplification 

conditions were as follows: 95°C for 2min, 40 cycles of 95°C for 5s and 60°C for 10s. A 

melt-curve analysis was automatically performed by the software. Gene expression levels 

were normalised to Gapdh and threshold cycle (CT) was calculated using the real-time 

cycler software (Thermo Fisher Scientific). The fold change for each gene  was calculated 

as described above. 

3.2.8 Macrophage co-culture assay 

Differentiated BMs between 6 and 10 days were collected by gentle scraping and counted. 

Cells were seeded at a concentration of 5x104/well in 96-well U-bottom plates 

supplemented with 100µl BM medium. The cells in all wells except the resting group, were 

primed with 20ng/ml IFN-γ and incubated overnight (day 0). On day 1, all wells were 

rinsed twice with 200µl PBS and stimulated with 10ng/ml LPS aliquoted in 100ul of BM 

medium and incubated for 6h. The control, resting group was unstimulated. After 

incubation, all wells were rinsed twice with 200µl PBS. The appropriate mMSCs (collected 

in Section 3.2.1) were seeded over the BMs at an optimal final ratio of 1:5 (Appendix 1; 

S3.) in 100µl of MSC medium. After 3 days (72h; time-point optimised in Appendix 1; 

S3), BMs were collected and stained for flow cytometric analysis using antibodies for 

F4/80, MHC-II and CD206 (see Appendix 2; Table 21). Prior to analysis, 0.5μl of 

SYTOX viability dye was added to each well.  
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3.2.9 Isolation of murine splenocytes 

Spleens were dissected from 8-10 w old C57BL/6 mice, and placed in PBS on ice. The 

spleen was then placed in a 40um cell strainer and mashed gently using a 10ml syringe to 

obtain a single cell suspension. The suspension was centrifuged at 800g for 5min and the 

pellet was resuspended in 1 ml of Red Blood Cell Lysing Buffer Hybri-Max™ to eliminate 

red blood cells. The suspension was incubated on ice for 5min after which the lysis buffer 

was neutralised by adding 10 ml of PBS and the cells were spun again. The pellet was 

resuspended in PBS and a cell count was performed using a haemocytometer. 

3.2.10 Splenocyte:MSC co-culture assay 

A cell count was obtained and splenocytes were segregated as ‘labelled’ or ‘activated’. 

Labelled splenocytes were re-suspended at 10x106 cells/ml and Cell Trace Violet dye 

(CTV, Invitrogen, Thermo Fisher Scientific) was used to label the cells to trace multiple 

generations. CTV was initially aliquoted in DMSO (5mM CTV stock) and was added at 

the concentration of 1μl/ml/10x106 cells and incubated for 20 min at RT in the dark. The 

dye was neutralised by adding 5 times the volume of T cell medium (Appendix 2; Table 

20) for 5 min. The cells were then centrifuged at 800g for 5min. Cells to be activated were 

re-suspended at the concentration of 1x106 cells/ml and 0.1µl/ml each of the anti-CD3e 

and anti-CD28 (eBiosciences) soluble antibodies were added and incubated for 30min in 

the dark at RT. mMSCs (1x105) were seeded in 100μl of T cell medium in a 96-well U-

bottom plate (see Section 3.2.4 for details) with T cells at a final ratio of 1:10 as optimised 

previously (Appendix 1; S4), in 100μl of MSC medium. After 3 days (time-point optimised 

in Appendix 1; S4), T cells were collected and stained using the antibodies CD4, CD8 and 

CD25 for flow cytometry (Appendix 2; Table 21). Prior to analysis, 0.5μl of SYTOX 

viability dye was added to each well. 

3.2.11 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software, version 6. Data were 

analysed utilising one-way ANOVA followed by Bonferroni’s or Sidak’s multiple 

comparisons test. Error bars represent the mean±SEM. For all analyses, differences were 

considered statistically significant at p<0.05 and significance was assessed in three 
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biological donors (sample number, n=3) assayed using technical triplicates. Where 

biological replicates were not available (n=1), mean±SEM of technical triplicates is shown 

without statistical analysis. 
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3.3 Results 

3.3.1 Marrow derived murine progenitor cells differentiated into macrophages 

Bone-marrow progenitor cells from C57BL/6J mice were isolated and differentiated in 

vitro by culturing in the presence of M-CSF derived from L929-CM as described in Section 

3.2.3. The cells were replenished with fresh BM medium every two days and after 6 days 

of culture expansion the cells proliferated and differentiated from a heterogeneous 

population of round cells (Figure 3.1A: D0 & B: D2) into a homogenous population of 

mature elongated BMs (Figure 3.1C: D4 & 3.1D: D6). To further confirm and validate 

macrophage differentiation, the presence of surface markers was evaluated by flow 

cytometry. The cells were positive for the specific macrophage/monocyte markers F4/80 

(>99%), CD11b (>96%) and leukocyte marker CD45.2 (99%) as shown in Figure 3.2. 

3.3.2 Paracrine effects of vIL10 MSCs on activated BMs 

BMs at day 6 were stimulated into classically activated macrophages using IFN-γ priming 

and addition of LPS and subsequently treated with vIL10 MSC-CM (as described in 

Section 3.2.4). First the activation of BMs was optimised by testing at different time points 

followed by selection of the optimal dose of LPS. All samples were primed with 20ng/ml 

of IFN-γ overnight (Meng and Lowell, 1997) prior to activation with LPS. TNF-α release 

was chosen as an outcome measure and the optimal time point for stimulation was found 

to be 6h after addition of 2ng/ml of LPS to the culture (Appendix 1; S1A). BMs were 

then stimulated for 6h with different concentrations of LPS ranging from 0, 1, 2, 4, 6, 8, 

10 and 20ng/ml. Peak release of TNF-α was observed at a concentration of 10ng/ml of 

LPS beyond which saturation was observed (Appendix 1; S1B). Therefore 10ng/ml of 

LPS was chosen as the best dose for BM activation. To study the paracrine effects of 

vIL10 MSCs on activated BMs, BMs were primed and stimulated using optimal conditions 

as above and treated with different groups of CM from untransduced /ADNULL, 

ADCMVIL10, ADTET +DOX or ADTET –DOX-transduced MSCs. Supernatants 

collected from BMs after 6h and MSC-CMs were analysed for TNF-α, IL-1β, IL-6 and 

IL-10 release by ELISA. There was significant reduction of TNF-α production by BMs 

treated with the ADTET+DOX CM compared to the stimulated group. No differences 
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were observed with other treated groups and none of the MSCs produced TNF-α (Figure 

3.3A). The pro-inflammatory cytokine IL-1β was not detectable in either BM supernatants 

or MSC-CMs (Figure 3.3B). The trend for IL-6 production was similar in BMs and MSC-

CMs and the levels were higher compared to the stimulated group in BMs with no 

differences among the CM treated groups (Figure 3.3C). MSCs did not produce any 

murine IL-10 but MSC-CM treated BMs demonstrated increased production compared 

to the stimulated group. Furthermore, BMs treated with ADCMVIL10 and ADTET 

+DOX CMs displayed significantly higher release of IL-10 compared to all other groups 

(Figure 3.3D). 

3.3.3 Nitric oxide production by activated BMs 

NO production by classically activated BMs was measured in the supernatant collected 

from these cells using Griess assay (Section 3.2.6). In comparison to stimulated BMs, the 

production of NO was lower in all MSC-CM treated BMs with significant reduction seen 

in the group treated with CM from the ADCMVIL10 (p= 0.0018), ADTET +DOX 

(p<0.0001) and ADTET –DOX (p= 0.0003) MSCs. Among the significant groups 

ADTET +DOX CM treated BMs showed maximum reduction of NO as shown in Figure 

3.4. 
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Figure 3.1 Morphology of differentiated BMs. A) Marrow-derived progenitor cells were cultured in the 

presence of M-CSF for 6 days starting at day 0 (D0). B) Medium was replaced every two days and cells 

demonstrated an elongated phenotype from day 2 (D2), C) with increased levels of these cells at day 4 

(D4). D) A homogenous macrophage phenotype was achieved by day 6 (D6). Scale bars, 50μm. 

 

 

 

 

 

 

 

 

Figure 3.2 Validation of BM differentiation. A) Gating strategy used to include macrophages and single 

cells by flow cytometry. B) Histograms showing positive staining of differentiated cells for CD45.2, F4/80 

and CD11b (red peaks) and negative for isotype controls (blue peaks). Data is represented as the Mean 

± SEM (n=3, technical triplicates).  
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Figure 3.3 Paracrine effects of vIL10 MSCs on activated BMs. BMs were primed with IFN-γ 

(20ng/ml) and activated with LPS (10ng/ml) for 6h. Cells were incubated with or without conditioned 

medium (CM) from untransduced, ADNULL, ADCMVIL10, ADTET +DOX or ADTET –

DOX mMSCs. Levels of murine A) TNF-α, B) IL-1β, C) IL-6 and D) IL-10 were measured by 

ELISA in both MSC-CMs (left panels) and supernatants collected from resting, stimulated and treated 

BMs (right panels). BMs treated with CM from ADTET +DOX MSCs showed significantly reduced 

levels of TNF-α and increased IL-10. A significant increase in IL-10 levels was also observed in 

ADCMIL10 CM treated BMs. Values are expressed as the Mean±SEM (𝑛=3, technical triplicates). 

Statistical significance was determined by one-way ANOVA with Bonferroni’s multiple comparisons 

test. *p<0.05, ***p<0.001.  
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Figure 3.4 Suppression of nitric oxide production by vIL10 MSCs. LPS activated and MSC-CM 

treated BMs were tested for release of nitric oxide (NO) by a Griess after 6h incubation. BMs treated 

with CM from ADCMVIL10, ADTET +DOX and ADTET –DOX MSCs demonstrated 

significantly lower levels of NO production compared to stimulated BMs. Values are expressed as the 

Mean±SEM (𝑛=3, technical triplicates). Statistical significance was determined by one-way ANOVA 

with Bonferroni’s multiple comparisons test. **p<0.005, ***p<0.001, ****p<0.0001.  
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3.3.4 MSC-mediated regulation of macrophage gene expression 

To test the immunomodulatory potential of vIL10 MSCs on the pro-inflammatory gene 

expression profile of activated BMs, macrophages were stimulated with IFN-γ and LPS 

for 24h and treated with MSC-CMs. From a panel of 84 critical mouse inflammatory 

cytokine and receptor genes the expression of Chemokine (C-C motif) ligand 4 (Ccl4), 

Ccl6, Ccl9, Chemokine (C-X-C motif) ligand 5 (Cxcl5), Interleukin 33 (Il33) and Platelet 

factor 4/ Chemokine (C-X-C motif) ligand 4 (Pf4/Cxcl4) were the highest downregulated 

genes in BM treated CM from ADTET+DOX MSCs in comparison to the stimulated 

BMs based on a heat map analysis (Appendix 1; S2: A&B) and fold regulation data 

(Appendix 1: S2) (SA Biosciences PCR Array Data analysis-Qiagen). The experiment was 

repeated in three biological donors to validate the array results. Mouse Interleukin 10 

(Il10) and Arginase-1 (Arg1) genes were also included in this assessment to test the efficacy 

of vIL10 MSCs in modulating macrophage polarisation to an anti-inflammatory 

phenotype. Treatment of activated BMs with CM from ADTET +DOX MSCs 

significantly deceased Ccl4 (p= 0.003), Ccl9 (p= 0.0004) and Cxcl5 (p= 0.0015) gene 

expression compared to stimulated BMs (mean fold change= 8.7). Expression of Pf4 was 

significantly reduced in BMs treated with untransduced (p=0.01), ADCMVIL10 (p=0.03) 

and ADTET +DOX (p=0.01) MSC-CMs. Although there was reduced expression of Ccl6 

and Il33 in ADCMVIL10 and ADTET +DOX treated BMs, the results were not 

statistically significant. On the other hand, ADTET +DOX CM significantly increased 

mouse Il10 gene expression in treated BMs. The expression of Arg1 was significantly over-

expressed in BMs treated with ADCMVIL10 (p<0.0001) and ADTET +DOX 

(p=0.0003) MSC-CMs indicative of anti-inflammatory M2 phenotype-like macrophage 

polarisation (Figure 3.5). 

  



Chapter Three 
 

94 
 

 

Figure 3.5 Regulation of macrophage gene expression by MSCs.  BMs were activated with LPS and/or 

treated with MSC-CMs for 24h followed by analysis of gene expression. Significantly decreased expression 

(fold change) was observed for Ccl4, Cxcl5, Ccl9 and Pf4 compared to stimulated BMs (relevant 

expression normalised to Gapdh indicated by the dashed line). There was no significance seen in altered 

Ccl6 and Il33 gene expression. vIL10 MSC treatment altered macrophage polarisation to a M2-like 

phenotype as shown by increased expression of Il10 and Arg1. Values are expressed as the Mean±SEM 

(𝑛=3, technical triplicates). Statistical significance was determined by one-way ANOVA with Sidak’s 

multiple comparisons test. *p<0.05, **p<0.005, ***p<0.001, ****p<0.0001.  
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3.3.5 Polarisation of activated macrophages towards a regulatory phenotype by 

vIL10 MSCs 

Differentiated BMs at day 6 were primed with IFN-γ (overnight) and stimulated with LPS 

for 6h. Activated BMs were treated with untransduced or transduced MSCs in direct co-

cultures. The optimal ratio of BMs to MSCs and the time-point for efficient co-culture in 

terms of macrophage polarisation from M1 to M2 phenotype was identified by flow 

cytometry (Appendix 1; S3A) as 3 days of culture (72h) at a ratio of 1:5. The expression 

of the M1 marker MHC-II was consistently reduced (minimal inter-replicate variation) in 

all groups of MSC treated BMs compared to stimulated BMs at 72h at a ratio of 1:5 

(Appendix 1; S3B). Similarly, the expression of the M2 marker, CD206 was two times 

higher in BMs co-cultured with ADTET +DOX MSCs at 72h at a ratio of 1:5 in 

comparison to stimulated BMs (Appendix 1; S3C). The overall expression pattern of 

MHC-II and CD206 was more consistent at 72h compared to 48h in all MSC-treated 

groups. 

This experiment was repeated with three biological replicates, at the optimised ratio of 

1:5, with MSCs and BMs co-cultured for 72h. Classically activated, F4/80+ BMs polarised 

to a M1 phenotype as seen by increased Mean Fluorescence intensity (MFI) of MHC-II 

(Figure 3.6A). There was significantly lower expression of MHC-II by BMs treated with 

ADCMVIL10 MSCs (p=0.0071) which was reduced further with ADTET +DOX 

(p<0.001) MSCs compared to stimulated BMs. A clear shift in polarisation from a M1 to 

a M2 phenotype was shown by increased CD206 expression in activated and vIL10-

treated BMs (Figure 3.6B). Expression of CD206 was significantly higher in BMs treated 

with ADCMVIL10 MSCs (p<0.05) and ADTET +DOX (p= 0.0052) MSCs compared to 

stimulated BMs. 
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Figure 3.6 Macrophage polarisation by vIL10 MSCs. Differentiated BMs were activated with IFN-γ 

and LPS and/or co-cultured with MSCs at a ratio of 1:5 for 72h followed by analysis of changes in 

expression of MHC-II (M1 marker) and CD206 (M2 marker). A) Significant decreases in mean 

fluorescence intensity (MFI) of MHC-II and B) increases in CD206 were observed in BMs cultured with 

ADCMVIL10 and ADTET +DOX MSCs compared to stimulated BMs. No significant differences 

were observed in BMs cultured with untransduced, ADNULL or ADTET –DOX MSCs. Values 

are expressed as the Mean±SEM (𝑛=3). Statistical significance was determined by a one-way 

ANOVA with Sidak’s multiple comparisons test. *p<0.05, **p<0.005, ***p<0.001.  
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3.3.6 Suppression of T cell proliferation by vIL10 MSCs 

To test the immunomodulatory capacity of vIL10 MSCs on T cell proliferation, 

splenocytes isolated from C57BL/6J murine spleen were labelled with CTV and activated 

with anti-CD3e and anti-CD28 antibodies. In order to evaluate the duration and quantity 

of MSCs needed to obtain a significant effect, different ratios of MSC:activated T cell co-

cultures were tested for 3 and 5 days followed by staining for CD4 and CD8 antibodies 

to measure cell proliferation by flow cytometry (Appendix 1; S4A). Suppression of CD4+ 

cell proliferation was higher on day 3 at a ratio of 1:10 compared to 1:25 and day 5 

(Appendix 1; S4B). CD8+ lymphocyte proliferation was suppressed at day 3 and 5 at a 

ratio of 1:10 and not 1:25 (Appendix 1; S4C). The descending trend (untransduced to 

ADTET +DOX MSCs) in CD4+ and CD8+ T cell inhibition by MSCs was more 

consistent on day 3 at 1:10 ratio than 1:25 cell ratio and day 5 proliferation. 

To validate the effect of vIL10 MSCs on splenocyte proliferation at the optimised ratio 

of 1:10, the experiment was repeated with three biological replicates. Cells at day 3 co-

culture were stained for CD4, CD8 and the early activation marker CD25 for analysis by 

flow cytometry. Proliferation of CD4+ lymphocytes was significantly suppressed by 

untransduced (p<0.0001), ADCMVIL10 (p<0.0001) and ADTET +DOX MSCs 

(p<0.0001) with maximum inhibition seen with the Tet-ON MSCs (~40% suppression; 

Figure 3.7A). There was also significant suppression of activated CD4+ T cell populations 

in all of the MSC treated groups with a mean value overall of 49% in comparison to 

stimulated cells. However, there were no differences seen between the MSC groups 

(Figure 3.7C). Additionally, neither suppression of activated CD8+ T cells nor change in 

CD8+ T cell proliferation was seen following treatment with MSCs (Figure 3.7B & D). 
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Figure 3.7 Suppression of T cell proliferation by vIL10 MSCs. Splenocytes isolated from C57BL/6 

murine spleens were labelled with CTV and activated with anti-CD3e and anti-CD28 antibodies. 

Stimulated cells were co-cultured with MSCs at an optimised ratio of 1:10 for 72h and stained for CD4, 

CD8 and CD25. A) Significant decreases in proliferation of CD4+ lymphocytes were observed in cells 

treated with untransduced, ADCMVIL10 and ADTET +DOX MSCs at day 3. B) CD8+ 

lymphocytes were suppressed following treatment with ADCMVIL10 and ADTET +DOX MSCs 

compared to stimulated cells but not significantly. C) CD25 was used as an activation marker and the 

proliferation of CD4+CD25+ T cells was significantly suppressed by all groups of MSCs. D) Suppression 

of activated CD8+CD25+ lymphocytes following MSC treatment was not observed. Values are expressed 

as the Mean±SEM (𝑛=3, technical triplicates). Statistical significance was determined by one-way 

ANOVA with Sidak’s multiple comparisons test. ****p<0.0001.  
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3.4 Discussion 

Inflammation of the synovium is considered a key contributing factor towards OA 

progression based on studies that detected synovitis using ultrasonography and MRI, even 

in patients with early OA (Benito et al., 2005, Coari, 2000, Loeuille et al., 2005). Among 

the several pathological roles of synovitis in OA, infiltration of inflammatory cells and 

their production of catabolic soluble mediators in the synovial lining expedites and 

perpetuates the processes of cartilage degradation (van Lent and van den Berg, 2013, 

Sellam and Berenbaum, 2010). Of the immune cells infiltrating the OA synovial lining, 

activated macrophages, T and B cells are the most predominant cell types with high levels 

of CD4+ T lymphocytes and CD68+ macrophages found in synovial tissue of patients 

with early OA (Benito et al., 2005, Nakamura et al., 1999). Bone-marrow derived MSCs 

are adult stromal cells with multi-lineage differentiation capacities. They exert potent 

immunomodulatory effects via section of trophic factors and tissue regenerative ability by 

homing to damaged tissues (Caplan and Dennis, 2006b, Maggini et al., 2010).  

In addition, the immunosuppressive capacity of MSCs is enhanced based on the 

inflammatory stimulus/environment. For example, two independent studies 

demonstrated that MSCs adopt an immunosuppressive phenotype in the presence of 

IFN-γ, TNF-α and IL-1α/β produced by activated macrophages and in turn secrete high 

levels of soluble factors including NO, TGF-β, IDO and PGE2 leading to suppression of 

T cell proliferation and macrophage polarisation (Crop et al., 2010, Maggini et al., 2010). 

Liu et al. showed that transduced human MSCs over-expressing human tumour necrosis 

factor receptor II (hsTNFR) aided in reduction of joint inflammation in a murine immune 

competent CIA model, compared to untransduced human MSCs (Liu et al., 2013b). 

Similarly, Choi et al. demonstrated reduced disease severity in a RA model as a result of 

treatment with IL-10 over-expressing murine MSCs (Choi et al., 2008). Hence MSCs can 

portray enhanced therapeutic potential via overexpression of immunomodulatory factors. 

So far, only one study conducted by Farrell et al. showed that vIL10 over-expressing 

human MSCs induced long-term reduction of activated CD4+ and CD8+ T cell 

populations in the draining lymph nodes of mice with collagenase-induced OA. However, 

the question remains as to whether the immunomodulatory efficacy of MSCs improve 

when inducible vIL10 expression occurs in a controlled manner. Data shown here 
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highlight the enhanced immune-regulatory activity of Tet-ON controlled vIL10 MSCs on 

activated murine macrophages and T cells in vitro via paracrine and juxtacrine signalling. 

Synovial macrophages account for the majority of innate immune activation and cytokine 

production in OA (Bondeson et al., 2006, Bondeson et al., 2010). Among the activated 

population of macrophages, classically activated macrophages (M1) are generated in 

response to a combination of dual signalling from IFN-γ and TNF (autocrine cytokine) 

with the latter stimulus induced by a TLR ligand such as LPS (Mosser and Zhang, 2008, 

Mosser and Edwards, 2008). In the context of synovitis and OA these activated M1 

macrophages display enhanced microbicidal ability and secrete high levels of pro-

inflammatory cytokines and mediators, typically TNF-α, IL-1β and IL-6 (Yamamoto et 

al., 2003, Mackaness, 1977, Mosser, 2003). 

Here, BMs, derived from C57BL6/J mice, stimulated with IFN-γ and LPS polarised into 

M1 macrophages as seen by production of TNF-α and IL-6. Treatment of activated BMs 

with CMs collected from ADTET +DOX MSCs resulted in significantly reduced 

production of TNF-α and increased secretion of IL-10 in BMs treated with ADCMVIL10 

and ADTET +DOX CMs. Furthermore, these MSCs produced murine recombinant IL-

6 but not TNF-α, IL-1β or IL-10. Although IL-6 is considered a pro-inflammatory 

cytokine found in high levels in the synovial fluid of OA and RA patients (Pearle et al., 

2007, Kaneko et al., 2000, Sohn et al., 2012), a number of studies have pointed out the 

ambivalent nature of this cytokine and its protective role towards proteoglycan synthesis 

in murine models of experimental arthritis (Van de Loo et al., 1997, de Hooge et al., 2005). 

In a study conducted by Asami et al. treatment of TLR7/8 ligand stimulated bone-marrow 

derived BL6 macrophages with MSC CM resulted in significantly lower expression of 

TNF-α and IL-6 and higher levels of IL-10 compared to untreated macrophages. This 

immunomodulatory activity of MSCs was attributed to secretion of PGE2 (Asami et al., 

2013). One possible explanation for the enhanced immunosuppressive activity of vIL10 

expressing Tet ON MSCs is that the secreted trophic factors from MSCs interact with 

EP2 and EP4 receptors on macrophages which can boost IL-10 mediated 

immunomodulation by MSCs (Hayes et al., 2002, Németh et al., 2009). Secondly, an 

inflammatory environment created by LPS and IFN-γ results in the sensitisation of MSCs 
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to adopt an anti-inflammatory phenotype leading to polarisation of M1 macrophages to 

an IL-10 secreting regulatory phenotype via ERK signalling (Lucas et al., 2005, Waterman 

et al., 2010, Tomchuck et al., 2008). In comparison to the immunomodulatory effects of 

ADCMVIL10 MSC CM, BMs treated with Tet-ON controlled ADTET +DOX MSCs 

displayed enhanced suppression of TNF-α and increased production of IL-10. Eddie and 

co-workers have shown that Il10−/− macrophages derived from a murine model of colitis 

exhibited accumulation of dysregulated mitochondria. In addition, they further showed 

that macrophages from inflammatory bowel disease (IBD) patients carrying a null 

mutation in the IL-10R gene demonstrated aberrant activation of the NLRP3 

inflammasome and IL-1β secretion. Mitochondria have been identified as an important 

signalling organelle contributing towards inflammasome activation and dysregulated 

mitochondria are associated with high levels of reactive oxygen species (ROS) production 

leading to NLRP3 activation and IL-1β secretion (Weinberg et al., 2015). Following 

treatment of IL-10-deficient murine and human macrophages with recombinant IL-10, 

an anti-inflammatory response was elicited and this led to reprogramming of macrophages 

with regulated mitochondrial function (Ip et al., 2017). This data illustrates the important 

role of IL-10 in macrophage regulation and that doxycycline mediated release of vIL10 

enables sustained anti-inflammatory activity.  

NO is a cytotoxic messenger molecule generated due to up-regulation of NO synthase 

produced by synovial macrophages that have been activated by TNF-α, IFN-γ and/or IL-

1β (Hölscher et al., 1998, Abramson et al., 2001). Production of NO leads to cartilage 

degradation, alterations in mitochondrial activity and subsequent chondrocyte apoptosis 

(Cillero-Pastor et al., 2011) based on detection of high levels of NO in the synovium and 

cartilage of patients with RA and OA (Rediske et al., 1994, Vuolteenaho et al., 2007, 

Hilliquin et al., 1997). Here, LPS stimulated BMs produced high levels of NO. Upon 

treatment with CMs from ADCMVIL10, ADTET +DOX and ADTET –DOX MSCs, 

NO was significantly reduced with maximum inhibition seen after treatment with 

ADTET +DOX CM. This immune-suppressive activity of MSCs was also previously 

observed in a rat model of bleomycin-induced lung injury.  Following intravenous transfer 

of bone-marrow derived MSCs, the levels of nitrate and nitrite production was 

significantly reduced in the disease group. (Lee et al., 2010). Typically in patients with 
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grade 2 and 3 knee OA, the levels of synovial nitrite/nitrate ranges between 50.26±23.63 

μg/L (0.05µM/ml; (Karan et al., 2003)) which is not comparable to in vitro mouse 

macrophage values which is almost 280 times higher (~14µM/ml as seen with stimulated 

BMs in the present study, Figure 3.4). Also unlike murine macrophages, endotoxin 

stimulated human chondrocytes in vitro release NO at nanomolar concentrations and OA-

affected cartilage express a 150kD isoform of NOS which is completely different in 

structure and regulatory properties of mouse macrophage derived iNOS (Abramson et 

al., 2001, Palmer et al., 1993, Blanco et al., 1995). Hence MSC-mediated reduction in NO 

levels in the present chapter is indicative of an immunomodulatory effect through 

paracrine signalling, but to derive a clinical relevance in terms of biological 

significance/efficacy, further studies in stimulated human macrophages/chondrocytes 

would enable further validation. 

Gene expression analysis on stimulated BMs treated with CMs from MSCs revealed 

significant downregulation of the inflammatory chemokines Ccl4, Ccl9, Cxcl5, Cxcl4/Pf4 

and up-regulation of anti-inflammatory gene cytokine Il10 and the M2 marker Arg1. MSC-

mediated immunomodulation was highest in BMs treated with ADTET +DOX CM 

followed by ADCMVIL10 CM. Chemokines are factors secreted by a number of immune 

cells including macrophages and T cells and their role is to act as a chemoattractant and 

/or recruiters of macrophages to sites of inflammation. Chemokines CCL4, CCL6 and 

CCL9 belong to the family of macrophage inflammatory proteins (MIPs) and are involved 

in several stages of OA development. CCL4 is expressed by human chondrocytes and 

elevated levels have been observed in synovial fluid of OA patients (Borzı̀ et al., 1999, 

Koch et al., 1995, Furman et al., 2015). It is also produced by hypertrophic chondrocytes 

as evidenced in a murine model of diabetic fracture (Alblowi et al., 2013). CCL9 (Shen et 

al., 2011) and CXCL4 (Affandi et al., 2018, Yeo et al., 2016) on the other hand are 

produced in high levels by activated CD4+ T cells and lead to OA disease progression by 

increasing macrophage infiltration in the synovium. CXCL5 is a neutrophil 

chemoattractant and pro-angiogenic chemokine produced by M1 macrophages 

(Mantovani et al., 2004). In a murine model of IL-17 induced arthritis, blockade of CXCL5 

inhibited joint vascularisation mediated by IL-17.  
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IL-33 is a newer addition to the IL-1 family of pro-inflammatory cytokines. Previous 

studies have reported the secretion of IL-33 in the serum and synovial fluid of RA and 

OA patients and synovial fibroblasts produced high amounts following in vitro stimulation 

with TNF-α (Talabot-Ayer et al., 2012, El-Aziz Farag et al., 2017, Palmer et al., 2009). 

Here, expression of murine Il33 was downregulated in stimulated BMs treated with 

ADTET +DOX CM, however statistical significance was not observed. Arg1 is typically 

produced by M2-wound healing macrophages and has a critical role in converting L-

arginine into urea and ornithine required for collagen synthesis and cell proliferation 

(Arlauckas et al., 2018, Murray et al., 2014). It is one of the early genes expressed in the 

joint following inflammation and high levels may be indicative of infiltration of regulatory 

macrophages involved in immune-regulation and tissue repair (Rath et al., 2014, Campbell 

et al., 2013). Significant upregulation of Arg1 expression was observed in stimulated BMs 

treated with ADCMVIL10 and ADTET +DOX MSC CMs suggesting possible 

polarisation of BMs into M2-like subsets typically induced by IL-4 in vitro with high levels 

of IL-10 secretion (Mosser and Edwards, 2008, Mosser, 2003). This was further 

confirmed with significant upregulation of Il10 expression in ADTET +DOX CM treated 

BMs. 

M1 macrophages typically represent a pro-inflammatory phenotype identified by 

expression of MHC-II, CD68, CD80 and CD86 (Daghestani et al., 2013, Fahy et al., 

2014). On the other hand M2 macrophages produce high amounts of IL-10 and express 

CD163 and CD206 on their cell surface (Murray et al., 2014, Mosser, 2003, Utomo et al., 

2016). Maggini et al. demonstrated that MSCs suppress and switch LPS activated 

macrophages into IL-10 producing regulatory cells in vitro (Maggini et al., 2010). M2 

macrophages subsets can be either wound-healing (IL-4-induced) or regulatory (IL-10-

induced) in function (Mosser and Edwards, 2008, Utomo et al., 2016). However, data 

generated by the current study clearly depicted that macrophage polarisation was mediated 

via IL-10 through vIL10 MSCs and that controlling the release of vIL10 using doxycycline 

further enhanced the immune-regulatory capacity of MSCs on macrophages. MSCs are 

also known to constitutively produce IL-6, which polarizes macrophages toward an anti-

inflammatory IL-10-producing M2 subset by juxtacrine signalling (Eggenhofer and 

Hoogduijn, 2012). This mechanism was also observed here with analysis of the secretome 
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showing that MSC-CMs constitutively produced IL-6 and simultaneously demonstrated 

suppression of TNF-α in stimulated BMs. 

The ability of vIL10 MSCs to polarise activated macrophages into an anti-inflammatory 

M2 phenotype was further confirmed here based on results from direct co-culture 

experiments. Flow cytometry analysis of activated BMs co-cultured with mMSCs for 3 

days showed overall suppression of MHC-II in all MSC treated BMs in comparison to 

stimulated BMs alone. The extent of suppression was significantly higher in BMs cultured 

with ADCMVIL10 and ADTET +DOX MSCs. Apart from this, activated BMs were 

pushed towards an anti-inflammatory M2 phenotype as illustrated by increased CD206 

expression with significantly higher levels observed in ADCMVIL10 and ADTET +DOX 

cultured BMs. With respect to the association of macrophage polarisation leading to OA 

progression or attenuation, Liu et al. alone showed that an imbalance in the ratio of 

M1/M2 macrophages directly impacts the severity of knee OA. They also demonstrated 

that expression of CD206 was significantly lower in the synovial fluid and peripheral 

blood samples of knee OA patients compared to healthy donors (Liu et al., 2018a). 

Despite previous reports demonstrating the presence of both M1 and M2 macrophage 

phenotypes and increase in M1/M2 ratio in OA synovial fluid, the exact quantity of 

specific markers leading to disease severity or polarisation status is unknown (De Lange-

Brokaar et al., 2012, Blom et al., 2004, Favero et al., 2015, Daghestani et al., 2013, Fahy et 

al., 2014). Moreover, in a study conducted by Manferdini et al. high level of inter-patient 

variability was observed in the expression of M1 and M2 markers in the OA synovium 

(Manferdini et al., 2017). Therefore ADTET +DOX MSC mediated suppression of 

MHC-II and increased expression of CD206 does indicate a polarisation in macrophage 

phenotype from M1 to M2, but the actual level of change required to indicate polarisation 

is difficult to define and requires further exploration. 

CD4+ and CD8+ T cells constitute the majority of the T cell population in the synovial 

aggregates of OA patients (Haynes et al., 2002). Recent studies have identified the role of 

CD4+ T cells in osteoclastogenesis and induction of MIP-1γ (Shen et al., 2011), while 

activation of CD8+ T cells has been directly correlated with TIMP-1 expression and 

cartilage degeneration (Hsieh et al., 2013). Although higher percentages of CD4+ T 

lymphocytes were observed during the onset of OA in an anterior cruciate ligament 
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transection (ACLT) model, another study showed that the percentages of CD3+, CD4+ 

and CD8+ cells were significantly higher in OA patients over the age of 75, suggestive of 

the role of T cell activation in chronic inflammation (Moradi et al., 2015, Pawłowska et 

al., 2009). In this study, vIL10 MSCs demonstrated suppression of splenocyte 

proliferation following 3 days of co-culture at a ratio of 1:10. Proliferation of CD4+ 

lymphocytes was significantly suppressed by untransduced, ADCMVIL10 and ADTET 

+DOX MSCs with maximum inhibition seen with the Tet-ON MSCs (~40% 

suppression). 

Significant suppression of activated CD4+ T cells was seen in all of the MSC treated 

groups. This suppression of activated CD+ T cells correlated with downregulation of Ccl9 

and Cxcl4 gene expression in BMs treated with ADTET +DOX MSC CM. Previous 

reports suggest the stimulatory role of CCL9 and CXCL4 released by activated CD4+ T 

cells in response to infiltrating synovial macrophages in psoriatic arthritis, RA and OA 

(Affandi et al., 2018, Moradi et al., 2015, Yeo et al., 2016). Unlike suppression of CD4+ 

lymphocytes, no suppression of activated CD8+ T cells was seen following treatment with 

MSCs. This is quite the opposite effect observed in comparison to similar studies 

involving autologous lymphocytes that responded equally to co-cultures (Di Nicola et al., 

2002). An explanation for this modified efficacy of MSCs towards CD8+ lymphocytes 

could be the line of murine MSCs used (Schurgers et al., 2010). While CD8+ T cells are 

found in the synovial membrane and aggregates of OA patients these cytotoxic T cells do 

not comprise of the major T cell infiltrate (Li et al., 2017b, Reidbord and Osial, 1987, 

Johnell et al., 1985). Also the only known pathological role of CD8+ T cells is based on 

induction of TIMP-1 expression and associated OA severity (Hsieh et al., 2013). The only 

known previous study using vIL-10 expressing human MSCs by Farrell et al. showed 

significant reduction in the amount of activated CD4+ and CD8+ T cells in the popliteal 

and inguinal lymph nodes of collagenase induced OA mice. However the exact biological 

mechanism behind this MSC mediated T cell suppression is unknown (Farrell et al., 2016). 

More comprehensive in vitro and in vivo studies are therefore required to exactly understand 

the interaction between MSCs and cytotoxic T cells (CD8+ T lymphocytes). 

Overall the data generated here demonstrated that engineered murine vIL10 MSCs 

elicited an immune-suppressive response by switching activated macrophages into an anti-
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inflammatory phenotype and regulated the activation and proliferation of CD4+ T 

lymphocytes. Secondly, vIL10 MSCs displayed enhanced levels of immune modulation 

when operated under the control of the tetracycline system of induction. Finally, MSC-

mediated anti-inflammation was achieved in activated macrophages and splenocytes using 

both direct co-cultures and conditioned medium treatments further validating the 

hypothesis that tetracycline induced vIL10 MSCs can modulate inflammatory processes 

in vitro via juxtacrine and paracrine signalling. 
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4.1 Introduction 

Cartilage degradation is a hallmark feature of OA, with catabolic products of altered 

chondrocytes involved in early changes to articular cartilage. Synoviocytes such as 

macrophages, fibroblasts and also chondrocytes at or adjacent to the sites of a cartilage 

lesion contribute to progression of the disease (Goldring, 2000, Maldonado and Nam, 

2013, Sokolove and Lepus, 2013). Cytokines and chemokines play a central role in the 

immunopathogenesis of OA by constantly switching the inflammatory microenvironment 

and modulating the function of chondrocytes themselves as well as critical immune cells 

such as monocytes and T cells (Bernardo and Fibbe, 2013, Goldring and Otero, 2011, 

Goldring et al., 2011). In the very early stages of OA prior to complete dysregulation of 

cartilage homeostasis and destruction of articular cartilage, resident articular chondrocytes 

make attempts at repair by exhibiting a temporary clonal growth phase and synthesising 

increased quantities of cartilage matrix components like type II collagen and aggrecan, 

and catabolic cytokines and MMPs (IL-1β, TNF-α and MMP13 for example). However 

as OA progresses, chondrocytes undergo physiologic and metabolic alterations leading to 

cell clustering, fibrillation of the cartilage surface, decreased synthesis of type II collagen 

and aggrecan, and an imbalance of cytokines and proteinase/inhibitor content (Goldring 

et al., 2008, Goldring and Otero, 2011, Goldring et al., 2011). 

The pro-inflammatory cytokine IL-1β has been well-studied both in vitro and in vivo in the 

context of cartilage degeneration and chondrocyte apoptosis in OA (Mueller and Tuan, 

2011, Haseeb and Haqqi, 2013). Along with TNF-α, IL-1β is known to induce and 

accelerate the production of IL-6 and IL-8 by synoviocytes and chondrocytes (Fernandes 

et al., 2002, Stannus et al., 2010). In addition, OA chondrocytes exhibit elevated 

expression of MMP13, ADAMTS4, ADAMTS5 and suppressed expression of COL2A1 

as a consequence of activation of intracellular signalling pathways like JNK, p38 MAPK, 

NF-κB and TLR-4 mediated by IL-1β and TNF-α (Goldring et al., 1994, Mengshol et al., 

2000, Bobacz et al., 2007, Kim et al., 2006, Reginato et al., 1993). Unlike other pro-

inflammatory cytokines, IL-1β release requires a two-step process. Initially, 

PAMPs/DAMPs interact to induce NF-κB signalling that causes production of IL-1β. 

Oligomerisation of the NLRP3 inflammasome also requires adaptor apoptosis associated 

speck-like protein containing a CARD (C-terminal caspase recruitment domain) (ASC) to 
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form a bridge with procaspase-1 in the inflammasome complex. Activation of caspase-1 

then leads to NLRP3 inflammasome complex formation to further mediate cleavage of 

pro-IL-1β and release of its mature form (Shao et al., 2015, Man and Kanneganti, 2015, 

Latz et al., 2013). NLRP3 is therefore a crucial mediator of IL-1β production through its 

unique ability to detect ‘danger signals’ or DAMPs, the second activation step in IL-1β 

release. Some of the well-studied DAMPs acting as stimuli of NLRP3 activation require 

high concentrations of extracellular ATP, ROS generation, uric acid and BCP crystals 

(Pétrilli et al., 2007, Martinon et al., 2006, Mariathasan et al., 2006). NLRP3 has been 

suggested to contribute to OA pathogenesis by mediating IL-1β release which has been 

associated with cartilage degradation, synovial inflammation and chondrocyte apoptosis 

via pyroptosis (Scanzello and Goldring, 2012, McAllister et al., 2018, Jin et al., 2011). 

Obesity is a well-known risk factor of OA and plays a predominant role in induction of 

metabolic stress and low-grade inflammation (Courties et al., 2015). High-fat diets 

containing saturated free fatty acids (FFA) contribute towards metabolic inflammation 

and cartilage degradation as a result of accumulation of FFA and extracellular lipids in 

synovial fluid (Alvarez‐Garcia et al., 2014) and in chondrocytes (Lippiello et al., 1990). 

Palmitate or palmitic acid (PA), the most abundant type of saturated FFA in humans, is 

known to induce chondrocyte apoptosis and production of pro-inflammatory cytokines 

by synoviocytes and chondrocytes through TLR-4 signalling (Alvarez‐Garcia et al., 2014). 

Accumulation of PA has been associated with the generation of acute lesions in OA joint 

cartilage (Lippiello et al., 1991, Bonner Jr et al., 1975). Previous studies have also 

demonstrated the capacity of PA to induce NLRP3 inflammasome formation, caspase-1 

activation and production of IL-1β by macrophages and MSCs (Wang et al., 2017, Wen 

et al., 2011). 

Similar to NLRP3, the S100 proteins are yet another class of alarmins/DAMPs with a 

central role in eliciting low-grade inflammatory responses by inducing positive feedback 

loops of inflammation, synovial cell reactivation and degradation of cartilage during OA 

(van Lent et al., 2012, Nefla et al., 2016). Alarmins released by activated synoviocytes and 

chondrocytes during tissue damage stimulate TLRs and RAGE leading to production of 

large amounts of cytokines, chemokines and MMPs that further cause aberrant 

breakdown of cartilage and amplify joint inflammation (Loeser et al., 2012, Seol et al., 
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2012, Liu-Bryan and Terkeltaub, 2012). Among the S100 family proteins, S100A8, 

S100A9 and the S100A8/A9 heterodimer complex are the most extensively studied 

alarmins with high levels documented in the serum and synovial fluid of patients with OA 

(van Lent et al., 2012, Cremers et al., 2017, Sunahori et al., 2006). In addition to the pro-

inflammatory and catabolic effects of S100A8 and A9 on stimulated macrophages and 

human OA synovial tissue through activation of TLR-4 and Wnt signalling, (Fassl et al., 

2015, van den Bosch et al., 2016), direct in vitro stimulation of chondrocyte explants from 

OA donors with these 2 proteins resulted in the increased production of IL-6, IL-8, MCP-

1, MMP-1, 3, 9 and 13 and down-regulation of aggrecan and type II collagen. It was also 

found that this catabolic effect of S100A8 and A9 on human chondrocytes was mainly 

associated with TLR-4 activation and was not RAGE dependent (Schelbergen et al., 

2012). 

Articular cartilage is a structurally unique tissue with a highly organised ECM that has a 

poor potential to repair following injury, due to low cell density and avascular 

characteristics (Buckwalter, 1990). Along with these drawbacks, patients with OA present 

with an inflammatory milieu that promotes disruption of the cartilage matrix and 

stimulates chondrocyte apoptosis, ultimately leading to irreversible breakdown of cartilage 

(Yamagata et al., 2018). Currently available cell-based cartilage tissue engineering/repair 

strategies using chondrocytes (ACI therapy for example) pose some limitations due to 

their tendency towards terminal differentiation and premature hypertrophy following 

transplantation (Jayasuriya and Chen, 2015). 

MSCs have been regarded historically as a cell source for OA therapy, primarily due to 

their immunomodulatory, paracrine and chondrogenic differentiation capacities (Barry 

and Murphy, 2013, Barry, 2019). The ability of the cells to modulate the immune 

environment in the osteoarthritic joint through paracrine mechanisms is clear in pre-

clinical and clinical models (Iijima et al., 2018, Augello et al., 2007, Bouffi et al., 2010, ter 

Huurne et al., 2012, Desando et al., 2013, Maumus et al., 2016) and data from Murphy et 

al. also indicated the potential of the cells to promote regeneration of the meniscus in OA 

joints through activation of endogenous progenitors (Murphy et al., 2003). However, 

there is no data to indicate that these cells can successfully differentiate into a stable 

articular cartilage phenotype. MSCs tend to form fibrocartilage and attain a hypertrophic 
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phenotype during in vitro chondrogenesis (Williams and Harnly, 2007, Johnstone et al., 

1998, Johnstone et al., 2013, Jayasuriya et al., 2019). The cells therefore undergo terminal 

differentiation to form the template for endochondral bone formation and not stable 

articular cartilage (Farrell et al., 2008, Oliveira et al., 2008, Scotti et al., 2010) 

Secondly, an active inflammatory environment created by pro-inflammatory cytokines like 

IL-1β, IL-17 and TNF-α have detrimental effects on cells committed to the chondrogenic 

lineage. Inflammatory cytokines cause down-regulation of Sox9 gene by inhibiting Smad 

signalling and thereby tamper with chondrogenic differentiation of MSCs (Baugé et al., 

2008, Kondo et al., 2013, Baugé et al., 2007, Sitcheran et al., 2003, De Crombrugghe et 

al., 2000).  

ACPs on the other hand are undifferentiated precursors of cartilage, developmentally 

primed to become chondrocytes (Dowthwaite et al., 2004, Jayasuriya and Chen, 2015). 

Unlike MSCs, clonal populations of ACPs in vitro have previously demonstrated 

maintenance of chondrogenic potential over extended population doublings, while being 

resistant to terminal hypertrophic differentiation (McCarthy et al., 2012). This capacity 

was also correlated with their ability to preserve their telomerase activity and Sox9 

expression through extensive monolayer culture (Khan et al., 2009a). In addition, a 

number of studies have shown their reparative effects in OA cartilage in response to injury 

(Gerter et al., 2012, Seol et al., 2012, Jayasuriya et al., 2019, Koelling et al., 2009, Nelson 

et al., 2014). 

Although ACPs are primed for chondrogenic programming, another important aspect to 

consider in cartilage repair/engineering strategies is a favourable and balanced ECM 

microenvironment promoting stable chondrogenesis and/or stem cell homing and 

growth towards cartilage regeneration. Synthetic scaffolding materials have been 

extensively tested and used to encapsulate chondrocytes and MSCs for cartilage 

engineering and repair strategies (Yamagata et al., 2018, Chubinskaya et al., 2001, Diduch 

et al., 2000, Kavalkovich et al., 2002) as they offer flexibility and lower levels of 

cytotoxicity, while mimicking molecules/structures of natural cartilage tissue (Rowley et 

al., 1999). Hydrogels such as alginate have been used for cartilage tissue engineering and 

repair (Diduch et al., 2000, Fragonas et al., 2000). Alginate shares similar conformational 
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flexibility to glycosaminoglycans and can generate an optimal mechanical environment 

due to their structural versatility and gentle gelling conditions (Arlov and Skjåk-Bræk, 

2017). The use of alginate as a matrix has also been shown to enhance chondrogenesis of 

MSCs (Xue et al., 2013, Kavalkovich et al., 2002) and with successful delivery of MSCs 

for treatment of OA (McKinney et al., 2019, Leijs et al., 2016, Reppel et al., 2015). 

The current chapter therefore aims to investigate the following hypotheses: 

1. That inflammasome activation acts as an acute inflammatory insult to induce altered 

behaviour of chondrocytes derived from ACPs (articular-like chondrocytes) or MSCs 

(hypertrophic chondrocytes) and 

2. Chronic inflammatory input of S100A8/A9 alarmins in conjunction with 

inflammasome activation promotes an OA-like hypertrophic phenotype. 

To test these hypotheses the specific aims of the chapter were the: 

1. Comparison of chondrogenic differentiation potential of alginate encapsulated 

human ACPs and bone-marrow derived MSCs in vitro. 

To achieve this aim, ACPs and MSCs were initially tested for their chondrogenic potential 

without encapsulation for 7, 14, 21 and 28 days to optimise the time points for 

encapsulation experiments with GAG quantitation and histological analysis as outputs. 

Thereafter a three-dimensional (3D) model of cartilage was created by encapsulating 

ACPs and MSCs in sodium alginate and maintaining the resulting alginate beads in 

chondrogenesis for 28 days in hypoxic conditions. 

2. Examining the impact of inflammasome activation in the encapsulated cells 

following chondrogenic differentiation. 

Here ACPs and MSCs were initially optimised for inflammasome activation and IL-1β 

release by stimulating the cells with a combination of LPS (TLR-4 signal inducer, Signal 

1) and either ATP or PA (Signal 2) and tested for caspase-1 activation and gene expression 

of NLRP3 and IL-1β. After identification of optimal conditions, encapsulated ACPs and 

MSCs beads at day 27 of chondrogenic differentiation were stimulated with an acute 

inflammatory insult of LPS and PA for 24h. Experimental endpoints included caspase-1 

activation assay, GAG quantitation, gene expression and histological analysis. 
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3. Investigate the effects of dual inflammatory stimuli using continuous 

administration of S100A8/A9 alarmins in addition to inflammasome activators 

(LPS and PA) during chondrogenic differentiation of encapsulated cells. 

Encapsulated ACPs and MSC beads were stimulated by exposure to S100A8/A9 as a 

chronic/continuous inflammatory input with administration once every 48hrs during 

chondrogenic differentiation. In addition, stimulation with LPS and PA was performed 

for the last 24h of culture as described for aim 2 to study the effects of TLR-4 signal 

(PRR) and alarmin (DAMP) interactions. Experimental endpoints were the same as for 

Aim 2 and included assessment of caspase-1 activation, GAG quantitation, gene 

expression and histological analysis. 
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4.2 Materials and methods 

4.2.1 Isolation and culture of human MSCs and ACPs 

MSCs were isolated from heparinised bone marrow aspirates taken from the iliac crest of 

healthy volunteers with approval from the National University of Ireland Galway and 

University College Hospital ethics committees and after obtaining informed consent. The 

isolation and characterisation of MSCs was performed as previously described (Murphy 

et al., 2002). MSCs derived from two separate donors, were culture expanded and 

maintained in human MSC medium (Appendix 2; Table 23) supplemented with 5ng/ml 

fibroblast growth factor-2 (FGF-2, PeproTech). ACPs were received from Professor 

Brian Johnstone’s lab at Oregon Health and Science University, USA and the cells were 

isolated from leftover tissues from fresh allograft femoral condyles of two individual 

donors (Williams et al., 2010, Anderson et al., 2016). The cells were expanded and 

maintained in ACP medium (Appendix 2; Table 24) supplemented with 1ng/ml 

transformation growth factor β1 (TGF‐β1; PeproTech) and 5ng/ml FGF‐2. Both MSCs 

and ACPs were plated at 1x106 cells, cultured at 37°C and 5% CO2 and used for 

subsequent chondrogenesis experiments at passage 3. 

4.2.2 Validation of chondrogenic capacity of ACPs and MSCs 

ACPs and MSCs were tested for their chondrogenic differentiation capacities prior to 

alginate encapsulation. Briefly, cells expanded from two separate donors were trypsinised 

and counted. A total of 1x105 cells/pellet was transferred into sterile screw cap tubes and 

designated as ICM (control) or CCM (test). The samples were processed for chondrogenic 

differentiation as previously described in Section 2.2.4.6 with ICM samples cultured in 

0.5ml of incomplete chondrogenic medium (Appendix 2; Table 6) alone and CCM 

samples induced with the same medium supplemented with 10ng/ml TGF-β1. Both cell 

types were maintained at 37°C with 2% O2 and 5% CO2 for 7, 14, 21 and 28 days. Medium 

was changed once in two days and at the end of every time point the pellets were washed 

twice with PBS and subjected to overnight papain digestion followed by measurement of 

GAG and DNA (previously described in Section 2.2.4.9 and 2.2.4.10, respectively). The 

remaining pellets were processed for histology followed by Safranin O (previously 
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described in Section 2.2.4.7 and 2.2.4.8, respectively) and Toluidine blue staining (Section 

4.2.7.1). 

4.2.3 Caspase-Glo® 1 Inflammasome assay to optimise inflammasome activation  

To identify the optimal combination of inflammatory stimuli for activation of the NLRP3 

inflammasome complex and IL-1β release in ACPs and MSCs, the Caspase-Glo® 1 

Inflammasome assay kit (Promega) was utilised; caspase-1 is an essential component of 

the inflammasome and its activation is crucial towards formation of the NLRP3 complex 

and processing of IL-1β and IL-18 (Palm et al., 2014, Franchi et al., 2009). ACPs and 

MSCs (1x105 cells/well) were seeded in 24-well plates. After 24h, cells were segregated 

into 5 groups and treated (for 24h) in the following manner: 1: Control (no treatment);2: 

LPS (0.1µg/ml; Sigma) + 5mM ATP; 3: LPS+ 500µM PA (Sigma); 4: group 2+50µM Ac-

YVAD-cmk (capase-1/inflammasome inhibitor; Sigma) and 5: group 3+ Ac-YVAD-cmk 

(Table 4.1). Preparation and  chosen concentrations of LPS, ATP, PA and Ac-YVAD-

cmk were based on manufacturer’s instructions and published literature (Wen et al., 2011, 

Alvarez‐Garcia et al., 2014, Jeong et al., 2016, Lu et al., 2012). Groups that received ATP 

and/or Ac-YVAD-cmk were treated with these two agents for 45 minutes prior to 

collection of supernatants (Table 4.1). This selection was based on their maximum 

reactivity period (Garcia-Calvo et al., 1998, Zha et al., 2016). Supernatants were collected 

from all groups for Caspase-Glo® 1 assay.  Prior to the assay, reagents were equilibrated 

at room temperature and the Caspase-Glo® 1 reagent was prepared by mixing Caspase-

Glo® 1 buffer with the Z-WEHD Substrate solution generating 40μM Z-WEHD-

aminoluciferin and a final assay concentration of 20μM (Km value for caspase-1). 

ACP/MSC medium (blank reaction) or collected supernatants from each experimental 

group (100µl) were added to triplicate wells of a 96-well flat bottom plate. The prepared 

Caspase-Glo® 1 reagent was added to all wells yielding a 1:1 ratio of Caspase-Glo® 1 

reagent volume to sample volume. Contents were mixed at 300–500rpm for 30s using a 

plate shaker and samples incubated at room temperature for 1h followed by measurement 

of luminescence indicative of relative capsase-1 activity using a Victor X3 luminometer. 

Treated cells were collected by gentle scraping and centrifuged at 400g for 5min. The cell 

pellets were suspended in 350µl of Buffer RLT containing β-mercaptoethanol and 

processed for RNA extraction to test the gene expression of IL-1β and NLRP3. The same 



Chapter Four 
 

117 
 

protocol was adopted for subsequent measurement of caspase activity in conditioned 

medium collected from encapsulated cells (see Sections 4.2.5 and 4.2.6). 

Table 4.1 Treatments used for optimisation of inflammasome activation 

Group No. Treatment groups Treatments used 

Signal 1* 

(for 24h) 

Signal 2* 

1 Control N/A N/A 

2 LPS+ATP LPS ATP for last 45min of 

LPS exposure 

3 LPS+PA LPS PA for 24h 

4 LPS+ATP+Ac-YVAD-cmk LPS ATP and Ac-YVAD-

cmk for last 45min of 

LPS exposure 

5 LPS+PA+Ac-YVAD-cmk LPS PA for 24h and Ac-

YVAD-cmk for last 

45min of LPS exposure 

*Signal 1: Priming step using LPS (TLR4 signal); *Signal 2: activation of NLRP3 and 

release of mature IL-1β using ATP (P2X7 channel)/PA- ROS signalling through FFA activation. 

4.2.4 Gene expression of IL-1β and NLRP3 following inflammasome activation 

Total RNA was isolated from lysed ACP and MSC cell pellets (groups 1, 2 and 3; Table 

4.1) using the RNeasy Mini kit as previously described in Section 3.2.7.1. Nucleic acid 

content was determined using a NanoDrop ND1000 spectrophotometer at 260 and 280 

nm. cDNA synthesis was performed using the QuantiNovaTM Reverse Transcription Kit 

as described in Section 3.2.7.2. Following this, qRT-PCR for single gene analysis of IL1B 

and NLRP3 was carried out using the QuantiNOVATM SYBR® Green PCR Kit. Human 

SYBR green primers (Appendix 2; Table 26 for details of primer sequences) were obtained 

from the KiCqStart® SYBR® Green Primers for Gene expression analysis (Sigma-Merck). 

The reaction was run as previously described in Section 3.2.7.3. Gene expression levels 

were normalised to human GAPDH (Appendix 2; Table 26) and threshold cycle (CT) was 
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calculated using the real-time cycler software (Thermo Fisher Scientific). Fold change was 

calculated using 2^ (delta CT) formula (Schmittgen and Livak, 2008). 

4.2.5 Encapsulation and chondrogenic differentiation of ACPs and MSCs  

ACPs and MSCs were encapsulated in sodium alginate and induced towards chondrogenic 

differentiation for 28 days at 37°C with 2% O2 and 5% CO2. The alginate solution (1.2%) 

was prepared by dissolving UV sterilized alginic acid sodium salt (Sigma) in 0.15M sodium 

chloride (NaCl; Sigma)and stored at 4°C. Prior to use for cell encapsulation, the solution 

was thawed for 15min in a water bath at 37°C and passed through a 0.45µM filter syringe. 

ACPs and MSCs (passage 2) were trypsinised, counted and centrifuged at 400g for 5min. 

The cell pellet was then resuspended in 1.2% alginate solution at a density of 

8x106cells/ml. Alginate beads were formed by pipetting 100µl of alginate-cell suspension 

through a 1000µl sterile filter tip allowing droplets to fall into 102mM CaCl2 from a 

distance of 15cm. The volume of 100µl yielded 3-4 beads per test sample, corresponding 

to ~2x105 cells/bead. After 10min, the beads were rinsed twice with 0.15M NaCl solution 

for 10min each time. The beads (4 beads per sample) designated as negative control 

(ICM), were cultured in 1ml incomplete chondrogenic medium (Appendix 2; Table 6) 

with or without inflammatory stimulants (Section 4.2.6) and CCM samples were induced 

with the same medium supplemented with 10ng/ml TGF-β1. The beads were cultured in 

a free-swelling method in 12-well plates (Sarstedt) and medium was changed every 48h. 

4.2.6 Stimulation of encapsulated cells using inflammasome activators and/or 

S100A8/A9  

ICM and CCM beads were further divided into three experimental groups within ICM 

and CCM, based on the stimulants/treatment used (Table 4.2). Group 1 (G1) ICM/CCM 

beads did not receive any stimulants. Group 2 (G2) beads were cultured without any 

stimulants for 27 days and then stimulated with a combination of 0.1µg/ml LPS and 

500µM PA (LPS/PA) (optimised in Section 4.2.3) for the last 24h. Group 3 (G3) beads 

were continuously treated with 0.5µg/ml recombinant human S100A8/A9 heterodimer 

(carrier-free; BioLegend) for 28 days (added once every 48h), in addition to LPS+PA 

stimulation on day 27 for last 24h (see G2). On day 28, the beads were processed for 
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histological (Section 4.2.7) and gene expression (Section 4.2.8) analyses. Supernatants 

were also collected from all the samples and tested for Caspase-1 activity as previously 

described in Section 4.2.3. 

Table 4.2 Treatments used for stimulation of encapsulated cells 

Experimental 
group 

Treatments used Treated on/for 

G1 No stimulants N/A 

G2 LPS+PA (acute inflammatory insult) Day 27 for 24h 

G3 LPS+PA (acute inflammatory insult) 

+ 

Day 27 for 24h 

 + 

Recombinant S100A8/A9 (chronic 

inflammatory input) 

Once every 48h during 

medium change for 28 days 

4.2.7 Histological analysis of encapsulated cells 

After 28 days, ACPs and MSCs beads (ICM and CCM) were washed with 1ml of 1x PBS 

(x2) and fixed with 0.5ml of formalin containing 10mM CaCl2 overnight. After fixation 

the pellets were prepared for manual histological processing as follows: 70% ethanol 

15min, 90% ethanol 15min, 100% ethanol 15min (x3) and 100% xylene 15min. All 

solutions were supplemented with 10mM CaCl2 to maintain alginate cross-links. After the 

first xylene incubation, the beads were transferred into cassettes and samples were further 

processed as follows using a Leica tissue processor: 100% xylene 30min (x2) and melted 

paraffin wax 30min (x3). Samples were then embedded in paraffin wax using the wax 

embedding station (Leica) and the wax block was placed on a cooling block (Leica). 

Sections (5μm) were obtained using a microtome (Leica) and placed on Superfrost Plus 

slides (Thermo Scientific). Slides were heated at 60ºC in a slide oven (Leica) for 1.5-2hrs 

and representative slides for each sample stained with Toluidine blue.  
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4.2.7.1 Toluidine blue staining for chondrogenic pellets/alginate beads 

A working solution of Toluidine blue was prepared by combining 6ml of 0.5% Toluidine 

blue stock solution (0.5g Toluidine blue powder from Sigma in 100ml dH2O) to 44ml of 

phosphate buffer solution (Appendix 2; Table 25). The solution was heated to 60°C and 

maintained at 56-60°C. ICM and CCM slides were deparaffinised and stained as follows: 

100% xylene 2 min, 100% xylene 2 min, 100% IMS 2 min, 95% IMS 2 min, 70% IMS 2 

min, dH2O 1 min, heated Toluidine blue working solution 5 min, tap water 30s, and air 

dried for 10min. Slides were immersed in 100% xylene for 30s and mounted with DPX, 

cover slipped and left to air dry in a fume hood. 

4.2.7.2 Measurement of GAG and DNA content in encapsulated cells 

ACPs and MSCs were harvested from the alginate beads after 28 days culture by 

incubation with 500µl of 0.1M sodium citrate solution containing 0.01M 3-(N-

Morpholino)propanesulfonic acid (MOPS; Sigma) and 0.027M NaCl for 10min on a plate 

shaker. Samples were then centrifuged at 400g for 5min. GAG and DNA were measured 

after digestion of cell pellets in a papain solution (0.25mg/ml) at 60°C overnight. Digests 

were assayed for GAG using the DMMB assay and DNA content was determined using 

the Quant-iT PicoGreen® dsDNA assay kit as previously described in Sections 2.2.4.9 and 

2.2.4.10, respectively. The total amount of GAG was normalized against the total amount 

of DNA.  

4.2.8 Gene expression analyses of encapsulated ACPs and MSCs 

After 28 days of chondrogenic differentiation, ICM and CMM beads of ACPs and MSCs 

were processed for gene expression analyses. First, 3 beads per experimental group of 

ICM/CCM samples were rinsed with 1ml 1X PBS twice and immersed in 500µl of 0.1M 

sodium citrate solution for 10min on a plate shaker to release the cells from alginate. After 

10min, the samples were centrifuged at 400g for 5min. The supernatant was discarded 

and the pellets were rinsed with PBS once, followed by resuspension in 350µl of Buffer 

RLT containing β-mercaptoethanol and processed for RNA extraction. Total RNA was 

isolated using the RNeasy Mini kit as previously described in Section 3.2.7.1. Nucleic acid 

content was determined spectrophotometrically using a NanoDrop ND1000 
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spectrophotometer at 260 and 280 nm. cDNA synthesis was performed using the 

QuantiNovaTM Reverse Transcription Kit as described in Section 3.2.7.2. Following this, 

qRT-PCR for single gene analysis of IL1B, NLRP3, IL6, IL8, IL33, ACAN, COL2A1, 

COL1A1, COL9A1, COL10A1, ADAMTS4, ADAM5P, MMP13, SOX9 and PRG4  was 

carried out using the QuantiNOVATM SYBR® Green PCR Kit and pre-designed human 

SYBR green primers (Appendix 2; Table 26 for primer information). The reaction was 

run as previously described in Section 3.2.7.3. Gene expression levels were normalised to 

human GAPDH (Appendix 2; Table 26) and threshold cycle (CT) was calculated using 

the real-time cycler software (Thermo Fisher Scientific). Fold change in expression was 

calculated using the 2^ (-delta CT) formula (Schmittgen and Livak, 2008). 

4.2.9 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software, version 6. Data were 

analysed utilising two-way ANOVA followed by Tukey’s multiple comparisons test. Error 

bars represent the mean±SEM. For all analyses, differences were considered statistically 

significant at p<0.05 and significance was assessed in two biological donors (sample 

number, n=2) both assayed using technical triplicates. Where biological replicates were 

not available (n=1), mean±SEM of technical triplicates is shown without statistical 

analysis.  
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4.3 Results 

4.3.1 ACPs and MSCs maintain their chondrogenic capacities over an extended 

period of time 

Chondrogenic differentiation of ACPs and MSCs was carried out for 7, 14, 21 and 28 days 

(D) in the presence of TGF-β1 to assess their ability to differentiate into chondrocytes 

and maintain this status over an extended period. Quantification of sulphated GAG 

content in the CCM chondrogenic pellets showed MSCs (Figure 4.1B) to have a steady 

increase in GAG accumulation from D7 (2.94µg) to D28 (13.6µg), while ACPs (Figure 

4.1A) displayed peak GAG levels on D14 (3.5µg) with lower GAG levels detected over 

time to D28 (2.1µg). DNA content assessed by the PicoGreen assay displayed relatively 

constant levels for MSC cultures (Figure 4.1B) (~1.5µg to D28). A decrease from an 

average of 1.2 (D7) to 0.7µg (D28) for ACPs was evident (Figure 4.1A). Assessment of 

the sulphated GAG:DNA content showed MSCs (Figure 4.1B) to have a higher content 

(9.4µg) compared to ACPs (2.8µg) at D28 (Figure 4.1A). Overall, the comparison of 

GAG:DNA levels between ICM and CCM pellets of both ACPs and MSCs found ICM 

samples to have substantially lesser GAG content than CCMs. Qualitative analysis of 

proteoglycan deposition by Safranin O (Figure 4.2) and Toluidine blue staining (Figure 

4.3) also confirmed chondrogenic differentiation in both ACP and MSC CCM pellets 

compared to ICM pellets. MSC CCM pellets formed terminal cartilage by D28 with 

chondrocytes having a hypertrophic phenotype (Figure 4.2B & 4.3B). ACP CCM pellets 

on the other hand, differentiated into stable cartilage with uniform proteoglycan 

deposition and high metachromasia staining similar to MSCs, but devoid of hypertrophic 

chondrocyte morphology even at D28 (Figure 4.2A & 4.3A). 
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Figure 4.1 Chondrogenic differentiation capacities of ACPs and MSCs. ACPs and MSCs were induced 

towards chondrogenic differentiation with or without 10ng/ml TGF-β1 for 7, 14, 21 and 28 days (D) 

under hypoxic conditions followed by quantification of total sulphated glycosaminoglycan (sGAG) and 

DNA content per pellet. The sGAG to DNA ratio was calculated for cultures exposed to both 

ICM/CCM. A) Overall GAG production in ACP pellets was maintained around 3µg to D28. B) 

Total GAG content in MSC CCM pellets increased with time and was higher than in ACP pellets 

(~9µg by D28). Values are expressed as Mean±SEM (𝑛=1, technical triplicates).  
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Figure 4.2 Qualitative analysis of proteoglycan synthesis by Safranin O staining. ACPs and MSCs were 

induced towards chondrogenic differentiation ± TGF-β1 for 7, 14, 21 and 28 days (D). Pellets fixed 

and embedded in paraffin were sectioned and stained with Safranin O and Fast green. A) ACP CCMs 

differentiated into cartilage with clear deposition of proteoglycan compared to ICMs. B) MSCs formed 

mature cartilage with chondrocytes displaying a hypertrophic phenotype and higher production of 

proteoglycan than ICM-treated and ACP CCM pellets. Scale bar, 100μm.  
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Figure 4.3 Qualitative analysis of total proteoglycan production by Toluidine blue staining. ACPs and 

MSCs were induced towards chondrogenic differentiation ± TGF-β1 for 7, 14, 21 and 28 days (D). 

Pellets fixed and embedded in paraffin were sectioned and stained with Toluidine blue for proteoglycan. 

A) ACPs treated with CCM differentiated into cartilage with more uniform deposition of proteoglycan 

compared to ICM treated pellets. B) MSCs formed mature cartilage with chondrocytes displaying a 

hypertrophic phenotype. Scale bar, 100μm.  
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4.3.2 Inflammatory response of MSCs but not ACPs to inflammasome activation 

ACPs and MSCs were subjected to a combination of inflammatory stimuli involving either 

LPS and ATP or LPS and PA to identify the best combination to initiate NLRP3 

inflammasome complex formation and IL-1β release following caspase-1 activation. 

Firstly, ACPs and MSCs demonstrated casapase-1 activity (Figure 4.4A) following 

stimulation with both ATP and PA (groups 2 and 3; Table 4.1) compared to control 

(group 1). Furthermore, this specific activation was confirmed by testing these two 

reagents in the presence of Ac-YVAD-cmk, a selective casapase-1 inhibitor that blocked 

the activation and release of Caspase-1 (groups 4 and 5; Table 4.1). Secondly, in 

comparison to ATP, stimulation with PA induced a significantly higher level of caspase-

1 activation signal in both cell types (p<0.05 for ACPs and p<0.0001 for MSCs). MSCs 

treated with PA produced caspase-1 signal at levels three times higher than ACPs, 

indicating that MSCs were more responsive to the inflammatory environment created 

after exposure to LPS (TLR-4 signalling activation) and PA. Molecular analysis of ATP- 

and PA- treated ACPs and MSCs for expression of IL1B and NLRP3 confirmed 

significant upregulation of both genes by MSCs as compared to that in ACPs (Figure 

4.4B). Similar to the results obtained from the Caspase-1 signal, stimulation with PA 

yielded statistically higher expression of IL1B (p<0.005) and NLRP3 (p<0.0001) by MSCs 

compared to ATP. In particular, the capacity of PA in inducing caspase-1 mediated 

upregulation of NLRP3 in MSCs was significantly higher and more consistent than ATP 

(ATP vs PA: p<0.001; Figure 4.4B).  
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Figure 4.4 Optimisation of inflammasome activation. ACPs and MSCs were stimulated with either 

adenosine triphosphate (ATP) or palmitic acid (PA) in the presence of lipopolysaccharide (LPS) to 

identify the optimal reagent to initiate NLRP3 inflammasome complex formation and IL-1β release, 

following caspase-1 activation. A) Caspase-1 activity was seen in both cell types with significantly higher 

signal induced by PA measured as relative luminescence intensity (RLI). B) Gene expression analysis of 

stimulated cells from (1) Control (untreated), (2) ATP and (3) PA treated groups showed significant 

upregulation of IL1B and NLRP3 with higher expression seen in PA stimulated MSCs. Values are 

expressed as Mean±SEM (𝑛=2, technical triplicates; normalised to GAPDH) and data is presented 

as fold change on a logarithmic scale (Log 2). Statistical analysis was performed on 2^(ΔΔCt) values 

and significance determined by two-way ANOVA with Tukey’s multiple comparisons test. *P<0.05, 

**P<0.005, ***P<0.001, ****P<0.0001. Individual asterisks (compared to control); asterisks on 

square bars (comparison between two treatment groups).  
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4.3.3 Encapsulated MSCs exhibit elevated caspase-1 activation than ACPs 

To identify the activation of the inflammasome pathway and assess chondrocyte viability, 

caspase-1 activity was measured in the medium collected from unstimulated/stimulated, 

ACP- and MSC-derived beads after 28 days (see Section 4.2.5 and 4.2.6). The supernatants 

analysed using the Caspase-Glo® 1 Inflammasome assay (Section 4.2.3) demonstrated 

activation of caspase-1 in ACPs and significantly higher activity in MSC CCM compared 

to ICM treated beads. While ACPs displayed a descending trend in caspase activity with 

every CCM group (G3<G2<G1), an escalated inflammatory effect was observed with 

MSC CCMs when compared with their corresponding ICMs [G3 (p<0.0001)>G2 

(p<0.0001)>G1 (p=0.0008)]. Similarly, MSC CCM beads treated with LPS and PA alone 

(G2) demonstrated significantly higher levels of activated caspase-1 compared to G1 

CCM (p=0.0140) and approximately double than that demonstrated by G2 treated ACP 

CCM beads. This effect was mirrored, and more pronounced in MSC CCMs continuously 

treated with S100A8/A9 (G3) when compared to G1 CCM (p=0.0005) and 2.5 times 

more than G2 ACP CCM. (Figure 4.5).  
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Figure 4.5 Inflammatory insults and Caspase-1 activation. Encapsulated ACPs and MSCs induced 

towards chondrogenic differentiation with or without TGF-β1 for 28 days (D) were segregated into groups 

(G)1: unstimulated, G2: stimulated with LPS&PA for the last 24h or G3: simultaneously treated with 

recombinant S100A8/A9 alarmin complex every 48h till D28 and stimulated with LPS&PA for the 

last 24h. Caspase-1 activity was seen in both cell types with significantly higher signals induced in MSCs 

measured as relative luminescence intensity (RLI). Caspase-1 activity dropped with each treatment group 

in ACP CCM beads and significantly escalated in MSC CCM beads. Values are expressed as 

Mean±SEM (𝑛=2, technical triplicates). Statistical significance was determined by two-way ANOVA 

with Tukey’s multiple comparisons test. *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001. 

Individual asterisks (compared to ICM); asterisks on square bars (comparison between two CCM 

groups).  
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4.3.4 Inflammatory insults negatively impact chondrogenic differentiation of 

encapsulated MSCs but not ACPs 

To test the impact of acute (LPS/PA) and chronic inflammatory stimuli (recombinant 

S100A8/A9 complex +LPS/PA) on chondrocyte fate and function during differentiation, 

alginate encapsulated ACP and MSC beads were induced and maintained in 

chondrogenesis for 28 days in both ICM and CCM . The beads were segregated into five 

groups (G1 (Control, unstimulated), G2 where the chondrogenic beads were stimulated 

with LPS and PA for 24h before harvest and G3 with beads treated with the S100A8/A9 

alarmin complex every 48h and stimulated with LPS and PA for the final day of culture 

(Table 4.2). Both ACP and MSC beads treated with CCM produced increased total sGAG 

levels (Figure 4.6A) compared to  ICM control beads. Statistical significance was observed 

in MSCs treated with CCM and in cells challenged with LPS and PA for the final 24 hours 

of differentiation. There was a gradual increase in the quantity of sGAG produced by 

CCM treated ACPs (Figure 4.6A) and significant elevation in DNA content for all treated 

groups with cells exposed to the combined inflammatory challenge showing significantly 

higher compared to the CCM and the pellets challenged by exposure to LPS/PA for 24 

hours pre harvest (Figure 4.6B). No differences were observed in the ratio of sGAG to 

DNA (Figure 4.6C) in ACPs with an average sGAG of 2.1µg maintained across the CCM 

groups. MSCs on the other hand, displayed inverse results to ACPs where the sGAG and 

DNA content displayed a descending trend with every CCM group (G3<G2<G1) (Figure 

4.6B). When compared to CCM-treated beads (total sGAG:76µg; ratio:12µg), those 

stimulated with an acute hit of LPS and PA produced significantly lesser GAG (49µg; 

p<0.001) and continuous treatment with S100A8/A9 complex in addition to the acute 

insult of PA was even more impactful with yet significantly lower GAG production. A 

similar descending trend was observed in the DNA content (Figure 4.6B). Quantitative 

analyses therefore depicted the negative impact of inflammasome activators and 

S100A8/A9 alarmins on MSC differentiation by inducing cell death (decrease in DNA 

content; Figure 4.6B) and possible inhibition of differentiation (lower total sGAG and 

ratio; Figure 4.6A&C) mimicking formation of the OA-like chondrocyte phenotype.  



Chapter Four 
 

131 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Effects of inflammatory insults on proteoglycan (GAG) and DNA levels. Encapsulated 

ACPs and MSCs induced towards chondrogenic differentiation by exposure to TGF-β1 (CCM) for 28 

days were segregated into groups (G)1: unstimulated; G2: stimulated with LPS&PA for 24h before 

harvest or G3: treated throughout with recombinant S100A8/A9 alarmin complex every 48h and 

stimulated with LPS&PA for the last 24h. A) Total sulphated glycosaminoglycan production was 

significantly higher in MSCs than ACPs . sGAG levels were significantly lower in each MSC treatment 

group but not ACPs. B) DNA content increased for ACPs compared to ICM treated beads and was 

significantly lower in treated MSC beads. C) The sGAG to DNA ratio was unaffected by inflammatory 

insults in ACPs but was significantly lower in MSCs treated with CCM and both inflammatory signals. 

Constructs treated with ICM were included as chondrogenic assay controls. Values are expressed as 

Mean±SEM (𝑛=2, technical triplicates). Statistical significance was determined by a two-way 

ANOVA with Tukey’s multiple comparisons test. *P<0.05, **P<0.005, ***P<0.001, 

****P<0.0001. Individual asterisks (compared to ICM); asterisks on square bars (comparison between 

two CCM groups).  
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4.3.5 Effect of inflammatory insults on GAG production corresponds with 

hypertrophic differentiation of chondrocytes 

Qualitative analysis for total proteoglycans by toluidine blue staining was performed on 

unstimulated/stimulated ACP and MSC beads that had been formalin fixed, paraffin 

embedded and sectioned (Section 4.2.7) after 28 days of chondrogenic differentiation 

(Section 4.2.5 and 4.2.6). Both ACP and MSC CCM beads had undergone more 

substantial chondrogenic differentiation compared to ICM cultures (Figure 4.7A&E), as 

seen by increased metachromasia and proteoglycan accumulation. Unstimulated ACP 

CCM beads (G1; Figure 4.7B) differentiated into stable cartilage while MSC CCM (G1; 

Figure 4.7F) developed into mature cartilage with chondrocytes exhibiting a hypertrophic 

phenotype. Proteoglycan distribution was uniformly seen in these control CCM beads. 

ACP and MSC CCM beads stimulated with LPS and PA for 24h displayed irregular 

proteoglycan distribution with larger cell sizes and visible chondrocyte death (low cell 

number compared to the control cultures/G1; Figure 4.7C&G). While ACP beads had 

decreased areas of cartilage and empty lacunae at the periphery of the bead, MSC CCM 

beads showed loss of structural integrity and appearance of chondrocyte death. This 

observation of cell death concurred with increased caspase-1 activity in treated MSCs 

(Figure 4.5). Analysis of MSCs continually treated with the S100A8/A9 alarmin complex 

(G3) showed cell death and depleted matrix at the periphery of the bead in comparison 

to unstimulated and LPS/PA treated beads (Figure 4.7H). The cartilage seemed to appear 

unaffected by the dual inflammatory treatment seen with lesser GAG than control (G1) 

MSCs. This may be due to inhibition of the chondrogenic differentiation process (Figure 

4.6 showing significantly lower sGAG). ACPs on the other hand formed chondrocytes 

embedded in a proteoglycan positive matrix reminiscent of a stable phenotype with few 

areas of hypertrophy and increased levels of empty lacunae (Figure 4.7D). Overall the 

phenotypic appearance of cartilage formed by ACPs and MSCs correlated with their rate 

of GAG production i.e., MSCs treated with complete chondrogenic medium showing the 

most intense staining and decreased GAG levels after exposure to inflammatory stimuli, 

while ACPs maintained more GAG content even after exposure to these stimuli. 

However, ACP beads treated with both inflammatory signals (G3) did appear to have 

acquired a hypertrophic appearance in areas of the pellet shown (Figure 4.7D). 
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Figure 4.7 Qualitative assessment of the impact of inflammatory insults on matrix proteoglycan deposition. ACPs and MSCs induced towards 

chondrogenic differentiation with or without TGF-β1 for 28 days (D) were segregated into groups (G)1: unstimulated, G2: stimulated with LPS&PA 

for the last 24h of culture, G3): simultaneously treated with recombinant S100A8/A9 alarmin complex every 48h until D28 and stimulated with 

LPS&PA for the last 24h of culture. Pellets fixed and embedded in paraffin were sectioned and stained with Toluidine blue for detection of proteoglycan.  
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 (A, E) ACP and MSC ICM beads formed some cartilage with lower metachromasia apparent between 

treated groups. (B) G1 ACP CCM differentiated into stable cartilage with uniform proteoglycan 

deposition and (F) G1 MSC CCM formed terminal cartilage with hypertrophic chondrocytes and high 

metachromasia. (C, G) G2 ACP beads with decreased areas of cartilage and empty lacunae at the 

periphery of the bead whereas MSC CCM beads showed irregular proteoglycan distribution, loss of 

structural integrity and appearance of chondrocyte death. (D, H) G3 ACP treated beads showed areas of 

hypertrophy with increased levels of empty lacunae whereas treated MSC CCMs showed cell death and 

depleted matrix at the periphery with remaining chondrocytes showing signs of inhibited differentiation. 

Scale bar, 250μm.  
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4.3.6 Acute and chronic inflammatory signals promote hypertrophy in ICM 

cultured MSCs 

Unstimulated (G1)/stimulated (LPS/PA for 24h (G2) or dual stimulation with 24h 

LPS/PA and S100A8/A9 for 28 days (G3)) (Table 4.2) ACP and MSC beads cultured in 

ICM for 28 days were evaluated for expression of a panel of pro-inflammatory cytokines 

(IL1B, IL33 (members of IL1 family), IL6 and IL8), the inflammasome marker (NLRP3) 

and chondrogenic markers associated with the articular (SOX9, PRG4, ACAN, COL2A1, 

COL9A1), fibrocartilaginous (COL1A1) and hypertrophic (COL10A1, MMP13) 

phenotypes. Members of the protease/proteoglycanase family (ADAMTS4, ADAM5P) 

were also included in this analysis. ACPs but not MSCs induced with LPS/PA for 24 

hours prior to harvest of the chondrogenic beads (G2) demonstrated significant 

upregulation of IL1B, NLRP3 and IL33 (Figure 4.8A) (fold-regulation values are given in 

Appendix 1; S5). Similarly, ACPs treated with S100A8/A9 continuously throughout the 

culture period with treatment by LPS/PA for 24 h prior to harvest showed significant 

upregulation of IL1B but not NLRP3 or IL33. IL6 and IL8 expression was upregulated 

by ACPs and MSCs in these treatment groups (G2 and G3) with significantly increased 

expression seen in S100A8/A9 treated ACPs and MSCs compared to that seen in control 

and LPS/PA treated beads (G1 and G2) (p<0.0001; Figure 4.8A). 

Continuous treatment of MSCs with S100A8/A9 led to downregulation of the ECM 

proteins PRG4, ACAN and COL2A1 and significant upregulation of COL1A1 (p<0.005) 

and the hypertrophic marker MMP13 (p<0.0001) when compared to G1 and G2 (fold-

regulation values in Appendix 1; S5). While LPS/PA stimulated MSCs demonstrated 

upregulation of ADAM5P, COL10A1 and MMP13 (p<0.05), SOX9 (p<0.05) was also 

significantly upregulated (Figure 4.8B). There was no significant difference observed in 

expression of COL9A1 in G2 and G3 MSCs. ACPs reacted in a contrasting manner to 

MSCs with downregulation of SOX9, ACAN, COL2A1, COL9A1, COL1A1 in  response 

to S100A8/A9 treatment (G3) and significant upregulation of these markers (COL1A1: 

not significant) following insult with LPS/PA without the addition of alarmins (G2).  
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Additionally, LPS/PA treated ACPs displayed significant upregulation (p<0.05) and dual 

stimulation with S100A8/A9 and LPS/PA resulted in downregulation of ADAMTS4 and 

ADAM5P. While stimulated ACPs expressed MMP13 (not significant) the cells 

maintained an upregulated status of the progenitor marker PRG4 (Figure 4.8B). 
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Figure 4.8 Gene expression analysis of ACPs and MSCs cultured in incomplete chondrogenic medium 

(ICM). Encapsulated ACP and MSC beads maintained in ICM, divided into groups (G)1: 

unstimulated, G2: LPS&PA+ for the last 24h of culture or G3: G2+ continuous treatment with 

recombinant S100A8/A9 till day 28. Panel A) Fold-change of pro-inflammatory and inflammasome 

markers showed ACPs to be more responsive to acute inflammasome insults. Panel B) Expression 

patterns for chondrogenic markers and metalloproteinases demonstrated MSCs but not ACPs had a 

hypertrophic phenotype. Values are expressed as Mean±SEM (𝑛=2, technical triplicates; normalised to 

GAPDH) and data is presented as fold change on a logarithmic scale (Log 2). Statistical analysis was 

performed on 2^(ΔΔCt) values & significance determined by two-way ANOVA with Tukey’s multiple 

comparisons test. *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001. Individual asterisks 

(compared to G1); asterisks on square bars (comparison between G2 &G3). 
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4.3.7 A chronic inflammatory environment enables OA-like terminal 

differentiation and a hypertrophic phenotype in MSCs 

Evaluation of the gene expression pattern (fold-regulation values in Appendix 1; S6) in 

unstimulated (G1)/stimulated (LPS/PA for 24h (G2) or dual stimulation with 24h 

LPS/PA and S100A8/A9 for 28 days (G3)) (Table 4.2) ACP and MSC beads cultured 

with TGF-β1 was performed. Analysis was indicative of altered chondrocyte behaviour 

and induction of a highly inflammatory environment in MSCs (Figure 4.9 A&B). While 

unstimulated and LPS/PA stimulated MSCs did not express IL1B, NLRP3 or IL33, 

S100A8/A9 treated MSCs displayed significant upregulation of NLRP3 (p<0.005) and 

IL1B (p<0.005) which correlate with high caspase-1 activity (Figure 4.9A). In addition, 

expression of IL6 and the chemotactic factor IL8 was highly upregulated in G3 MSC 

chondrogenic beads compared to G1 and G2 treatments (p<0.005 or IL6 & p<0.0001 

for IL8). While ACPs did demonstrate caspase-1 activity with a decreasing trend from 

control (G1 pellets) to G3, expression of IL1B, NLRP3 or IL33 was not seen. However, 

G2 and G3 ACPs were positive for expression of IL6 and IL8 (G3>G2; not significant). 

Continuous S100A8/A9 treatment, in conjunction with addition of LPS and PA induced 

more deleterious effects on the expression of chondrogenic markers in ACPs and MSC 

(Figure 4.9B). Expression of the master transcription factor SOX9 was down-regulated in 

ACPs (not significant) and MSCs (p<0.0001) (fold-regulation values in Appendix 1; S6). 

This led to significant downregulation of SOX9 targets ACAN (p<0.0005 in MSCs), 

COL2A1 (p<0.005 in ACPs and p<0.0001 in  MSCs) and COL9A1 (p<0.0001- MSCs) 

when compared to the control group (G1). Downregulated expression of the three 

collagen genes was observed in LPS/PA treated MSCs and not ACPs. 

 Changes in expression of COL1A1 among the three groups was not significant in both 

cell types. Similarly, alarmin treatment severely impacted chondrogenic differentiation of 

MSCs but not ACPs with significant upregulation of hypertrophic phenotype markers 

COL10A1 (p<0.0001) and MMP13 (p<0.0001) compared to control and LPS/PA-treated 

MSCs. Increased expression of MMP13 and downregulation of SOX9 was reflected in 

upregulation of the proteoglycanase ADAMTS4 (p<0.05) but not ADAM5P in the 

alarmin and LPS/PA treated MSCs (G3). Higher expression of ADAMTS4 correlated 
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with complete downregulation of the lubricin/proteoglycan marker PRG4 with 

significantly lower levels seen in alarmin+LPS/PA treated ACPs. This event was 

indicative of MSCs behaving like OA-chondrocytes with a hypertrophic phenotype and 

showing signs of possible de-differentiation and ACPs appearing to be sensitised to 

chronic alarmin signals while still maintaining their stable articular phenotype. 
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Figure 4.9 Gene expression analysis of ACPs and MSCs cultured in complete chondrogenic medium 

(CCM). Encapsulated ACP and MSC beads maintained in CCM were divided into groups (G)1: 

unstimulated, G2: LPS&PA+ for the final 24h in culture or G3: G2+ continuous treatment with 

recombinant S100A8/A9 till day 28. Panel A) Fold-change of pro-inflammatory and inflammasome 

markers showed MSCs to be impacted by continuous and not acute inflammatory insults. Panel B) 

Chondrogenic marker and metalloproteinase expression demonstrated MSCs but not ACPs tended 

towards a terminal OA-like hypertrophic phenotype. Values expressed as Mean±SEM (𝑛=2, technical 

triplicates; normalised to GAPDH); data is presented as fold change on a logarithmic scale (Log 2). 

Statistical analysis was performed on 2^(ΔΔCt) values & significance determined by two-way 

ANOVA, Tukey’s multiple comparisons test. *P<0.05, **P<0.005, ***P<0.001, 

****P<0.0001. Individual asterisks (compared to G1); asterisks on square bars (comparison between 

G2 &G3).  
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4.4 Discussion 

The altered function of articular chondrocytes in synovial joints underpins cartilage 

damage in OA that is further exacerbated by synovial activation. Alarmins such as S100 

proteins feature among the numerous inflammatory mediators secreted by activated 

synoviocytes and found at high levels in the extracellular environment in the OA joint 

and constantly inducing loops of inflammatory responses and disease progression (van 

Lent et al., 2012, Sunahori et al., 2006, Zreiqat et al., 2010). Previous studies have 

identified and established S100A8 and S100A9 alarmins as early amplifiers of 

inflammation in OA and demonstrated their negative effects in initiating cartilage 

degradation with maintenance of prolonged expression in the synovium of mice with 

CIOA and synovial biopsy samples from OA patients (Vogl et al., 2014, van Lent et al., 

2012). 

Although many in vitro studies have demonstrated the pro-inflammatory and catabolic 

effects of S100A8 and S100A9 homodimers on murine, ovine and human (normal and 

OA) chondrocytes, the impact of the S100A8/A9 heteromeric complex on cytokines, 

chemokines, chondrogenic markers or even MMPs at both protein and mRNA levels was 

insignificant (van Lent et al., 2008a, Zreiqat et al., 2010, Schelbergen et al., 2012, Zreiqat 

et al., 2007, Van Lent et al., 2008b). This contrasts to the evidence of accumulation of 

abundant amounts of the heterodimer complex in synovial fluid samples of RA 

(~50µg/ml) and OA (~5-7µg/ml) patients (Sunahori et al., 2006, Brun et al., 1994). Here 

the catabolic effects of exposure to the S100A8/A9 heterodimer were assessed in a novel 

three-dimensional model of stable and terminal articular cartilage generated by 

differentiation of chondroprogenitors and MSCs, respectively.  

One of the most abundant types of FFA found in OA cartilage, palmitate (palmitic 

acid/PA) has been found to elicit apoptosis and matrix degradation in articular 

chondrocytes (Alvarez‐Garcia et al., 2014). In combination with LPS as a TLR-4 activator, 

PA was shown to cause activation of the NLRP3 inflammasome and downstream release 

of IL-1β and members of the IL-1 pathway in human MSCs. In addition, this combination 

of inflammasome activators also induced apoptosis and inhibited osteogenic 

differentiation potential of MSCs (Wang et al., 2017, Lu et al., 2012). Here, the pro-
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apoptotic and pro-inflammatory effects of inflammasome activators on 

chondroprogenitors (ACPs) and ACP-derived stable articular cartilage are described. 

Additionally, the model used demonstrated that a combination of inflammasome 

activators (LPS/PA) and continuous exposure to the S100A8/A9 heterodimer acted as 

an inflammatory catalyst orchestrating chondrocyte hypertrophy and cell death in ACPs. 

On the other hand, the dual inflammatory signal seemed to have inhibited chondrogenic 

differentiation of MSCs. 

Bone-marrow derived MSCs have been described as a promising cell source for tissue 

engineering strategies due to their multipotent nature as well their paracrine, and 

chemotactic capacities (Hilfiker et al., 2011, Pittenger et al., 1999, Prockop, 2009). 

However, when considering their specific use for cartilage repair purposes these cells fail 

to form a stable articular phenotype. Despite their ability to differentiate into 

chondrocytes, MSCs invariably form terminal cartilage and display a hypertrophic 

phenotype during in vitro chondrogenesis (Johnstone et al., 1998, Johnstone et al., 2013). 

ACPs offer the advantage of being developmentally primed for chondrogenesis and 

generate stable articular chondrocytes with reduced telomerase shortening in subclonal 

populations with a lower tendency towards hypertrophy (McCarthy et al., 2012, Khan et 

al., 2009a, Kozhemyakina et al., 2015). Here ACPs and MSCs induced to undergo 

chondrogenesis for 7, 14, 21 and 28 days in standard pellet culture demonstrated similar 

effects as previously described. While MSCs demonstrated enhanced GAG production 

over time, they formed mature cartilage with hypertrophic chondrocytes evident. ACPs 

on the other hand maintained a steady rate of GAG production and did not seem to 

undergo hypertrophy. Anderson et al. have shown that while both ACPs and MSCs 

demonstrated high chondrogenesis in hypoxic conditions, ACP clones expressed 

significantly lower levels of the hypertrophic genes COL10A1 and MMP13 compared to 

MSC preparations (Anderson et al., 2016). 

As MSC thrive in a 3D environment under physiological conditions and adult 

chondrocytes cultured in vitro pose the risk of de-differentiation if the optimal tissue 

microenvironment is not controlled, the present study adopted the use of encapsulating 

ACPs and MSCs in alginate (Debnath et al., 2015, Yamagata et al., 2018). Many studies 

have  shown that culturing bovine and human articular chondrocytes in alginate resulted 



Chapter Four 

143 
 

in the formation of a compartmentalised matrix with enhanced expression of aggrecan 

and type II collagen similar to native adult articular cartilage, but also worked as a relevant 

model to study changes in cartilage phenotype and function during OA (Hauselmann et 

al., 1994, Hauselmann et al., 1996, Chubinskaya et al., 2001). In the present study 

chondrogenic differentiation of alginate encapsulated ACPs and MSCs in the presence of 

TGF-β1 resulted in the formation of stable chondrocytes by ACPs and terminal cartilage 

with mature chondrocytes by MSCs, with both cell types producing a proteoglycan rich 

matrix. While sGAG content was maintained by ACPs post stimulation with S100A8/A9 

and/or LPS/PA, MSC cultures were negatively impacted. Inflammasome activators and 

S100A8/A9 alarmins induced significant matrix loss in MSC constructs with reduced 

sGAG content and chondrocyte apoptosis (lower DNA content and higher caspase-1 

activity). In two independent studies van Lent et al. demonstrated that S100A8 and A9 

alarmins are typically found in the vicinity of chondrocytes in experimental arthritis and 

the S100A8 homodimer causes MMP and aggrecanase-mediated pericellular matrix 

degradation. Furthermore, S100A9-knockout mice, with myeloid cells also lacking the 

S100A8 protein, displayed reduced cartilage destruction and synovial activation. In studies 

using wild type mice induced to undergo CIOA it was also shown that both alarmin 

homodimers contributed to cartilage damage and inflammation  in OA (van Lent et al., 

2012, Van Lent et al., 2008b, van Lent et al., 2008a). 

In the case of long-term exposure, alarmins also seemed to inhibit the chondrogenic 

process in MSCs. Although cells had the appearance of a rounded hypertrophic 

phenotype in the construct, they were significantly less differentiated than control MSCs. 

Basu et al. demonstrated that pre-treatment of MSCs with 0.5µg/ml S100A8/A9 protein 

prior to their administration into murine full thickness excisional wounds resulted in 

significant acceleration of wound closure and healing, better than that found with un-

treated MSCs. The authors also identified a novel gene expression profile in S100A8/A9 

treated MSCs, indicative of a reprogrammed transcriptome towards a protective niche 

that balances the function of resident and inflammatory cells at the wound healing, 

improving the overall wound repair mechanisms (Basu et al., 2018). While short-term 

treatment with alarmins could enhance the immunomodulatory capacities of MSCs, van 

Lent et al. demonstrated that the expression of S100A8 and S100A9 remained significantly 
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high, (up to 21 days) post induction of CIOA in mice and contributed towards synovial 

activation. 

Analysis of synovial biopsy samples from patients with early symptomatic OA and end-

stage OA also revealed high levels of S100A8 and S100A9 protein expression which 

correlated with cellularity in the subintima, synovial lining thickness and joint destruction 

in these patients (van Lent et al., 2012). Therefore prolonged exposure to/long-term 

prevalence of these alarmins constantly maintains an inflammatory microenvironment in 

the OA joint, eliciting more cartilage damage. 

Previous studies have demonstrated incidence of apoptosis in immature/mature articular 

cartilage in response to ROS exposure. Cells in the superficial zone of articular cartilage 

explants were more susceptible to cell death than in the deeper zones. It was also shown 

that treatment with a pan-caspase inhibitor significantly reduced the rate of matrix loss 

and tissue deformation (Gilbert et al., 2009, Khan et al., 2008, Candela et al., 2014). Data 

presented suggest that 1) when articular cartilage is damaged due to 

chemical/biomechanical stress, chondroprogenitors found in the superficial zone may 

react to this event by undergoing cell death, leading to articular cartilage degeneration and 

(2) these cells play an important role in early events in onset of OA. MSCs on the other 

hand, react to ROS by displaying signs of endoplasmic reticulum (ER) stress, apoptosis 

(pro-caspase-1 activation) and inflammasome pathway activation (upregulation of IL-1β 

and NLRP3) (Lu et al., 2012, Wang et al., 2017). The cells are sensitised to inflammatory 

cues possibly due to their paracrine signalling properties (Bernardo and Fibbe, 2013).  

The results obtained from stimulation of monolayer cultures of ACPs and MSCs with a 

combination of LPS and ATP or PA in order to identify the optimal combination of 

inflammasome activators further highlighted the capacity of MSCs to resemble 

osteoarthritic chondrocytes. Cell death via caspase-1 signalling in both cell types was 

observed, but only MSCs showed upregulation of IL-1β and NLRP3 expression. While 

both ATP and PA induced pro-apoptotic and pro-inflammatory effects, PA had an 

enhanced stimulatory activity similar to previously reported work using this FFA (Alvarez‐

Garcia et al., 2014, Lippiello et al., 1991, Lippiello et al., 1990). 
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Disruption of ECM homeostasis is a major event during OA progression. D’Lima et al. 

previously showed that chondrocyte apoptosis is not an independent event but 

mechanistically linked to matrix degradation. These authors showed that OA 

chondrocytes have depleted survival mechanisms in addition to their innate avascular 

nature with cell death further expediting matrix degradation (D'Lima et al., 2006). 

Significant sGAG loss and high caspase-1 activity was shown in encapsulated MSCs 

stimulated with the S100A8/A9 complex and LPS/PA and provided a rationale for 

utilising this combination of stimulators. Alvarez et al, also showed that stimulation of 

human chondrocytes with palmitate promoted chondrocyte death (via caspase activation) 

and cartilage destruction (Alvarez‐Garcia et al., 2014). 

Although stimulated ACPs displayed caspase-1 activity, only ICM-treated ACPs showed 

upregulation of IL1B, NLRP3 and IL33 and these genes were downregulated in ACPs 

treated with CCM to induce differentiation of the cells to a more mature chondrocyte. 

Past studies documented a higher incidence of acute chondrocyte necrosis and apoptosis 

in response to blunt trauma, experimental wound generation using biomechanical inputs 

and ROS/hydrogen peroxide treatment as a chemical stressor in the superficial zone of 

cartilage populated by chondroprogenitors. Seol et al. demonstrated that these progenitor 

cells with superior migration abilities were found to migrate to areas adjacent to sites of 

local chondrocyte death (Duda et al., 2001, Seol et al., 2012, Gilbert et al., 2009, Khan et 

al., 2008, Dowthwaite et al., 2004). 

Chondrogenic progenitor cells have also been thought to contribute to early stages of 

cartilage repair by restoring levels of the surface zone protein lubricin in injured cartilage 

within a week of culture. This correlated with high RNA and protein levels of PRG4. This 

restorative activity of chondrogenic progenitor cells may be associated with their ability 

to repair  superficial defects (Jayasuriya and Chen, 2015, Bao et al., 2011, Teeple et al., 

2011, Jay et al., 2010, Wang et al., 2000, Hunziker and Rosenberg, 1996). Concurring with 

published data, stimulated ICM ACPs initially responded to inflammasome activation via  

increased casapase-1 activity and expression of IL1B, NLRP3 and IL33. However, ACPs 

that were induced to differentiate to a more mature chondrocyte in response to TGF-β1 

treatment responded with reduced although not significant expression of these 

inflammatory genes. LPS/PA-treated ACPs and MSCs showed slight upregulation of the 



Chapter Four 

146 
 

pro-inflammatory cytokine marker IL6 and chemokine IL8. Continuous stimulation with 

the S100A8/A9 complex significantly upregulated these markers in ACPs treated with 

ICM and MSCs treated with both ICM and CCM. 

IL-8 produced by human OA chondrocytes has been described as a mediator of 

chondrocyte hypertrophy increasing the release of MMP-13 and upregulation of type X 

collagen (Henrotin et al., 1996, Merz et al., 2003). In line with this, alarmin stimulated 

MSCs whether treated with ICM or differentiated in response to CCM also demonstrated 

significant upregulation of MMP13 and COL10A1. 

Numerous studies have depicted the catabolic effects of S100A8 and S100A9 

homodimers in OA affecting expression of cartilage-specific genes and leading to matrix 

degradation and joint destruction. Both homodimers have been shown to cause 

upregulation of IL-6, IL-8, MMPs 1, 3, 9 and 13, and ADAMTS-1, 4, 5 at the mRNA and 

protein level as well as downregulation of aggrecan and type II collagen (van Lent et al., 

2012, Schelbergen et al., 2012, van Lent et al., 2008a, Zreiqat et al., 2010). It is also 

important to note that these alarmins also contribute to synovitis with activated 

macrophages in the synovium identified as the source of S100A8/S100A9 in CIOA (van 

Lent et al., 2012, van den Bosch et al., 2016). In fact, Schelbergen et al. clearly 

demonstrated that the production/catabolic association of S100A8 and S100A9 to 

chondrocytes was TLR-4 dependent (Schelbergen et al., 2012). Indeed TLR-4 acts as the 

major receptor to propagate signalling of the homodimer and is also present in primary 

chondrocytes (Bobacz et al., 2007). Therefore, the rationale for the use of LPS in the 

present study was to initiate TLR stimulation, further aiding the downstream DAMP 

(S100A8/A9):PRR (TLR-4) interaction. 

In contrast to previous literature, this is the first study to demonstrate that long term 

exposure to the S100A8/A9 heterodimer complex causes significant catabolic effects in 

chondrocytes. Significant downregulation of PRG4 and COL2A1 was seen in ACP-

derived chondrocytes but the effects of this catabolic signal were more evident in MSC-

derived cartilage with significant negative effects on expression of ACAN, COL2A1 and 

COL9A1 correlating with downregulation of S0X9 and upregulation of ADAMTS4, 

COL10A1 and MMP13. SOX9 protein expression is not only critical for chondrogenesis 
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but also maintaining lineage commitment as it is typically repressed in hypertrophic 

chondrocytes seen in cartilage growth plates (Lefebvre and Dvir-Ginzberg, 2017, 

Lefebvre and Smits, 2005). While decreases in SOX9 expression could also be a 

consequence of evaluating gene expression at a time point (day 28) beyond TGF-β 

induced peak promotion of SOX9, previous findings have demonstrated that SOX9 

upregulation causes promotion of ACAN, COMP and COL2A1 and regulates or 

suppresses expression of ADAMTSs (Zhang et al., 2015). Hence downregulation of 

SOX9 (also observed in combination of S100A8/A9 and LPS/PA-treated ICM and CCM 

ACPs) could have contributed to activation of ADAMTS4, MMP13 and COL10A1 

leading to loss of proteoglycans. 

Similar to SOX9, PRG4/lubricin expression has also been linked to lineage commitment 

since chondroprogenitors have been identified by high PRG4 expression in vivo and more 

recently in in vitro differentiation of ACPs (Zhou et al., 2014, Seol et al., 2012, Anderson 

et al., 2018). Based on work by Kozhemyakina et al. on identification of the Prg4-

expressing ACP cell population in mice, Lefebvre proposed that “progenitors choosing 

the articular surface-lubricating lineage would upregulate Prg4, while those engaging in the 

articular chondrocyte and other cell lineages would turn off Prg4” (Kozhemyakina et al., 

2015, Lefebvre and Bhattaram, 2015). In the present study MSCs whether treated with 

TGF-β1 or not, lacked expression of PRG4. Subsequent treatment with inflammasome 

activators/alarmins, demonstrated maximal repression of this gene. This clearly shows 

that MSCs differentiate into terminal cartilage. Following interaction with inflammatory 

activators, these cells begin to show signs of hypertrophy typically seen in OA cartilage. 

Alarmin-treated ACPs on the other hand, showed significant downregulation of PRG4 in 

comparison to unstimulated and LPS/PA treated groups. ACPs therefore respond to 

alarmins with modulation of their chondrogenic commitment status from a progenitor to 

permanent articular chondrocyte state at the molecular level while maintaining their stable 

articular phenotype.  
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Seol et al. proposed that chondrocytes undergoing necrotic/apoptotic cell death upon 

wounding tend to release chemotactic signals or alarmins like S100 proteins that bind to 

TLRs and encourage the migration of MSCs and progenitor cells to sites of injury, thereby 

enabling tissue repair/regeneration (Seol et al., 2012). Therefore, therapies targeting 

blockade or controlled release of alarmins may reduce hypertrophic events and improve 

cartilage repair associated with progenitors or MSCs. In conclusion, the data generated in 

this chapter demonstrated that inflammasome activators act as acute inflammatory insults 

and elicit pro-apoptotic and altered chondrocyte behaviour while chronic inflammatory 

input of S100A8/A9 complex in combination with acute insult, creates a pro-

inflammatory tissue environment that promotes chondrocyte stress and hypertrophy, 

mimicking OA-like cartilage degradation. 
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5.1 Retrospective 

OA is a chronic degenerative joint disease with pathological events driven by not just 

cartilage but also the synovium and subchondral bone (Krasnokutsky et al., 2008, 

Abramson and Attur, 2009). While cartilage damage in OA is mainly a consequence of 

imbalance in the catabolic and anabolic capacities of chondrocytes, this altered 

chondrocyte activity is a result of release of high levels of pro-inflammatory cytokines and 

proteolytic enzymes, thereby creating an inflammatory synovial environment. With 

continuous crosstalk between chondrocytes and the synovium, activated synoviocytes 

such as macrophages and T cells release more cartilage-degrading soluble mediators and 

products of damaged cartilage in turn aggravate synovitis (Haseeb and Haqqi, 2013, 

Rohner et al., 2012). 

Numerous imaging studies have documented synovitis as an important clinical feature of 

OA that precedes any notable occurrence of cartilage degeneration and is consistently 

present in both early and late stages of OA (Ayral et al., 2005, Roemer et al., 2011, 

Krasnokutsky et al., 2011). Also, OA patients (up to 50%) showing synovial activation 

demonstrated higher severity of cartilage damage (Ayral et al., 2005). Previous studies have 

established the role of activated SMs in regulating synovial inflammation by influencing 

the production of IL-1, TNF-α, MMP3, MMP9, MMP13 and aggrecanases, ADAMTS4 

and ADAMTS5 in the OA synovium and subsequent osteophyte formation and cartilage 

destruction during experimental OA (Van Lent et al., 2004, Blom et al., 2004, Bondeson 

et al., 2006, Bondeson et al., 2010). Apart from MMPs and cytokines, activated 

macrophages also secrete DAMP signals (or alarmins) like HMGBs and S100 proteins, 

that interact and stimulate RAGE and TLR signals in OA-affected cartilage and synovium, 

leading to further amplification of synovial inflammation and cartilage degeneration 

(Nefla et al., 2016, Loeser et al., 2005, Rosenberg et al., 2017). S100A8 and S100A9 are 

among the most prominent S100 group of alarmins released by activated SMs, and plasma 

levels of these homodimers have been shown to correlate with osteophyte progression in 

patients with early symptomatic OA (Van Lent et al., 2008b, Schelbergen et al., 2016). 

Also, previous studies have identified these two alarmins mediate cartilage destruction via 

synovial activation in pre-clinical OA models (van Lent et al., 2012, van den Bosch et al., 

2016, Zreiqat et al., 2010). Hence, these findings point towards the involvement of 
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activated synoviocytes and alarmin-mediated synovial inflammation on cartilage damage 

and consequent progression of OA.  

MSCs have been exhaustively studied for their therapeutic use in cell replacement 

strategies for OA attenuation/treatment, originally based on their tri-lineage 

differentiation capacities (particularly chondrocytes, for cartilage repair) (Burke et al., 

2016). In addition, reports from previous pre-clinical studies suggest that MSCs exert 

regenerative effects in treating joint diseases via production of trophic mediators (Murphy 

et al., 2003, Caplan and Dennis, 2006a). The MSC secretome has been identified as a 

plethora of secreted proteins that are modulated based on the cells’ ability to sense an 

inflammatory environment and adopt differential phenotypes following active interaction 

with cellular members of the innate and adaptive immune system. MSCs therefore display 

both pro- and anti-inflammatory effects via secretion of trophic factors that can further 

orchestrate either regulation or suppression of activated immune cells (Bernardo and 

Fibbe, 2013, English et al., 2010, Mancuso et al., 2019). In line with this, MSCs have been 

shown to modulate synovitis in OA, by switching macrophage polarization from the M1 

to the M2 phenotype, while suppressing CD4+ Th1 reactivity and enhancing production 

of CD4+ Tregs in human OA synovium (Németh et al., 2009, Yang et al., 2009, Van Buul 

et al., 2012). 

Bone-marrow derived MSCs are among the most widely tested MSC source for the 

treatment of OA cartilage defects (Kong et al., 2017) and Afizah et al. previously showed 

that marrow-derived MSCs have enhanced chondrogenic capacity when compared to 

adipose-derived MSCs from same the donors (Afizah et al., 2007). Furthermore, some 

pre-clinical studies have demonstrated the therapeutic ability of bone-marrow derived 

MSCs to combat OA, seen with lesser cartilage loss and inhibition of OA progression 

(Chiang et al., 2016, Caminal et al., 2014, Diekman et al., 2013). However, MSCs tend to 

form  mature fibrocartilage and  undergo terminal differentiation leading to a hypertrophic 

phenotype during in vitro chondrogenesis (Johnstone et al., 1998, Johnstone et al., 2013). 

While studies have demonstrated the therapeutic potential of MSCs in promoting cartilage 

regeneration in OA joints via activation of endogenous progenitors (Murphy et al., 2003), 

there is no data to indicate that these cells can successfully differentiate into and maintain 

a stable articular cartilage phenotype in vitro or in vivo. Despite their capacity to respond to 
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an inflammatory environment and secrete trophic mediators (see Chapters 1 and 3), 

studies have shown that 1) treatment of chondrogenically differentiated hMSCs with 

catabolic factors like IL-1α and TNF-α and/or conditioned medium from synovial 

explants led to inhibition of MSC chondrogenesis and 2) that synovial activated 

macrophages play a vital role in orchestrating this anti-chondrogenic effect (Kruger et al., 

2012, Heldens et al., 2012, Fahy et al., 2014, Wehling et al., 2009). 

Hence, there is a need for improved MSC-based anti-inflammatory and/or therapeutic 

strategy to modulate inflammatory events with synchronized and enhanced cartilage repair 

capacities. As a first step in attempting to achieve this, the work done in this thesis sought 

to investigate the feasibility of MSCs as immunomodulators and cellular models to study 

cartilage damage in OA. The main aims of this investigation were to: 

1. Develop a stable and efficient method of vIL10 over-expression of mMSCs 

using the Tet-On system of adenoviral transduction. 

2. Assess the immunomodulatory effects of vIL10 over-expressing MSCs on 

activated macrophages and T cells in vitro. 

3. Establish novel in vitro models using MSCs and ACPs to investigate the 

impact of acute and chronic inflammatory effectors in inducing cartilage 

damage in OA. 
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5.2 MSCs efficiently over-express vIL10 in a sustainable and controlled manner 

Among the myriad of therapeutic properties MSCs possess, the ability of these cells to 

migrate and home to injured tissues and express specific trophic factors aiding in anti-

inflammation, have favoured the use of engineered MSCs in gene delivery approaches 

(Jorgensen et al., 2003, Manning et al., 2010). Gene therapy based pre-clinical trials using 

MSC-mediated delivery of target genes have been successfully demonstrated in models of 

cancer, myocardial infarction and arthritis (RA and OA) (Liu et al., 2013b, Cao et al., 2011, 

Li et al., 2014, Li et al., 2007). IL-10 is a potent anti-inflammatory cytokine (Fiorentino et 

al., 1989) and previous pre-clinical studies showing MSC-mediated delivery of the viral 

form of IL-10 (vIL10) enabled attenuation of RA (Choi et al., 2008). 

The main aim of Chapter 2 was to develop a stable method of efficient adenoviral 

transduction in mMSCs. In addition, the work done in Chapter 2 sought to investigate 

the impact of using a pharmacological switch in controlling transgene expression for 

tunable and inducible anti-inflammatory cytokine delivery by mMSCs. Firstly, additional 

co-incubation with a chemical agent such as LaCl3  has been shown to enhance transgene 

expression compared to incubation with an adenoviral construct alone (Palmer et al., 

2008) and data reported here also yielded efficient and continuous vIL10 release by 

mMSCs transduced with ADCMVIL10 using lanthanide-based transduction. Secondly, 

use of doxycycline as a pharmacological switch to activate the Tet-On system resulted in 

tightly controlled vIL10 release by ADTET +DOX mMSCs with significantly higher 

levels of expression compared to ADCMVIL10-MSCs. 

Previous studies have demonstrated tetracycline-inducible, controlled vIL10 gene transfer 

in murine models of experimental arthritis (Apparailly et al., 2002, Perez et al., 2002) and 

Farrell et al. showed long-term reduction in activated CD4 and CD8 T cell populations in 

draining lymph nodes of mice with CIOA following administration of vIL10-

overexpressing human MSCs (Farrell et al., 2016). This is however the first in vitro study 

to utilise the bi-cistronic Tet-On vector system to generate vIL10 MSCs and to 

demonstrate enhanced yet sustainable vIL10 expression compared to using a vector 

system like ADCMVIL10 with uncontrolled transgene expression. Given the fact that 

cartilage degradation occurs in a joint milieu of pro-inflammatory mediators, the use of 
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controlled vIL10 MSC therapy for treatment of OA can enhance the immunomodulatory 

properties of the cells, while protecting them from possible phenotypical alterations such 

as hypertrophic differentiation in response to inflammatory effectors like MMPs and 

alarmins in vivo. While overexpression of IL-10 by murine MSCs using a retroviral vector 

previously yielded a release of 22ng/ml which was ten times more than the release 

observed with Tet-ON MSCs in this chapter, over-dose of IL-10 comes with reversal of 

immunoregulatory (i.e. immunostimulation as previously reported) effects, which would 

not be desirable when looking at utilising the Tet-ON system for clinical translation (Choi 

et al., 2008, Asadullah et al., 2003)The findings of chapter 2 therefore support the use of 

Tet-On-mediated vIL10 MSCs in investigating the immunomodulatory capacity of these 

engineered MSCs on activated immune cells in vitro. 

5.3 vIL10-MSCs effectively modulate inflammation by paracrine and juxtacrine 

signalling 

The therapeutic utility of MSCs for tissue repair/regeneration gained significant interest, 

since the discovery of the immunomodulatory capability of these cells via secretion of 

trophic factors (Caplan and Dennis, 2006b, Murphy et al., 2003, English, 2013). Several 

studies have also proposed that MSCs exert enhanced immunosuppression by 1) sensing 

the inflammatory stimulus/environment they are exposed to and 2) by adopting 

differential phenotypes following active interaction with cellular members of the innate 

immune system and secreting appropriate trophic factors that can further orchestrate 

either regulation or suppression of activated immune cells (Bernardo and Fibbe, 2013, 

Prockop and Oh, 2012, Le Blanc and Mougiakakos, 2012, Keating, 2012). Based on 

generating a controlled system of vIL10 over-expression by mMSCs in Chapter 2, Chapter 

3 aimed to investigate the anti-inflammatory efficacy of these engineered MSCs by testing 

the hypothesis that tetracycline induced vIL10 MSCs modulate inflammatory processes in 

vitro via juxtacrine and paracrine signalling. 

Secretome experiments using CMs collected from ADTET +DOX group of MSCs to 

treat LPS-activated BMs resulted in significant reduction of TNF-α, lower levels of iNOS 

production and enhanced release of IL-10.  This immunosuppressive activity of Tet-On 

MSCs was significantly higher than untransduced or ADCMVIL10 MSCs. It is important 
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to note that unlike murine macrophages, endotoxin stimulated human chondrocytes in 

vitro release NO at nanomolar concentrations and OA-affected cartilage express a 150kD 

isoform of NOS which is completely different in structure and regulatory properties of 

mouse macrophage derived iNOS (Abramson et al., 2001, Palmer et al., 1993, Blanco et 

al., 1995). One major difference in the type of soluble effector molecule (one among 

many) produced by murine and human MSCs, that enable them to sense the inflammatory 

environment and switch between pro- and anti-inflammatory activities is iNOS (for 

murine cells) and IDO (for human cells) (Ren et al., 2008, Krampera, 2011). Hence MSC-

mediated reduction in NO levels is indicative of an immunomodulatory effect through 

paracrine signalling and to derive a clinical relevance in terms of biological 

significance/efficacy future studies in stimulated human macrophages/chondrocytes 

studying species specific effector molecules would enable further validation. 

Similar to secretome assay results, direct co-culture of vIL10 MSCs with activated 

macrophages resulted in polarisation towards an anti-inflammatory M2 phenotype as 

illustrated by suppression of the M1 marker, MHC-II and increased CD206 expression 

with significantly higher levels observed in ADCMVIL10 and ADTET +DOX treated 

BMs. Despite previous reports demonstrating the presence of both M1 and M2 

macrophage phenotypes and increase in M1/M2 ratio in OA synovial fluid, the exact 

quantity of specific markers leading to disease severity or polarisation status is unknown 

(De Lange-Brokaar et al., 2012, Blom et al., 2004, Favero et al., 2015, Daghestani et al., 

2013, Fahy et al., 2014). Moreover, in a study conducted by Manferdini et al. high level of 

inter-patient variability was observed in the expression of M1 and M2 markers in the OA 

synovium (Manferdini et al., 2017). Therefore ADTET +DOX MSC mediated 

suppression of MHC-II and increased expression of CD206 does indicate a polarisation 

in macrophage phenotype from M1 to M2, but the actual level of change required to 

indicate polarisation is difficult to define and requires further exploration. Macrophage 

polarisation was also replicated at the molecular level, seen with significant 

downregulation of M1 phenotype chemokine markers Ccl4, Ccl9, Cxcl5, Pf4 and up-

regulation of the anti-inflammatory gene cytokine Il10 and the M2 marker Arg1. In a study 

conducted by Liu et al. human MSCs over-expressing hsTNFR enabled reduction of joint 

inflammation in a murine immune competent CIA model, when compared to 
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untransduced MSCs (Liu et al., 2013b). Further to this using a murine model of acute 

ischemic stroke, administration of MSC-expressing vIL10 resulted in significant 

suppression of TNF-α, IL-1β, and IL-6 levels in the serum and brain tissue compared to 

treatment with the cells alone. This result was indicative of enhanced anti-inflammation 

and neuroprotection by vIL10 MSCs (Nakajima et al., 2017). A proposed explanation for 

vIL10 expressing Tet-ON MSCs’ ability towards macrophage polarisation and pro-

inflammatory cytokine suppression is their possible interaction with EP2 and EP4 

receptors on macrophages which could further boost IL-10-mediated 

immunomodulation (Németh et al., 2009, Hayes et al., 2002). Also, an inflammatory 

environment created by LPS and IFN-γ may have sensitised MSCs to adopt an anti-

inflammatory phenotype and enhance their production of cytokines and chemokines, 

leading to polarisation of M1 macrophages to an IL-10 secreting regulatory phenotype. 

While this phenomenon is proposed to occur in vitro based on both cellular contact and 

production of soluble factors, MSCs seem to dampen inflammation by mainly adopting a 

paracrine route (Bernardo and Fibbe, 2013, Melief et al., 2013b, Melief et al., 2013a). 

Future experiments correlating the levels of PGE2 secretion with macrophage polarisation 

status could validate this proposed mechanism. 

Activated CD4+ and CD8+ T cell infiltration is typically seen in synovial aggregates of 

OA patients and are involved in accelerated osteoclastogenesis and cartilage degradation 

due to induced expression of TIMP-1 and MIP-1γ for example (Haynes et al., 2002, Hsieh 

et al., 2013, Shen et al., 2011). In Chapter 3, co-culture of vIL10 MSCs with activated 

splenocytes demonstrated suppression of CD4+ and not CD8+ lymphocyte proliferation 

in response to ADCMVIL10 and ADTET +DOX MSCs with maximum inhibition seen 

with the Tet-ON MSCs. Previous studies have demonstrated suppression of Th1 

responses and significant reduction in the amount of activated CD4+ and CD8+ T cells in 

the popliteal and inguinal lymph nodes of CIA and CIOA mice treated with vIL-10-

expressing MSCs (Choi et al., 2008, Farrell et al., 2016). An explanation for this modified 

efficacy of MSCs towards CD8+ lymphocytes could be the line of murine MSCs used 

(Schurgers et al., 2010). While CD8+ T cells are found in the synovial membrane and 

aggregates of OA patients these cytotoxic T cells do not comprise of the major T cell 

infiltrate and only the helper cells do (Li et al., 2017b, Reidbord and Osial, 1987, Johnell 
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et al., 1985). Also the only known pathological role of CD8+ T cells is based on induction 

of TIMP-1 expression and associated OA severity (Hsieh et al., 2013). While data 

generated in Chapter 3 proved the hypothesis that tetracycline induced vIL10 MSCs can 

modulate inflammatory processes in vitro via juxtacrine and paracrine signalling, it is critical 

to note that MSCs elicited both forms of signalling, through secretion of trophic factors 

indicating that paracrine signalling is crucial and possibly superior for MSC-mediated 

immunomodulation. Future in vivo studies investigating the therapeutic feasibility of this 

inducible system maybe a favourable strategy in the direction of identifying sustainable 

anti-inflammatory therapies favouring cartilage repair in OA. 

5.4 MSC-derived cartilage mimic OA-chondrocyte phenotype in response to 

inflammatory effectors in OA 

Numerous pre-clinical studies have tested and demonstrated the efficacy of using MSCs 

as vehicles in gene therapeutic strategies for repairing cartilage defects in OA and in 

attenuating inflammatory responses in RA (Choi et al., 2008, Liu et al., 2013b, Farrell et 

al., 2016). In one study, Cao at al. showed that administration of MSCs-overexpressing 

SOX-9 enabled cartilage repair in a rabbit full thickness cartilage defect model (Cao et al., 

2011). Glass et al. demonstrated that a doxycycline-inducible vector enabled over-

expression of IL-1Ra by MSCs in a controlled manner. These engineered MSCs when 

encapsulated in 3D woven PCL scaffolds produced cartilage with mechanical properties 

similar to native articular cartilage(Glass et al., 2014). 

While engineering MSCs to express anti-inflammatory cytokines/therapeutic factors may 

enhance their paracrine properties and even enable or promote chondrogenesis, there is 

no data to indicate or support successful differentiation of these cells into a stable articular 

cartilage phenotype when implanted in vivo; MSCs form fibrocartilage and have a tendency 

towards hypertrophic differentiation and mineralisation over-time (Johnstone et al., 1998, 

Xu et al., 2008, Hellingman et al., 2012). Adding to this point, previous studies have shown 

that endogenous alarmins like S100s, cytokines and MMPs, found in the activated 

synovium of OA joint environment, may also be contributing towards inhibition of 

chondrogenesis of cartilage progenitors and promotion of hypertrophic differentiation of 

MSCs (Kruger et al., 2012, van Lent et al., 2012, Heldens et al., 2012, Fahy et al., 2014). 
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Hence, Chapter 4 sought to investigate the impact of acute and chronic inflammatory 

effectors in inducing cartilage damage in OA. Work performed to achieve this aim focused 

on establishing novel models of stable and terminal cartilage using ACPs and MSCs 

encapsulated in alginate and examining the effects of inflammasome activators (LPS and 

PA) and the S100A8/A9 heterodimer alarmin complex during or post cartilage formation 

in vitro. 

While alginate-encapsulated CCM-treated MSCs demonstrated enhanced GAG 

production compared to standard pellet cultures, both methods of chondrogenic 

differentiation resulted in formation of terminal cartilage with hypertrophic chondrocytes. 

The gene expression pattern of CCM-treated MSC beads showed upregulation of 

hypertrophic markers COL10A1 and MMP13 with significantly higher expression seen 

following LPS/PA alone or dual stimulation with S100A8/A9 alarmins. Again, significant 

sGAG loss and high caspase-1 activity was seen in encapsulated MSCs stimulated with 

the S100A8/A9 complex and LPS/PA with these results indicating that MSCs behave  

like OA chondrocytes to some extent. Chondrocyte apoptosis typically observed during 

cartilage injury is not an independent event but mechanistically linked to matrix 

degradation (D'Lima et al., 2006, Alvarez‐Garcia et al., 2014). Fernandes et al. compared 

gene expression patterns of several OA markers between bone-marrow MSC-derived 

chondrocytes from healthy donors and OA chondrocytes and found COL10A1 

expression in MSC-chondrocytes to be 85-fold higher. Also the proportion of  

differentiated MSCs expressing the COL10 protein was predominantly higher and less 

than 1% of OA chondrocytes had synthesized this collagen.(Fernandes et al., 2013). 

Previous studies have reported the existence of a small population of MSC-like 

progenitors (also referred to as chondrogenic progenitor cells in some reports) in mature 

cartilage with MSC-like differentiation capacities, particularly chondrogenesis (Williams et 

al., 2010, Dowthwaite et al., 2004, Koelling et al., 2009, Khan et al., 2009b). Interestingly, 

there is a higher prevalence of these cells in OA cartilage seen as cellular clusters - a 

hallmark of OA cartilage degeneration (Fickert et al., 2004, Su et al., 2015, Jayasuriya et 

al., 2018). Jayasuriya et al. conducted a study involving comparison of molecular profiles 

of immortalised human OA-MSC lines (referred to as ‘OA-MSCs’) to OA chondrocytes. 

The comparative analysis revealed higher expression of markers such as COL10A1 and 
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RUNX2 in OA-MSCs and subsequent induction of chondrogenesis in these cells resulted 

in further stimulation of COL10A1 expression and MMP-13 release when compared to 

OA chondrocytes. This data implies that these OA-MSCs or MSC-like progenitor cells in 

the OA cartilage possibly contribute to disease progression in contrast to their previously 

assumed function of tissue repair in OA cartilage (Jayasuriya et al., 2019, Jayasuriya et al., 

2018). 

In contrast to the downregulated expression of COL2A1, ACAN, COL9A1, SOX9 and 

upregulation of IL1B, NLRP3, IL6 and IL8 in S100A8/A9 in LPS/PA treated MSCs, 

histological analysis showed that chondrogenesis was inhibited. Although cells had the 

appearance of a rounded hypertrophic phenotype in the construct, they were significantly 

less differentiated than control MSCs. In a study conducted by Basu et al., S100A8/A9 

pre-treated MSCs exhibited improved wound closure and healing compared to non-

treated MSCs in murine full thickness wounds. The authors also identified a novel gene 

expression profile in these alarmin-treated MSCs, indicative of a reprogrammed 

transcriptome with a protective niche that regulates the function of resident and 

inflammatory cells, improving overall wound repair mechanisms (Basu et al., 2018). While 

previous data has established the catabolic role of S100A8 and S100A9 in mediating 

synovial inflammation and cartilage degradation (van Lent et al., 2012, Schelbergen et al., 

2012, Schelbergen et al., 2016, Zreiqat et al., 2010), short-term treatment with alarmins 

could sensitise MSCs to the OA joint environment and enhance the immunomodulatory 

capacities of the cells. Alternatively, blocking DAMP interaction with PRRs like TLR, 

RAGE and HMGBs could inhibit the effects of these alarmins.  

5.5 ACPs maintain their progenitor status and retain a stable articular cartilage 

phenotype. 

ACPs are undifferentiated precursor cells of cartilage, developmentally primed to become 

chondrocytes with minimal tendency towards hypertrophic differentiation, as seen by 

lower expression of COL10A1 and MMP13 in previously published reports, and can 

generate stable articular chondrocytes(Anderson et al., 2016, Hayes et al., 2001). Unlike 

MSCs, ACPs maintained a steady rate of GAG production in standard pellet cultures and 

in alginate constructs irrespective of treatment with inflammatory insults. Although 
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treatment of ACPs with both inflammatory effectors resulted in caspase-1 activation, only 

ICM-treated ACPs showed upregulation of IL1B, NLRP3 and IL33 and these genes were 

downregulated in CCM-treated ACPs. This activity of chondrogenic progenitor cells may 

be associated with their ability to repair superficial defects following initial events of local 

chondrocyte death and also due to their capacity to produce high levels of PRG4 

(Kozhemyakina et al., 2015, Seol et al., 2012). 

In contrast to alarmin-treated ACPs that demonstrated significant downregulation of 

PRG4 yet maintained a stable articular cartilage phenotype seen with histological analysis, 

MSCs, whether treated with TGF-β1 or not, lacked expression of PRG4. Subsequent 

treatments with both inflammatory effectors, resulted in maximal repression of this gene. 

A possible inference one could draw from this data is that MSCs form only terminal 

cartilage and do not act as a cartilage progenitor or a progenitor-like cell unless 

metabolically re-programmed to overexpress PRG4 (Kozhemyakina et al., 2015, Lefebvre 

and Bhattaram, 2015). Similar to results obtained in Chapter 4, Ribitsch et al. established 

a standardized cartilage lesion model comparing differential injury response of foetal and 

adult ovine cartilage to injury. Among the many cartilage-specific matrix proteins 

expressed, PRG4 was significantly upregulated in foetal sheep only in response to injury. 

Furthermore, analysis of proteins associated with inflammatory responses revealed 

significant upregulation of alarmins S100A8, S100A9, S100A12 and coiled-coil domain 

containing 88A (CCDC88A) post-injury in adult but not foetal sheep (Ribitsch et al., 

2018). In line with this report, the data generated in Chapter 4 showed that ACPs initially 

respond to inflammatory insults /inputs as seen by Caspase-1 activity while retaining their 

capacity towards maintenance of stable cartilage, while MSCs display chondrocyte 

hypertrophy and exhibit phenotypical and behavioural similarities to OA chondrocytes. 

Future studies involving simultaneous comparison of chondrocytes derived from early 

and late OA patients, alongside MSCs and ACPs, utilising this novel inflammation-drive 

in vitro cartilage model should enable further validation of results obtained.  
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5.6 Conclusions and future directions 

This thesis has demonstrated that murine MSCs, transduced and controlled by the 

Tetracycline system, showed sustainable and tuneable expression of vIL10 that further 

enabled maximal immunomodulatory potential of these engineered MSCs for the 

attenuation of inflammatory responses in OA. Furthermore, the establishment of a novel 

in vitro cartilage model driven by critical inflammatory effectors provided preliminary 

understanding of the feasibility of using MSCs for stable cartilage regeneration and offers 

scope for improving cartilage regeneration strategies. 

One possible future strategy would be to encapsulate Tet-On inducible vIL10 MSCs and 

investigate the immunomodulatory and cartilage repair capacities of these engineered 

cells, using the inflammation-driven cartilage model developed in this thesis. The data 

derived in this thesis also demonstrates the impact of S100A8/A9 in inducing production 

of pro-inflammatory cytokines and MMPs, typically seen during active synovial 

inflammation, thereby confirming the role of these alarmins in inflammation-mediated 

cartilage matrix disruption. However, it would be necessary for future experiments to test 

the impact of S100A8/A9 in inducing inflammation-driven cartilage damage in the 

absence of inflammasome activators. This could validate if alarmin release and subsequent 

catabolic events occur independent of inflammasome activation. Accordingly, this may 

enable identification of novel biomarkers or therapeutic targets to inhibit or reduce 

alarmin-mediated early inflammatory events leading to cartilage damage. Furthermore, 

inclusion of qualitative and quantitative analysis of other hypertrophic markers at 

timepoints before and after 28 days could enable tracking of minute alterations in 

differentiation pattern of stem/progenitor cells during cartilage development/damage in 

OA. 
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1. Supplementary Figure 1: Optimisation of macrophage activation 

 

S1: Optimisation of bone-marrow derived murine macrophage (BM) activation. (A) In vitro differentiated 

BMs were primed with 20ng/ml IFN-γ and 2ng/ml LPS to identify the time point of peak TNF-α 

release. Secretion of TNF-α was highest at 6h. (B) BMs were activated for 6h with different concentrations 

ranging from 0 to 20ng/ml of LPS. Highest TNF-α secretion was observed with 10ng LPS beyond 

which the effect was saturated. Data represented as Mean±SEM (n=1, technical triplicates). 
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2. Supplementary Figure 2: Heat map analysis of fold changes in macrophage  

gene expression 

 

 

 

 

 

 

Gene Symbol Stimulated BMs ADTET +DOX MSC treated 
BMs 

1: Ccl4 6.01 2.63 

2: Ccl6 81.25 10.38 

3: Ccl9 87.36 11.94 

4: Cxcl5 35.66 4.33 

5: Il33 10.32 -1.29 

6: Pf4 59.57 10.64 

S2: Heat map analysis of fold changes in macrophage gene expression. BMs were activated with LPS 

and/or treated with CM from ADTET +DOX MSCs for 24h followed by analysis of changes in gene 

expression from a panel of 84 mouse inflammatory cytokine and receptor genes. (A) In comparison to 

stimulated BMs, expression of 1: Chemokine (C-C motif) ligand 4 (Ccl4), 2: Ccl6, 3: Ccl9, 4: 

Chemokine (C-X-C motif) ligand 5 (Cxcl5), 5: Interleukin 33 (Il33) and 6: Platelet factor 4 (Pf4) 

were most downregulated in BMs treated with CM from (B) ADTET+DOX MSCs. Visualization 

of the  magnitude of fold changes in expression between the selected groups as over-expressed (red) and 

under-expressed (green). (C) Fold-regulation (threshold = 2) values of highlighted genes of stimulated 

BMs vs ADTET +DOX MSC-CM treated BMs. n=1, technical triplicates).  
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3. Supplementary Figure 3: Optimisation of BM:MSC co-culture conditions 

S3: Optimisation of BM:MSC co-culture conditions. BMs at day 6 were stimulated with IFN-γ 

(overnight) and LPS for 6h. Activated BMs were treated with untransduced or transduced MSCs in 

direct co-cultures to identify the optimal BMs:MSC ratio and time-point of efficient co-culture in terms of 

macrophage polarisation from M1 to the M2 phenotype. (A) BMs seeded at ratios 1:5 and 1:10 at day 

2 (48h) and 3 (72h) were analysed by flow cytometry by first gating macrophage singlets followed by 

inclusion of live cells (SYTOX staining) and F4/80+ macrophages. (B) Expression of the M1 marker, 

MHC-II, was consistently reduced (minimal inter-replicate variation) in all groups of MSC treated BMs 

compared to stimulated BMs at 72h at a ratio of 1:5. (C) Expression of the M2 marker, CD206 in 

BMs co-cultured with ADTET +DOX MSCs at 72h at a ratio of 1:5 was two times higher in 

comparison to stimulated BMs. The overall expression pattern of MHC-II and CD206 was more 

consistent at 72h (1:5 ratio) compared to 48h in all MSC-treated groups. Data represented as 

Mean±SEM (n=1, technical triplicates).  
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4. Supplementary Figure 4: Optimisation of MSC:T cell co-culture conditions 

 

 

 

 

 

 

 

 

 

 

 

S4: Optimisation of MSC:T cell co-culture conditions. Splenocytes isolated from C57BL/6 murine spleen 

were labelled with CTV, activated with anti-CD3e and anti-CD28 antibodies and stained for CD4 

and CD8. Stimulated cells were co-cultured with MSCs at ratios of 1:10 and 1:25, and analysed by 

flow cytometry at 3 and 5 days of co-culture to identify the optimal ratio and time-point for observation of 

immunomodulation of T cell proliferation. (A) Lymphocytes were gated to include single cells followed by 

live CD4+ and CD8+ T cells after the first generation, quantified by CTV staining. (B)  Suppression 

of CD4+ cell proliferation was higher on day 3 at a ratio of 1:10 compared to 1:25 and day 5. (C) CD8+ 

lymphocyte proliferation was suppressed at day 3 and 5 at a ratio of 1:10 but not 1:25. Data represented 

as Mean±SEM (n=1, technical triplicates).  
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5. Supplementary Figure 5: Mean values* of fold regulation of target genes (ICM 

data from Figure 4.8A&B) 

 

Target genes 

 

ICM+LPS/PA 

 

ICM(S100)+LPS/PA  

 
ACPs 

 
MSCs 

 
ACPs 

 
MSCs 

IL1B 2.15 0.97 16.96 1.09 

NLRP3 2.05 0.28 0.11 0.25 

IL33 2.81 0.63 0.21 0.28 

IL6 1.78 4.76 70.94 655.25 

IL8 22.83 27.63 1041.43 1113.62 

SOX9 2.3 2.81 0.13 1.61 

PRG4 3.4 0.42 2.32 0.11 

ACAN 1.74 1.09 0.14 0.53 

COL2A1 2.12 1.3 0.78 0.47 

COL1A1 1.64 0.92 1.25 3.51 

COL9A1 1.42 1.11 0.78 1.3 

COL10A1 2.89 1.11 0.36 0.54 

MMP13 2.28 40.1 4.81 690.1 

ADAMTS4 1.57 0.98 0.44 0.32 

ADAM5P 1.95 1.51 0.13 1.22 

*Values in table derived by 2−ΔΔCT method; ICM values for all genes normalised to 

GAPDH = 1 (baseline); values >/< 1 are considered up/down-regulated, respectively. 
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6. Supplementary Figure 6: Mean values* of fold regulation of target genes (CCM 

data from Figure 4.9A&B) 

 

Target 
genes 

 

CCM  

 

CCM+LPS/PA  

 

CCM(S100)+LPS/PA  

 
ACPs 

 
MSCs 

 
ACPs 

 
MSCs 

 
ACPs 

 
MSCs 

IL1B 0.8 0.06 0.58 0.14 0.34 1.84 

NLRP3 0.31 0.11 0.16 0.42 0.04 1.14 

IL33 0.56 0.07 0.11 0.59 0.07 0.66 

IL6 0.24 0.21 1.62 0.28 6.69 199.79 

IL8 2.37 0.12 3.84 0.21 162.41 1151.3 

SOX9 1.28 9.43 1.27 7.89 0.51 0.73 

PRG4 236.8 0.71 281.95 0.53 11.01 0.03 

ACAN 38.73 320.62 30.49 173.69 1.66 1.51 

COL2A1 3161.68 14377.8 3389.57 11146 5.76 5.15 

COL1A1 4.07 7.99 3.58 4.38 2.35 2.42 

COL9A1 10.85 569.8 7.10 314.02 0.07 1.55 

COL10A1 0.78 8.08 1.17 7.56 1.47 74.26 

MMP13 9.47 9.53 13.06 9.46 47.36 1639.87 

ADAMTS
4 

0.72 0.09 0.17 0.24 0.13 1.19 

ADAM5P 0.38 0.06 0.12 0.24 0.08 0.95 

*Values in table derived by 2−ΔΔCT method; ICM values for all genes normalised to 

GAPDH = 1 (baseline); values >/< 1 are considered up/down-regulated, respectively. 
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Table 1: Mouse MSC medium 

Reagent  Volume (500ml)  Final Concentration  

MEM-α, GlutaMAX™ 
(Gibco) 

395ml N/A 

Foetal Bovine Serum (FBS; 
Sigma) 

50ml 10% 

Equine serum (Sigma) 50ml 10% 

Penicillin/Streptomycin 100x 
solution (P/S; Gibco) 

5ml 1% 

 

Table 2: Osteogenic induction medium  

Reagent  Volume (100ml)  Final Concentration  

DMEM (HG) (Sigma)   77.5ml  N/A 

Dexamethasone 1mM (Sigma) 10µl*  100nM  

Ascorbic acid 2-P 10mM 
(Sigma)  

0.5ml  50µM  

β glycerophosphate 1M (Sigma)  2ml  20mM  

L-thyroxine (Sigma)  50µl  50ng/ml  

FBS 9ml  9%  

Equine serum  9ml  9%  

L-glutamine (Sigma)  1ml  2mM  

P/S 100x solution  1ml  1%  
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Table 3: Preparation of standards for calcium assay  

Conc. (μg/ml)  Volume 10 mg/dl of std/well  

0  0  

0.05  0.5μl  

0.1  1 μl  

0.2  2 μl  

0.4  4 μl  

0.6  6 μl  

0.8 8 μl  

 
1  

 
10μl  

 

Table 4: Adipogenic induction medium  

Reagent  Volume (100ml)  Final Concentration  

DMEM (HG)  87.6ml  N/A 

Dexamethasone 1mM   100µl  1µM  

Insulin 1mg/ml (Sigma)  1ml  10µg/ml  

Indomethacin 100mM (Sigma)  200µl  200µM  

500mM MIX (Sigma) 100µl  500µM  

P/S 100X solution   1ml  1%   

FBS  10ml  10%  
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Table 5: Adipogenic maintenance medium  

Reagent  Volume (100ml)  Final Concentration  

DMEM (HG)  88ml   N/A 

Insulin 1mg/ml  1ml  10µg/ml  

P/S 100X solution   1ml  1% 

FBS 10ml  10%  

 

Table 6: Incomplete chondrogenic medium (ICM)  

Reagent  Volume 

(100ml)  

Final Concentration  

DMEM (HG) 94ml   N/A 

Dexamethasone 1mM  10µl*  100nM  

Ascorbic acid 2-P: 5mg/ml  1ml  50µg/ml  

L-Proline: 4mg/ml (Sigma)  1ml  40µg/ml  

ITS Premix Universal culture 
supplement (Roche) 

1ml  N/A 

Sodium pyruvate (Gibco)  1ml  1mM  

Antibiotic/Antimycotic 100x 
solution (Gibco)  

1ml   1% 
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Table 7: Preparation of dilution buffer for GAG quantification  

Reagents Volume for 1L Concentration 

Sodium monobasic (Sigma) – 
Solution A 

13.9g in dH2O 0.1M 

Sodium phosphate dibasic 
heptahydrate (Sigma) – 
Solution B 

23.84g in dH2O 0.1M 

Sodium phosphate (make 
800ml) 

342.5ml solution 
A 

157.5ml solution 
B 

50mM 

N-acetyl cysteine 0.32g in 1L 
sodium 
phosphate 

2mM 

EDTA (0.5M stock, Sigma) 4ml for 1L 2mM 

 

Table 8: Preparation of DMMB stock solution for GAG quantification  

1. 16mg of 1,9-Dimethylmethylene Blue (Sigma) was dissolved in 5ml of 

100% Ethanol (Fisher Scientific) overnight on a shaker. 

2. To 800ml of deionised water 2.73g Sodium Chloride (Sigma) and 

3.04g Glycine (Fisher Scientific) was added along with the dissolved 

DMMB solution. 

3. pH was adjusted to 1.5 using Hydrochloric acid (Sigma). 

4. Final volume was made up to 1L and stored away from light. 
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Table 9: Preparation of C-6-S standard curve for GAG measurement  

C-6-S working 
solution  

Dilution buffer  Concentration 
GAG/well (25µl)  

200µl  0µl  2.0µg  

170µl  30µl  1.7µg  

130µl  70µl  1.3µg  

100µl  100µl  1.0µg  

70µl  130µl  0.7µg  

30µl  170µl  0.3µg  

 
0µl  

 
200µl  

 
0.0µg  

 

Table 10: Preparation of DNA standards for PicoGreen assay  

DNA working stock 1xTE Final concentration 
DNA/ml (ng) 

400µl  0µl  2000 

200µl  200µl  1000 

100µl  300µl  500 

40µl  360µl  200 

20µl  380µl  100 

10µl  390µl  50 

4µl  396µl  20 

0µl  400µl  0 
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Table 11: Surface markers for mMSC & BM characterisation  

Receptor Clone Fluro-

chrome 

Isotype Supplier Volume

/sample 

CD90.2 53-2.1 APC Rat IgG2a,κ BD 
Pharmingen 

1µl 

Ly-6A/E 

(Sca-1) 

D7 PE Rat IgG2a, κ Biolegend 1µl 

CD105 MJ7/18 PE Rat IgG2a, κ Biolegend 1µl 

CD140a APA5 PE Rat IgG2a, κ eBioscience 1µl 

CD34 RAM34 
Alexa 
Fluor 
647 

Rat IgG2a, κ BD 
Pharmingen 

1µl 

CD45 30-F11 APC Rat IgG2b, κ BD 
Pharmingen 

1µl 

CD11b M1/70 PE Rat IgG2b, κ BD 
Pharmingen 

1µl 

F4/80 
(BMs) 

BM8 PE Rat IgG2a, κ Biolegend 1µl 

CD45.2 
(BMs) 

104 APC Mouse IgG2a, κ Biolegend 1µl 

CD11b 
(BMs) 

M1/70 PE Rat IgG2b, κ Biolegend 1µl 
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Table 12: Isotype controls for mMSC & BM characterisation 

Isotype control Clone Fluro-

chrome 

Supplier Volume

/sample 

Rat IgG2a,κ RTK2758 APC Biolegend 1µl 

Rat IgG2a, κ RTK2758 PE Biolegend 1µl 

Rat IgG2b, κ RTK4530 APC Biolegend 1µl 

Rat IgG2b, κ RTK4530 PE Biolegend 1µl 

Rat IgG2a, κ RTK2758 
Alexa 
Fluor 647 BD Pharmingen 1µl 

 

Mouse IgG2a, κ 

 

MOPC-173 

 

APC 

 

Biolegend 

 

1µl 

 

Table 13: FACS buffer  

Reagent Final Concentration 

PBS (Sigma)  N/A 

FBS  2%  

Sodium azide (NaN3,Sigma)  0.05% 
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Table 14: Preparation of 2% DMEM titration medium  

Reagent  Volume (100ml) Final Concentration  

DMEM (HG)  97ml  N/A 

P/S 100X solution   1ml 1% 

FBS  2ml 2%  

Table 15: Preparation of 10% DMEM titration medium  

Reagent  Volume (100ml) Final Concentration  

DMEM (HG)  89ml  N/A 

P/S 100X solution   1ml 1% 

FBS  10ml 10%  

Table 16: L929 medium  

Reagent  Volume (500ml) Final Concentration  

DMEM (HG)  445ml  N/A 

P/S 100X solution   5ml 1% 

Heat-inactivated (56 °C, 30min) 
FBS 

50ml 10%  
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Table 17: Macrophage (BM) medium  

Reagent  Volume (500ml) Final Concentration  

RPMI-1640 (Sigma)  354.5ml  N/A 

L929 CM (M-CSF) 75ml 15% 

 
Heat-inactivated FBS 

 
50ml 

 
10%  

P/S 100X solution   5ml 1% 

 
L-Glutamine  

 
5ml 

 
2mM 

 
Non-essential Amino Acids 
(NEAA; Sigma) 

 
5ml 

 
0.1M 

 
Sodium pyruvate 

 
5ml 

 
1mM 

 
2-β-Mercaptoethanol (Thermo 
Fisher: Invitrogen) 

 
0.5ml 

 
55µM 

Table 18: Working concentrations of mouse cytokine ELISA kits  

Cytokine Capture antibody Detection antibody  Standard 

(highest point) 

TNF-α 800ng 75ng 2ng/ml 

IL-1β/IL-1F2 4µg 500ng 1ng/ml 

 
IL-6 

 
2µg 

 
150ng 

 
1ng/ml 
 

 
IL-10 

 
4µg 

 
300ng 

 
2ng/ml 
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Table 19: Greiss reagent 

Solution A Volume (300ml) Solution B Volume (300ml)  

Sulfanilamide 
(Sigma) 

3g N-(1-Naphthyl) 
ethylenediamine 
dichloride (Sigma) 

0.9g 

Phosphoric acid 
(Sigma) 

9ml Phosphoric acid 9ml 

 
Water 

 
291ml 

 
Water 

 
291ml 

Table 20: T cell medium  

Reagent  Volume (500ml)  Final Concentration  

DMEM (HG) 429.5ml  N/A 

Heat-inactivated FBS 50ml 10% 

L-Glutamine  5ml 2mM  

HEPES 1 M (Sigma-Aldrich)  5ml 10mM  

NEAA 5ml 0.1M 

P/S 100X solution  5ml  1%   

2-β-Mercaptoethanol 0.5ml  50µM  
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Table 21: Antibodies used in macrophage and T cell co-culture analysis 

Receptor Clone Fluro-

chrome 

Isotype 

control 

Supplier Volume

/sample 

F4/80  BM8 APC/Cy7 Rat IgG2a, κ Biolegend 1µl 

I-Ab 
(MHC-II) 

AF6-120.1 PE Rat IgG2b, κ Biolegend 1µl 

CD206 C068C2 
 
BV 421 Rat IgG2a, κ Biolegend 1µl 

CD4 RM4-5 PerCP/Cy5.
5 

Rat IgG2b, κ Biolegend 0.05µl 

CD8 53-6.7 
 
APC Rat IgG2a, κ Biolegend 0.025µl 

CD25 PC61  
PE 
 

Rat IgG1, λ Biolegend 1µl 
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Table 22: Mouse SYBR® Green forward (Fw) and reverse (Rv) primers 

Gene Symbol Primer pair Sequence (5’-3’) 

Ccl4 Fw: GGTATTCCTGACCAAAAGAG 

Rv: TCCAAGTCACTCATGTACTC 

Ccl6 Fw: CTTTCAAGACACTTCTTCAGAC 

Rv: CTGCTGATAAAGATGATGCC 

Ccl9 Fw: AATGTTTCACATGGGCTTTC 

Rv: CAATGCATCTCTGAACTCTC 

Cxcl5  Fw: TGTTTGCTTAACCGTAACTC 

Rv: CAGTTAGCTATGACTTCCAC 

Pf4 (Cxcl4) Fw: TAGCCACCCTGAAGAATG 

Rv: GACATTTAGGCAGCTGATAC 

Il33 Fw: TCCCTGAGTACATACAATGAC 

Rv: CTTTGATGGGACTCATGTTC 

Il10 Fw: CAGGACTTTAAGGGTTACTTG 

Rv: ATTTTCACAGGGGAGAAATC 

Arg1 Fw: CTGACCTATGTGTCATTTGG 

Rv: CATCTGGGAACTTTCCTTTC 

Gapdh Fw: GTGAAGGTCGGTGTGAACG 

Rv: ATTTGATGTTAGTGGGGTCTCG 
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Table 23: Human MSC medium 

Reagent  Volume (500ml)  Final Concentration  

MEM α, GlutaMAX™ 445ml N/A 

FBS 50ml 10% 

P/S 100X solution 5ml 1% 

Table 24: ACP medium 

Reagent  Volume (500ml)  Final Concentration  

DMEM F12/ Nutrient mixture 
F12 Ham (1:1 mixture; Sigma) 

440ml N/A 

FBS 50ml 10% 

Ascorbic acid 2-P:  5ml 0.1mM 

Penicillin/Streptomycin 100x 
solution (P/S; Gibco) 

5ml 1% 
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Table 25: Preparation of Phosphate buffer solution for Toluidine blue stain 

Reagent  Final Concentration Final volume 

(200ml) 

Buffer solution A- 
Disodium  phosphate 

(Na₂HPO₄; Sigma) 

0.2M 94.7ml 

Buffer solution B- 
Monosodium  phosphate 
(NaH2PO4; Sigma) 

0.2M 5.3ml 

Water  N/A 100ml 
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Table 26: Human SYBR® Green Forward (Fw) and Reverse (Rv) Primers- Part 1 

Gene Symbol Primer pair Sequence (5’-3’) 

GAPDH Fw: ACAGTTGCCATGTAGACC 

Rv: TTGAGCACAGGGTACTTTA 

ACAN Fw: CACCCCATGCAATTTGAG 

Rv: AGATCATCACCACACAGTC 

COL1A1 Fw: GCTATGATGAGAAATCAACCG 

Rv: TCATCTCCATTCTTTCCAGG 

COL2A1 Fw: GAAGAGTGGAGACTACTGG 

Rv: CAGATGTGTTTCTTCTCCTTG 

COL9A1 Fw: ACCTAAAGGTGACTTGGG 

Rv: CATTTCTGCCATAGCTGG 

COL10A1 Fw: GCTAGTATCCTTGAACTTGG 

Rv: CCTTTACTCTTTATGGTGTAGG 

MMP13 Fw: AGGCTACAACTTGTTTCTTG 

Rv: AGGTGTAGATAGGAAACATGAG 

ADAMTS4 Fw: AGAAGAAGTTTGACAAGTGC 

Rv: CACATTGTTGTATCCGTACC 

ADAM5P Fw: CTGTGCTTCTTATTACTACTGC 

Rv: AGCTCTCACTTTCATTTTCC 

SOX9 Fw: CTCTGGAGACTTCTGAACG 

Rv: AGATGTGCGTCTGCTC 
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Table 26: Human SYBR® Green Forward (Fw) and Reverse (Rv) Primers- Part 2 

Gene Symbol Primer pair Sequence (5’-3’) 

PRG4 Fw: GACTGGCTTATCAAGACAAAG 

Rv: GGTAACCACATTTGGAAGTC 

IL1B Fw: CTAAACAGATGAAGTGCTCC 

Rv: GGTCATTCTCCTGGAAGG 

IL6 Fw: GCAGAAAAAGGCAAAGAATC 

Rv: CTACATTTGCCGAAGAGC 

IL8 Fw: GTTTTTGAAGAGGGCTGAG 

Rv: TTTGCTTGAAGTTTCACTGG 

IL33 Fw: GCTGGGAAATAAGGTGTTAC 

Rv: CCAGAAGTCTTTTGTAGGAC 

NLRP3 Fw: AGGTGTTGGAATTAGACAAC 

Rv: AATACATTTCAGACAACCCC 
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