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Abstract 

Rheumatoid arthritis is an inflammatory disease in which synovial fibroblasts 

maintain the persistence of inflammation within the joint, dependent on a unique 

pathological phenotype induced by numerous epigenetic modifications. However, 

knowledge of the role of these stromal cells is not completely understood. All 

treatments for rheumatoid arthritis are immunosuppressive drugs that target the 

entire immune system, resulting in many severe side effects for patients. 

Conventional culturing systems in 2D flat surfaces have been useful in the 

investigation of synovial fibroblast-dependent inflammation in rheumatoid 

arthritis, but inevitably lead to cellular adaptation to non-physiological plastic 

surfaces, that do not recapitulate the complex polarised 3D matrix where synovial 

fibroblasts sit in the joints. Thus, better 3D physiological models would provide a 

better and less artefactual understanding of the role these cells in inflammation 

to advance more translational research. Furthermore, understanding mechanisms 

through which synovial fibroblasts mediate this persistence as well as the 

discovery of new stromal markers in order to identify specific functional subsists 

of synovial fibroblasts that may be promising as disease specific therapeutic 

targets. This study will look at the influence of two specific 3D culture systems – 

polystyrene scaffold (Alvetex®) and Fibronectin pegylated hydrogels – on synovial 

fibroblast-dependent inflammation and their biological responses as well as the 

effect of the presence of matrix components on synovial fibroblast biology. The 

final aim of this project is to develop better physiological 3D culture systems, to 

obtain a better understanding of the role of fibroblasts in rheumatoid arthritis, 

using animal models prior to translation of these platforms to human disease.  

 

These studies revealed that synovial fibroblasts cultured in 3D microenvironments 

such as Alvetex® after initially being grown in 2D, could potentially recapitulate 

the in vivo environment better than conventional 2D cultures, whilst collagen 

induced arthritis-synovial fibroblasts still present a pro-inflammatory phenotype. 

However interestingly, culture of the latter synovial fibroblasts in FNPEG 

hydrogels resulted in the cells expressing a more “remission’ like phenotype, 

exhibiting a less pro-inflammatory transcriptional programming. This not only 

provides rationale for the use of hydrogels and other 3D platforms in the study of 
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the role of synovial fibroblasts in rheumatoid arthritis but also presents as a 

potential therapeutic to target synovial fibroblasts specifically. 
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Chapter 1 General Introduction 

1.1 Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease that 

causes progressive articular damage, mainly to the synovial joints. RA is the 

second most common form of arthritis within the UK, with more than 400,000 

people affected by the disease. It has been found to affect women more than 

men, with approximately 2-3 times more women developing the disease compared 

to men (NRAS | Rheumatoid arthritis charity, 2022). The chronic stage of the 

disease is characterised by the hyperproliferation of synovial tissue and 

inflammatory cell infiltration leading to the formation of a thickened synovium, 

termed the pannus. This pannus formation (Figure 1-1) leads to erosion of the 

cartilage and bone within the joint (Armaka, Gkretsi, Kontoyiannis and Kollias, 

2009). Joints commonly affected include small joints like fingers, feet and wrists 

and larger joints such as knees and hips, with clinical symptoms of swollen, red, 

inflamed, and painful joints that can eventually lead to loss of joint function in 

the absence of treatment (Hudson and Whittum-Hudson, 2009). There are various 

risk factors thought to be associated with RA such as smoking, genetics and 

environment, however the aetiology of RA remains uncertain and despite there 

being various treatments available to help slow the progression of disease, RA 

remains incurable. Moreover, current front-line treatments do not work for all 

patients and lead to immunosuppression which can potentially lead to substantial 

adverse effects in patients ranging from mild discomfort to severe pain as well as 

increased risk rate of infections and disease (Guo et al., 2018). Therefore, an 

improved understanding of the development of joint disease would provide 

insights into pathogenesis that could ultimately lead to more effective treatments 

and/or novel preventive strategies in RA. 

 

1.2 Factors involved in RA and diagnosis of the disease 

1.2.1 Genetic and environmental factors 

Various risk factors have been found to be associated with RA (Figure 1-2), with 

studies showing that roughly 50% of RA cases can be attributed to genetic factors 

(Kurkó et al., 2013). Multiple genes have been associated with RA, with two gene 
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loci specifically shown to be involved in RA progression and development. Thus, a 

major genetic contribution to disease predisposition lies within the Major 

Histocompatibility Complex HLA class II region, with more than 80% of patients 

that have RA carrying at least one of the disease-associated, Class II, DR Beta1 

(HLA-DRB1) alleles: DRB1*0101, DRB1*0401, DRB1*0404 and DRB1*0405. Another 

genetic factor strongly associated with RA is the protein tyrosine phosphatase 22 

gene (PTPN22), which is also involved in juvenile idiopathic arthritis (JIA) (Kerlan-

Candon et al., 2001). Environmental factors may also play a role in RA, with 

factors such as obesity, infections, stress, exposure to insecticides having all been 

extensively studied to try and understand better how the disease comes about as 

well as their impact on susceptibility to developing RA. However, the most well-

known environmental factor in RA has been shown to be smoking, which can 

increase the risk of RA by up to 40-fold (Edwards and Cooper, 2006). Despite these 

known genetic and environmental factors, how their cues are integrated with 

disrupted immune system networks to drive initiation of the development of RA is 

still not completely understood, and thus a better understanding on how the 

disease progresses is needed to ensure earlier diagnosis and treatment to provide 

patients with the possibility of remission and prevent joint damage that otherwise 

becomes irreversible. 

 

1.2.2 ‘Pre-clinical’ elements in the diagnosis of RA 

It is well-established that there is a stage in RA development in most patients that 

has been characterised by expression of autoantibodies (as well as other 

biomarkers) in the absence of the clinically evident chronic inflammation that is 

symptomatic of RA. This ‘preclinical’ stage of RA is characterised by increased 

production of two important classes of autoantibodies, namely rheumatoid factor 

(RF) and antibodies to citrullinated protein antigens (ACPAs) (Demoruelle and 

Deane, 2011). Although, the most common assay (anti-cyclic citrullinated peptide 

[CCP] detection) of ACPAs does not allow recognition of definitive citrullinated 

antigen targets, newer technological advancements such as multiplex arrays are 

ensuring a deeper understanding of the reactivities of antibodies in response to 

individual citrullinated peptides and epitopes. RFs are a class of immunoglobulins 

(Igs), containing varying isotypes as well as affinities, that react against the Fc 

(fragment crystallisable) region of Immunoglobulin G (IgG): this results in the 
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production and deposition of immune complexes that promote inflammation and 

are thus thought to be involved in the initiation of RA and its development. They 

most likely arise because of the immune response to infection (a risk factor for 

RA) as low affinity RFs have been shown to play a crucial role in immune responses 

to various infectious organisms whilst high affinity RFs demonstrate a higher 

degree of severity and persistence in disease in patients with RA. However, this is 

heavily dependent on genetics, and they may also regulate effects of the 

production of Ig via regulation of activation of B cells. Clinically, it is best that 

RFs and ACPAs are measured together as both markers enhance the accuracy of 

diagnosis, particularly in cases of early RA diagnosis (Ingegnoli, Castelli and 

Gualtierotti, 2013). Moreover, determination of RF isotypes, individually or 

combined, can aid in guiding and handling patients, from diagnosis until 

treatment. However, the autoimmunity most specifically linked to RA has been 

associated with production of ACPA, with most RA patients generating these 

“auto”-antibodies. Indeed, anti-CCP antibodies can be identified in the sera of 

60-80% of RA patients with a specificity of 85-99% (Aggarwal et al., 2009). These 

target a protein modification (citrullination), rather than the native protein, and 

are found in many matrix proteins such as vimentin or fibrinogen. Citrulline itself 

is produced through posttranslational modification of arginine that is catalysed 

via intracellular enzymes known as peptidylarginine deiminases (PADs) (Alghamdi 

et al., 2019) and citrullination can lead to alterations of the properties of self-

peptides resulting in their immunogenicity. Studies have therefore shown that this 

marker is far more advantageous to look at compared to RF (Kurowska, Kuca-

Warnawin, Radzikowska and Maśliński, 2017). Although they may play a role in 

initiation and development of RA, they are most likely not the main reason or 

initiator in the disease and many fundamental questions still need to be answered, 

specifically for identifying individuals who are at a greater risk, that would benefit 

significantly from early clinical care, as well as for development and enhancement 

of novel treatments and preventative measures for RA. 

 

Thus, over the last decade, a combination of genetic and environmental factors 

(as mentioned previously) has been shown to contribute to rendering the host 

susceptible to autoimmunity and the consequent appearance of joint 

inflammation. Various immune system cells such as macrophages, dendritic cells, 
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mast cells, B cells, neutrophils and T cells have all been found to be involved in 

disease progression and make a pathogenic contribution to the early loss of self-

tolerance. Moreover, they promote progression of inflammation in the joint and 

the collective action of the immune system cells and stromal cells results in joint 

damage (McInnes and Schett, 2017; Weyand and Goronzy, 2020). 

 

1.2.3 Medications and treatments 

The goal of present-day RA therapies is to either lessen or alleviate the pain 

patients experience or to slow the progression of the disease itself (Ishchenko and 

Lories, 2016). To reduce pain, patients are given drug combinations of 

paracetamol and codeine such as co-codamol. However, this simply alleviates the 

pain and does not treat the arthritis itself or aid in lessening the symptomatic 

inflammation present in the joints. Therefore, patients are generally prescribed 

non-steroidal anti-inflammatory drugs (NSAIDs) to reduce the inflammation that 

plays a role in controlling the symptoms of RA as well as helping with the pain: 

examples include ibuprofen, naproxen and diclofenac. Another therapeutic 

approach for RA involves glucocorticoids, which are generally used to treat sudden 

flares of joint pain. However, despite the success of glucocorticoids, they are 

known to be associated with adverse side-effects such as increasing blood 

pressure, anxiety, and risk of cataracts, sparking debates on the best way to use 

these drugs to treat RA: thus, gaps in knowledge of this class of treatment need 

to be further investigated. Despite these medications being employed to reduce 

inflammation, they are not used to prevent the progression of the disease and are 

generally used in combination with other therapies to prevent or slow down the 

progression of joint damage. There are a variety of such medications available, 

and these are separated into categories, the first being Disease Modifying Anti-

Rheumatic Drugs (DMARDs) and the second being, Biologics (Curtis and Singh, 

2011). The latter suppress the inflammatory response slowing down the 

progression of RA, either alone or in combination with other drugs, and in turn 

allowing many patients a better quality of life, with some patients even achieving 

remission. For many, disease activity continues however, but the use of DMARDs 

slow the activity and intensity of the disease with patients generally experiencing 

symptom-free periods or less intense flare-ups while taking these medications. 

DMARDs are generally steroids such as leflunomide and methotrexate, the latter 
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being one of the most common DMARDs that is effective for the majority of RA 

patients and can even be taken by children. Nevertheless, they can exhibit serious 

side-effects such as birth defects, shortness of breath, appearance of rashes as 

well as toxicity to the liver and bone marrow (the latter specific to methotrexate).  

 

Biologics are essentially “modern” DMARDs, being engineered immunomodulatory 

proteins designed to target specific cells or inflammatory mediators such as 

cytokines that incite inflammation as well as destruction of cartilage and bone 

(Table 1-1). Many of the drugs used to treat RA selectively target and inhibit 

cytokines highly expressed in the joint of RA patients such as IL-6, TNF-, IL-17, 

IL-1, but result in patients being immunocompromised as these cytokines are 

needed to fight infections (Wilsdon and Hill, 2017; Strand, 1999). Clinical trials 

have shown that TNF-α blocking agents, such as etanercept (ETN) infliximab (IFX) 

and adalimumab (ADA), relieve joint inflammations and slow the radiographic 

progression of joint damage and improve physical function in advanced RA (MA 

and XU, 2012).  

 

Even though the use of biologics alone or in combination with other drugs have 

shown to help against inflammation, many patients exhibit, at least to some 

extent, disease persistence or further immunosuppression, in turn increasing the 

patient’s risk of infection. Therefore, further treatments need to be developed to 

target affected joints (Filer, 2013), rather than the entire immune system, to 

ensure that the body is not compromised and is still able to fight effectively 

against infection whilst the inflammation is being treated specifically, allowing 

patients a better quality of life.  

 

1.3 Synovial joint and RA 

1.3.1 Synovial joint    

RA  predominantly affects the synovial joints, in which pain and swelling due to 

infiltrated cells and increased synovial fluid, as well as cartilage and bone damage 

is present. Synovial joints are the most common type of joint in the body and are 

articular joints found in between bones that move against each other, such as in 
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the knees and wrists, to provide fluid movement and mechanical support (Sweeney 

and Firestein, 2004).  

Synovial joints contain a joint cavity, with the walls of the area being formed by 

the articular capsule, which is a fibrous connective tissue structure attached to 

the bones outwith the articulating surface of the bone. Within the joint cavity, 

friction between bones of the synovial joint is minimised by the articular cartilage. 

The latter is a fine layer of hyaline cartilage that coats the complete connecting 

surface of the bones, ensuring they move fluidly and easily against one another 

without causing damage to the tissues on the bones. The synovial membrane (also 

known as the synovium) is soft tissue lining the inner surface of the articular 

capsule and the cells that make up this lining produce and secrete synovial fluid, 

which is a thick, clear, viscous fluid that acts as a lubricant between the bones of 

the joint, further enhancing the smoothness of motion as well as supplying the 

articular cartilage with nourishment and is another major feature that makes 

synovial joints different to other joints. Outwith the articulating surfaces, the 

bones are joined by ligaments that are strings of connective tissue used to 

strengthen and support the joint by holding the bones together and stopping them 

from detaching (Tarafder and Lee, 2016) (Figure 1-1). 

 

1.3.2 Synovial membrane 

The synovial membrane consists of two layers, the outer sublining layer (subintima 

or subintimal) and the inner lining layer (intima or intimal). There are two main 

types of synoviocytes: macrophagic (type A synoviocytes) or fibroblastic (type B 

synoviocytes) (Frisbie, 2012). Type A synoviocytes are resident cells derived from 

bone marrow monocytes (Tu et al., 2020) and which strongly express markers 

common to other macrophages such as MHC Class II, CD163, CD68, CD14 and FcR. 

They are located within the stromal cell network and play a role in the resolution 

of inflammation/tissue damage in the joint cavity as well as in antigen 

presentation (Bartok and Firestein, 2010). On the other hand, type B synoviocytes 

– also known as fibroblast like synoviocytes (FLS) or synovial fibroblasts (SFs) - are 

mesenchymal cells found in both the intimal and subintimal layers of the synovial 

membrane (Li et al., 2019). They are organised as 2-3 layers of cells that make up 

75-80% of all synoviocytes in a normal human synovium. They interact with each 
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other as well as with the extracellular matrix (ECM) through various molecules 

such as 11 integrin 21 integrin and cadherin-11 (CDH11). SFs have been shown 

to play a crucial role in the organisation of the synovial lining as they have an 

intrinsic ability to generate a three-dimensional complex synovial lining structure 

from the tightly packed synovial lining cells, as well as being responsible for the 

production of synovial fluid components and the ECM (Mathiessen and Conaghan, 

2017; Müller-Ladner et al., 2007). They exhibit markers of other fibroblast 

population such as vimentin, Thy1/CD90 and type IV and V collagen, CD44 and 

vascular cell adhesion molecule 1 (VCAM-1), the latter of which is not expressed 

by most other populations of fibroblasts being rarely seen on non-intimal 

mesenchymal cells. Moreover, integrins such as 41, as well as intracellular 

adhesion molecule-1 (ICAM-1) and integrin receptor are also expressed by type B 

synoviocytes (Bartok and Firestein, 2010). 

 

1.3.3 Why does inflammation persist in RA? 

Inflammation is a normal physiological response to tissue damage and pathogen 

infection, that resolves relatively quickly in normal circumstances. Yet, in many 

chronic conditions such as RA, this inflammatory response persists resulting in 

significant tissue, joint and organ damage. However, despite the importance of 

inflammatory dysregulation in chronic conditions being established, the 

underpinning pathogenic mechanisms remain ambiguous.  

 

As a chronic, systemic autoimmune disorder, immune system cells such as B cells, 

T cells and macrophages play important roles in the pathogenesis of RA. These 

cells circulate in peripheral blood and infiltrate the synovial membrane, inducing 

SFs to hyper-proliferate and destroy bone and cartilage (Bustamante, Garcia-

Carbonell, Whisenant and Guma, 2017). For example, in RA, the main role of T 

cells is to activate macrophages and fibroblasts, transforming the latter into cells 

destructive to the tissue and in turn, the joint. Similarly, B cells activate 

macrophages resulting in the production of an array of cytokines and chemokines 

that support joint inflammation. Activated RA-SFs play essential roles in 

determining the site at which inflammation occurs: in the subsequent 

maintenance of persistent inflammation in the joint microenvironment, as 

reflected in hyperplasia of resident stromal cells and the organisation of T and B 
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cell infiltration, SFs promote inflammatory cell survival as well as the 

development of ectopic lymph nodes within the joint, resulting in disease 

perpetuation (Juarez, Filer and Buckley, 2012). SFs are not only structural cells as 

initially thought but are also key to the consolidation of joint inflammation that 

leads to chronic disease. Considering the latter, targeting the SFs, could provide 

a new, better therapeutic approach as opposed to one involving suppression of 

global immune mechanisms. 

 

1.3.4 Autoimmune Synovitis 

In RA, the synovial tissue becomes noticeably thicker, with an increase in the 

infiltration of inflammatory cells leading to the joint damage (cartilage and bone 

destruction), characteristic of RA. The inflammation, known as synovitis, also 

features hyperplasia of the synovial membrane resulting from SF 

hyperproliferation and increased SF migration to, and infiltration of, the inflamed 

region. The intimal layer also undergoes an escalation in cellularity, with the 

lining of the cells extending from 1-2 cells thick to that of 10-20 cells thick, with 

an increased number of both type A and type B synoviocytes, as well as infiltration 

of immune system cells specifically macrophages, B and T lymphocytes, dendritic 

cells, mast cells and plasma cells (Sitt, Griffith and Wong, 2016) (Figure 1-3). The 

aberrant recruitment and retention of inflammatory cells is an important part of 

synovitis and involves the generation of chemoattractant proteins at the inflamed 

area and the upregulation of adhesion molecules by endothelial tissue in synovial 

micro-vessels. These chemoattractants are found to be significantly elevated in 

the synovium of RA patients and they can be made by both types of synoviocytes 

in the intimal layer of the synovium (Ospelt et al., 2009). Along with infiltration 

of cells, in the RA synovium there is also an increase in the expression of pro-

inflammatory cytokines such as IL-1, IL-6, IL-17, and TNF-, as well as production 

of MMPs (Smeets, Kraan and Tak, 2003). These factors play a crucial role in the 

induction and maintenance of the inflammation of the synovial joint as well as 

the progression and development of RA.  
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1.3.5 Inflammatory cytokines and their role in RA 

In a normal healthy synovium, the presence of cytokines such as tumour necrosis 

factor  (TNF-), interleukin-1 (IL-1), interleukin-17 (IL-17) and interleukin-6 

(IL-6) have the potential to become pro-inflammatory (Lubberts and van den Berg, 

2003) and consistent with this, their expression has been found to be elevated in 

patients with RA, indicating to their importance in RA pathophysiology (Figure 

1-3).  

 

1.3.5.1 The role of IL-1 in   

The inflammatory cytokine IL-1 has been shown to be a key mediator in 

autoimmune diseases such as RA, with its signalling resulting in the production of 

other cytokines like IL-6 and TNF- and activation of pathogenic signalling 

networks (Arend, Malyak, Guthridge and Gabay, 1998). It also has a greater 

capacity (as opposed to TNF-) of increasing matrix degradation through the 

induction of MMPs and PGE2 production in synovial cells, as well as playing a role 

as a mediator of bone and cartilage destruction. Moreover, the cytokine has been 

shown to decrease the process of repair through matrix synthesis suppression 

(Cutolo, 2011). Studies have shown that IL-1 and Interleukin-1 receptor 

antagonist (IL-1Ra) are elevated within the synovium of RA patients with inflamed 

joints (Hopkins, Humphreys and Jayson, 1988). Whilst IL-1 has been shown to 

cause the migration of inflammatory cells into the structures of joints and the 

synovium of RA patients, IL-1Ra non-productively binds to IL-1R, preventing IL-1 

signalling to the cell, conclusively blocking its effects (Cutolo, 2011). IL-1Ra has 

been shown to supress cytokine-induced catabolism in the cartilage in the 

synovium and has been investigated in the form of a potential therapeutic 

injection to treat inflammation in arthritic patients (Mehta et al., 2019). 

 

There are two key mechanisms through which RA synovial tissue aids in cartilage 

loss. The first being a direct mechanism which involves the production of MMPs 

and cathepsins by the RA synovium, the second involves the remodelling of the 

joint cartilage via chondrocyte function deregulation through the release of 

cytokines such as IL-1 – which induces the expression of proteinases, SFs and 

chondrocytes – as well as other mediators from the synovium. Moreover, RA-SFs 

have been shown to display increased MMP production (MMP-1,3,13,14 and 15) and 
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significantly contribute the joint destruction commonly seen in RA. The elevated 

MMP expression by SFs is not only upregulated by increased expression of IL-1 

and TNF- but is also sustained intrinsically by RA-SFs, which exhibit a 

transformed phenotype (Rengel, Ospelt and Gay, 2007). The cartilage has the 

potential to be further destroyed by destructive enzymes leading to degradation 

and erosion of the bone. Therefore, specifically, and selectively blockading IL-1 

is a targeted, rational treatment against the destructive effects of this cytokine 

on those with RA (Schiff, 2000). Indeed, in experimental models IL-1 blockers and 

IL-1Ra have significantly reduced clinical and histological disease parameters in 

RA patients (Kay, 2004). 

 

Reflecting this, there are a number of IL-1 blockers commercially available to 

treat patients with RA such as Anakinra, Canakinumab, and Rilonacept. A study 

investigating the effect of Anakinra in RA patients showed that treatment reduced 

the migration of inflammatory cells into the joint, as well as considerably reducing 

the joint damage seen after 48 weeks, as opposed to the progressive loss of 

cartilage and increased pain that would have been present if patients had not 

been treated. The latter is due to IL-1 inhibiting osteoclasts in RA (Dinarello, 

Simon and van der Meer, 2012). 

 

1.3.5.2 The role of TNF- in RA 

TNF- is both an autocrine simulator and paracrine inducer of other pro-

inflammatory cytokines by coordinating innate and adaptive immune responses 

and has also been shown to stimulate the expression of adhesion molecules (e.g., 

I-CAM) (Vasanthi et al., 2007) by SFs. It is an important cytokine involved in 

promoting normal immune responses, however high levels of this cytokine have 

been found in the serum and synovial fluid of patients with RA with the consequent 

unresolved inflammation playing a crucial role in joint pathology. Activated CD4+ 

T cells can stimulate macrophages, monocytes and SFs to produce IL-1, IL-6, and 

TNF- (Yap et al., 2018). As these T cells also express receptor activator of nuclear 

factor kappa-B ligand (RANK-L), they can also stimulate differentiation of 

osteoclasts resulting in cartilage destruction (Kong et al., 1999). As TNF- can 

regulate IL-6 production (Matsuno et al., 2002), in cultures of synovial cells from 
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RA patients, inhibiting TNF- significantly reduced the production of IL-1, IL-6, IL-

8 and GM-CSF. Therefore, inhibition of TNF- may have a wider effect on 

inflammation compared to inhibition of other less pleiotropic cytokines found at 

elevated levels in synovial fluids such as IL-1 (Vasanthi et al., 2007). Indeed, it is 

easy to see why anti-TNF- therapeutics are widely used as a treatment, however 

like all immunosuppressants they come with many side effects, dictating that 

more cell specific targeted treatments of RA are required (Farrugia and Baron, 

2016).  

 

1.3.5.3 The role of IL-17 in RA 

Studies have shown that IL-17 is involved in mediating the joint destruction 

characteristic of RA, with immunostaining of the synovial tissue of RA patients 

showing that a subset of CD4+CD45RO+ memory T cells produce this cytokine, 

whilst these are not found in synovial tissue samples from patients with 

osteoarthritis (OA). Furthermore, it was found that the level of IL-17 in the 

synovial fluid of RA patients was significantly higher than that of OA patients 

(Kotake et al., 1999). The high secretion of this cytokine occurs through 

interactions with the molecule podoplanin, secreted by monocytes and SFs in the 

lining layer (Croft et al., 2016; Noack, Ndongo-Thiam and Miossec, 2016A; Noack, 

Ndongo-Thiam and Miossec, 2016B) and cartilage damage is, to an extent, induced 

by synovial cytokines like IL-17. Certainly, addition of anti-IL-17 antibodies to RA 

synovial cultures resulted in a decrease in MMP-1 production and collagenase 

activity but did not affect TIMP1 production, supporting a role for IL-17 in joint 

damage (Chabaud et al., 2000). This was further supported by studies in which 

mice were given IL-17 intra-articularly, resulting in cartilage degradation 

(Chabaud et al., 2001). Moreover, this cytokine has been found to trigger the 

migration of SFs and promote the invasiveness of inflammatory cells (Hot, Zrioual, 

Lenief and Miossec, 2012) to induce destruction of tissue within the synovial joint 

(Bottini and Firestein, 2012), specifically the destruction of the cartilage matrix 

and erosion of bone.  

 

1.3.5.4 The role of IL-6 in RA 

Another important cytokine involved in the pathogenesis of inflammation in RA is 

IL-6, with RA patients being found to have increased levels of this cytokine in their 
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serum and synovial fluid and the levels correlating with disease activity and joint 

destruction. It appears to play a role in local inflammation resulting in joint 

damage via instigation of IL-8 and monocyte chemoattractant protein-1 (MCP-1) 

production by endothelial cells as well as bringing about activation of adhesion 

molecule expression and consequent recruitment of leucocytes into the joints 

affected (Suzuki, Hashizume, Yoshida and Mihara, 2009). This cytokine also 

promotes synovitis and joint destruction through the stimulation of neutrophil 

migration, osteoclast maturation and vascular endothelial growth factor (VEGF)-

stimulated pannus formation (Srirangan and Choy, 2010; Nakahara et al., 2003). 

Furthermore, the production of IL-6 by synoviocytes leads to proliferation and 

differentiation of osteoclasts (Srirangan and Choy, 2010), thus linking the 

production of this cytokine to bone erosion. Its causal role in RA has also been 

studied using various animal models: for example, in antigen-induced arthritis 

(AIA), blocking of IL-6 activity results in the severity of RA in this mouse model 

being decreased (Ohshima et al., 1998). All the above makes blocking IL-6 another 

potential therapeutic target for RA treatment. 

 

1.4 Synovial fibroblasts (SFs) 

Despite RA being an autoimmune disease, other cells of non-immune origin such 

as SF, have been shown to be involved in pathogenesis, playing a crucial role in 

the perpetuation of joint inflammation in RA (Lefevre, Meier, Neumann and 

Muller-Ladner, 2014). SFs are the major type of stromal cells found in the 

synovium. In health, SFs provide the joint cavity and cartilage with nutritional 

support and lubricating molecules such as hyaluronic acid. They also play a role in 

continuous matrix remodelling through production of a range of matrix 

components such as collagen as well as matrix degrading enzymes (Müller-Ladner 

et al., 2007). Moreover, in RA, SFs are “transformed” into pro-inflammatory cells 

that produce a range of cytokines such as IL-1, IL-6 and TNF- that perpetuate 

inflammation as well as releasing proteases that aid in cartilage degradation 

(Bartok and Firestein, 2010; Szekanecz, Kim and Koch, 2003).  
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1.4.1 Synovial fibroblasts in RA  

Morphologically, activated RA synovial fibroblasts (RA-SFs) look more rounded in 

shape, with a pale and prominent nucleus, compared to their usual spindle-like 

shape (Lefevre, Meier, Neumann and Muller-Ladner, 2014). RA-SFs also change 

their functional phenotype (Fassbender and Simmling-Annefeld, 1983) with those 

in the inner lining exhibiting alterations in their signalling and epigenetic networks 

and expression of matrix degrading enzymes. These alterations are reminiscent of 

those associated with tumours, as the SFs become invasive and aggressive towards 

the bone and cartilage (Huber et al., 2006) and display characteristics similar to 

that of tumour-like mesenchymal cells (Yuan et al., 2004). For example, the 

pannus appears to behave almost like an invasive tumour, with SFs showing the 

ability to migrate and attach to it, resulting in bone and cartilage invasion (Pap, 

Müller-Ladner, Gay and Gay, 2000).  

 

Destruction of the bone and cartilage is in effect the end stage of RA pathogenesis 

and it has been found that RA-SFs promote this cartilage degradation. RA-SFs 

initially cause bone erosion and cartilage damage directly via secretions of 

cathepsins and MMPs, specifically MMP1 and MMP13, as well as the stromelysin, 

MMP3 and the gelatinases, MMP2 and MMP9 (Pap et al., 2000). The production of 

these MMPs is greatly increased through RA-SF and T cell interaction (Burger et 

al., 1998). In addition, they can also indirectly initiate damage to the bone and 

cartilage through inducing osteoclastogenesis via RANK-L secretion along with that 

of VEGF that can act as an alternative to M-CSF (Danks et al., 2015). This idea 

that the cartilaginous structure within the joint may in fact be destroyed by RA-

SFs is further supported by a study using CDH11 knockout mice. These mice, which 

do not exhibit a synovial intimal layer and are therefore SF deficient, were 

protected from cartilage damage induced by arthritis, despite continuous 

progression of inflammation and bone damage (Lee et al., 2007).  

 

1.4.1.1 RA-SF and ECM 

In health, SFs produce the extracellular matrix (ECM) components of synovial fluid 

and are therefore important for joint lubrication (Ospelt, 2017). The ECM in the 

synovial joint is composed of substances such as water, collagen (type II 

constituting 90% of synovial collagen), as well as non-collagenous proteins, 
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glycoproteins and extrafibrillar glycosaminoglycans. In healthy joints the synovium 

acts as a leaky, restricting membrane that has enough resistance to maintain the 

synovial fluid within the joint, yet has sizeable (micrometre) intracellular gaps 

through which the ECM most likely plays an important role in the resistance of the 

lining to synovial fluid escape (Sabaratnam, Coleman, Mason and Levick, 2006).  

The hydraulic resistance of ECM is based on the concentration of 

glycosaminoglycans, glycoproteins and proteoglycans in collagen fibrils (Tarafder 

et al., 2016), as fluid passes through the narrow spaces between the polymer 

chains (Levick, 1987). Due to the high hydraulic resistance, the synovial matrix 

displays a high concentration of glycosaminogen, which when depleted results in 

an increase in synovial hydraulic permeability (Scott et al. 1998).  

 

In RA, the RA-SFs upregulate adhesion molecules, causing a significant interaction 

between the RA-SFs and the ECM that triggers the processes resulting in bone and 

cartilage degradation. For example, RA-SF attachment to the articular cartilage 

is the initial stage required for invasion of the synovium, and this is mediated by 

upregulation of adhesion molecules on the surface of RA-SFs. These adhesion 

molecules ensure that fibroblasts are secured to the ECM of the cartilage, mainly 

via collagen type II and glycosaminoglycans (Huber et al., 2006). Fibroblasts 

appear to be dynamic cells that can develop distinct phenotypes dependent on 

differences in their environment (Saxena et al., 2013). In environments that are 

inflammatory, fibroblasts acquire a pro-inflammatory and matrix degrading 

phenotype as, for example, pro-inflammatory cytokines, such as IL-1 delay 

myofibroblast conversion and induce chemokine and MMP synthesis by tissue 

fibroblasts. Inflammatory activation of fibroblasts may play a role in ECM changes, 

with inflammation being associated with protease activation and generation of 

matrix fragments with pro-inflammatory properties (Frangogiannis, 2016).  

  

1.4.1.2 Synovial fibroblast subsets and their markers   

Studies using SCID human-mouse models showed implanted RA-SFs to be 

differentiated into two main distinct fibroblast subsets located within different 

anatomical compartments of the inflamed synovial membrane (Croft et al., 2016).  

Lining synovial fibroblasts are those found proximal to the cartilage (Figure 1-4) 

in a layer a couple of cells thick that produces synovial fluid. Consistent with them 



 

 

15 

 

having been found to be associated with increased cartilage degradation in vitro 

(Croft et al., 2013), they are involved in the attachment, invasion and degradation 

of cartilage (Croft, Naylor, Filer and Buckley, 2014). Although these cells have 

been found to produce pro-inflammatory cytokines during inflammation, this is at 

a decreased level compared to SFs in the sublining area. They have also been 

found to produce small quantities of RANK-L, which is required for the induction 

of osteoclastogenesis but, interestingly, when there is no inflammation present, 

there is an increased production of osteoprotegerin (OPG), which counteracts the 

effects of RANK-L inflammation, thereby acting as a homeostatic control 

mechanism for repair (Smith, 2003). Bone loss is a significant problem that goes 

hand in hand with chronic inflammation, highlighting the relationship between 

bone erosion and inflammation as the effects of pro-inflammatory factors play a 

crucial role in osteoclastogenesis which leads to bone resorption. Specifically, loss 

of homeostatic regulation is due to interference of the balance between RANK-L 

and OPG, which is key to regulating the remodelling and repair of bone. Thus, 

OPG is secreted by osteoblasts and protects against excessive bone resorption by 

blocking RANK-L interacting with RANK, by binding to it (Kapasa et al., 2017). By 

contrast, sublining SFs are found distal to the cartilage and express phenotypic 

markers such as CD248 and CD90 [also known as Thy1]. Cells expressing both of 

these markers are never found in the lining layer or invade the cartilage, being 

more associated with promoting inflammation. The development of such stromal 

architecture in these SCID mice was very similar to that observed in vivo in the 

inflamed synovial membrane (Croft, Naylor, Filer and Buckley, 2014), suggesting 

the latter is not dependent on immune system cell actions.  

 

Biomarkers in diseases like RA are important as they allow a better understanding 

as well as identification of specific subsets or cell types facilitating investigation 

of their role in the progression and initiation of disease. Recent interest has 

focused on the stromal markers differentially expressed in the lining and sublining 

layers as both types play different roles in RA and understanding and identifying 

these subpopulations of SFs could prove useful in developing better treatments of 

RA. The cells proximal to cartilage (lining) have recently been shown to express 

markers identifying a lining layer phenotype (Fibroblast activation protein α 

[FAPα], VCAM-1, CDH11, CD90). FAP is a membrane antigen that is expressed 
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dynamically by fibroblasts in both lining layers in patients with RA, with baseline 

expression levels higher in those individuals with early synovitis who progressed 

to RA over time (Choi et al., 2017). Indeed, three types of stromal cells express 

FAP: pericytes, lining layer and sublining layer SFs (Tchou et al., 2013) and 

deletion of FAP-expressing cells attenuates leukocyte infiltration, and therefore 

there is a decrease in chemokine and cytokine production. Furthermore, such 

deletion also protects the joint from bone erosion (Ospelt et al., 2010; Bauer et 

al., 2006). 

 

RA is characterised by hyperplasia of the synovial lining and invasion of cartilage 

and bone by the lining subset of SFs. These SFs have been shown to have elevated 

expression of VCAM1, with the intensity of VCAM1 expression correlating with the 

degree of severity of inflammation of the synovial lining (Croft, McIntyre, 

Wibulswas and Kramer, 1999; Carter and Wicks, 2001). Adhesion molecule 

cadherin-11 (CDH11), which is selectively expressed on fibroblasts, has also been 

implicated as an important mediator of inflammation with an apparent important 

role in SF activation and inflammation via MAPK and NF-κB signalling (Warde, 

2011). However CD90, a marker which differentiates inflammatory fibroblasts in 

the lining layer from those in the sublining layer, appears to be more specifically 

involved in cartilage destruction. As this marker allows SF subsets to be 

distinguished, a better understanding of the differential roles of these SF subtypes 

in RA can be investigated. For example, studies showed that sublining 

FAPα+CD90− cells were found to migrate to the bone and cartilage to cause 

destruction whilst FAPα+CD90− fibroblasts, even when restricted to the synovial 

lining layer, selectively mediate bone and cartilage damage with little effect on 

inflammation (Figure 1-4). However, FAPα+CD90+ cells are also found in the 

synovial membrane sublining layer and these SFs are associated with the 

inflammation observed in disease; for example, they express cytokines that can 

attract inflammatory cells resulting in a more severe and persistent inflammatory 

arthritis, with minimal effect on bone and cartilage (Croft et al., 2019). 

 

Characterisation of SFs in the synovium by single cell RNA sequence analysis 

actually identified the presence of additional fibroblast subtypes in RA joints, a 

situation which differed from that of osteoarthritis (OA) controls and facilitated 
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subsetting of lining and sublining SFs and their functions. Three functional subsets 

were characterised as being CD34-CD90-, CD34-CD90+ and CD34+ SFs in RA synovial 

tissue, with the subsets differing in their cytokines and matrix metalloproteinases 

expressed in response to TNF- stimulation (Mizoguchi et al., 2017). The marker 

CD34 can be used to identify sublining SFs as CD34−CD90+ SFs are enriched around 

blood vessels in the deep sublining area of the synovium (Abuwarwar, Knoblich 

and Fletcher, 2018) and elevated levels of them are involved in increased bone 

destruction in RA (McHugh, 2019). Nevertheless, the transcriptomic profile of 

CD34−CD90+ fibroblasts correlated with invasion and migratory behaviour and 

secretion of pro-inflammatory cytokines and proliferation (Onuora, 2018).  

 

Overall, SFs from the lining and sublining layers differ in phenotype and therefore 

represent distinct subtypes of the SF population (Ospelt, 2017), with SFs from 

differing anatomical sites carrying out specific specialised functions. SF in the 

lining layer of the joint express the adhesion molecules VCAM1 and CDH11 and the 

enzyme phosphodiesterase 4 (PDE4), whilst those in the sublining layer express 

CD248 and CD90 (Croft et al., 2016; Maia et al., 2010). As they differ in terms of 

gene expression patterns and functions, this could explain why certain joints are 

much more susceptible to developing certain types of arthritis compared to 

others, as the sublining subset is more inflammatory whilst the lining subset is 

more involved in erosion and degradation of the joint (Frank-Bertoncelj et al., 

2017). 

 

1.4.2 Epigenetic remodelling of RA-SFs 

SFs perpetuate disease and do not lose their inflammatory phenotype as they 

become epigenetically modified to an aggressive phenotype. Epigenetic 

modifications are chemical alternations on DNA molecules and histones that 

regulate the responsiveness of genes in terms of transcription, with chromatin 

remodelling and noncoding RNAs thought to be key epigenetic regulatory 

mechanisms determining the gene expression signature of the cell. Accordingly, 

they shape the formation of cell and tissue specific phenotypes. Despite the high 

stability of epigenetic modifications, they can be reversed and/or modified via 

environmental factors and therefore act as a vital mechanism for cell survival and 

adaption to new environments or diseases. Certainly, epigenetic mechanisms are 
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crucial to RA pathophysiology, contributing to disease aetiology as well as 

providing strong biomarkers of disease activity and progression (Karami et al., 

2020).  

 

Activated RA-SFs are key effectors in RA pathogenesis, with the activation 

occurring through interactions between RA-SFs and other cells present within the 

synovial microenvironment early in disease progression. Pro-inflammatory 

cytokines such as TNF-, IL-1 and IL-6 all play a fundamental role in the 

activation of RA-SFs (Pap, Müller-Ladner, Gay and Gay, 2000). Following 

activation, RA-SFs also produce these cytokines, resulting in maintenance of 

regulatory feedback loops as well as promote the production of MMPs, cathepsins, 

aggrecans and their inhibitors (McInnes and Schett, 2007). However, other cell 

intrinsic mechanisms must result in their activation, as the persistence of the 

activated phenotype of RA-SFs is independent of these cytokines (Müller-Ladner, 

et al 1996) and individuals who are treated for RA with anti-cytokine therapies, 

still experience symptoms and are not cured (Firestein, 2003).  

 

Studies have shown that SF responses to pro-inflammatory stimuli are caused 

through continuous changes in the transcription levels of genes pertinent to 

disease, with RA-SFs showing an upregulation in expression of proto-oncogenes, 

adhesion molecules and MMPs, as well as decreased expression of tumour 

suppressor genes. These continuous gene transcription changes account for the 

“aggressive” behaviour exhibited by RA-SFs, with patterns of differential gene 

expression apparent in both disease and health displayed in differing anatomical 

locations (Juarez, Filer and Buckley, 2012). Certainly, RA-SFs have been found 

to exhibit global genomic DNA hypomethylation (an epigenetic change in 

promoter regions correlating with gene expression upregulation) resulting in 

upregulation of disease-relevant genes (Karouzakis et al., 2009). Specifically, 

RA-SFs are subject to an epithelial-mesenchymal transition (EMT)-like mechanism, 

embracing a mesenchymal-fibrotic phenotype (Haniffa, Collin, Buckley and Dazzi, 

2008; Zvaifler, 2006) that is epigenetically rewired to over-produce pathogenic 

mediators such as proinflammatory cytokines that prompt joint damage, the 

secretion of MMPs, that facilitate cartilage destruction and bone erosion, and 

RANK-L, which affects osteoclastogenesis (Nygaard and Firestein, 2020). These 
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epigenetically rewired aggressive SFs demonstrate a hyperplastic, invasive and 

aberrantly inflammatory phenotype as well as dysregulation of their functional 

outcomes (Collins and Wann, 2020; Teves et al., 2019).  

 

Murine studies carried out by Corbet et al, using a Collagen-Induced Arthritis (CIA) 

mouse model also showed that CIA-SFs displayed hypomethylated global DNA 

compared to naïve SFs and that this could be recapitulated in vitro through 

cytokine stimulation (IL-17 and IL-1). Such global DNA hypomethylation 

correlated with a reduction of DNA methyltransferase-1 (DNMT1) expression and 

the cells were found to display increased levels of IL-6, CCL2, MMP9 and MMP13 in 

the presence and absence of IL-17 stimulation.  Moreover, the resulting joint 

destruction observed in the CIA mice was found to be associated with elevated 

levels of hypoxia in cells in the joint, as well as induction of vascular leakage 

(Corbet et al., 2020).  

 

Intriguingly, epigenetic imprinting conveys site specificity, driving RA-SF to adjust 

their gene expression in response to the  microenvironment of the RA synovium 

(Bird, 2007). It can be concluded that the SF population is heterogeneous and in 

RA, SFs are epigenetically rewired to aggressive phenotypes.  

 

1.5 Hypothesis and aims 

Thus, as it has now been established that SFs play a significant role in the 

perpetuation of inflammation and joint damage in RA, they are an interesting 

therapeutic target which may avoid the side effects associated with generalised 

immunosuppression. However, as SFs appear to lose their aggressive physiological 

characteristics under traditional culture conditions (Sung et al., 2013), the role 

that SFs play is not completely understood, and may prevent identification of 

potential drug targets. Although currently there are no “gold standard” in vitro/ex 

vivo models that ‘mimic’ the 3D architecture of the synovial joint and its 

inflammatory environment, it appears that fibroblasts in 3D cultures display more 

“in vivo” behaviours compared to stromal fibroblasts cultured in 2D systems. Thus, 

if a better understanding of these cells function could be established by optimising 

ex vivo/in vitro culture systems to more fully recapitulate in vivo responses, this 
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could promote development of drugs selectively blocking the pathogenic effects  

of SFs in the joint and hence provide RA treatments without immunosuppression, 

resulting not only in less risk for patients but also a more direct therapy. 

Therefore, developing more appropriate in vitro platforms for testing SFs may 

facilitate translation of recent in vivo biological and pathological findings to the 

clinic and provide an opportunity to develop non-immunosuppressive therapies. 

The treatment goal of RA is to achieve low disease activity and remission; 

however, a strong unmet medical need still exists as not all RA patients have met 

clinical remission, with 25% of patients still suffering from moderate to high 

disease activity characterised by systemic inflammation, synovitis, bone and 

cartilage erosion as well as pannus formation in the later stages. Thus, despite, 

animal and 2D culture models and the potential therapies through clinical trials 

from the latter, newer medications still need to be developed, indicating the 

failures of current models.  

 

Although they are not immune system cells, SFs are able to create a 

microenvironment that perpetuates inflammation in the joints of patients with 

RA. Therefore, as outlined above, by targeting these cells it may be possible to 

provide new therapeutic alternatives to current immunosuppressive drugs, 

circumventing their inherent attendant and severe side effects. However, there 

are no drugs currently available that specifically target the fibroblast 

compartment in RA. My hypothesis is that this may be due to the failure of 

traditional in vitro 2D culture experiments to recapitulate the physiological 

signalling of cells found within the joint preventing understanding of relevant 

pathogenic SF functional responses. Importantly, 3D culture systems are 

constantly being developed to mimic tissue-specific physiological or 

pathophysiological disease-specific microenvironments, where cells are not only 

able to proliferate and differentiate but also  participate in cell-to cell and cell-

to ECM interactions. Popular types of 3D scaffolds include hydrogels/matrigels 

(polymeric material containing a network of crosslinked polymer chains) and inert 

matrices (sponge-like membrane made of polystyrene, containing pores to allow 

for cell proliferation and growth). Interestingly, hydrogels have been used to 

develop ECM-based RA treatments with the development of injectable tyramine 

modified hyaluronic acid (HA-Tyr) hydrogels that act to reduce interleukin-6 (IL-



 

 

21 

 

6), prostaglandin E2 levels in collagen-induced arthritis (CIA) animal models (Kim 

et al., 2011). 

The core aim of this project is therefore, by comparing in vitro SF responses in 

classical 2D cultures with those in both polystyrene scaffold (Alvetex®) and 

hydrogel 3D cultures, to determine whether SFs grown in 3D culture systems 

exhibit functional phenotypes more characteristic of those observed in vivo and 

also whether these platforms provide a better understanding of the spatially 

dynamic and ECM-interacting role of SFs in the joint and during pathogenic 

transformation in CIA. The information gained could contribute to the 

development of more pathophysiologically relevant models of the joint in RA and 

hence ultimately, translation of these platforms for drug development targeting 

the human disease.  

The specific objectives of the project are:  

• to characterise the inflammatory responses of Naïve and CIA SFs cultured 

in 2D and 3D (Alvetex® scaffolds  and FibronectinPEG (FNPEG) hydrogels) 

microenvironments 

• to explore the ability of activated SFs to migrate and organise throughout  

Alvetex® and FNPEG hydrogels 

• to evaluate whether SF subpopulations can be identified and maintained in 

any of these culture systems  

• to investigate the (differential) impact of ex vivo culture in each of these 

systems on the pro-inflammatory gene expression of Naïve and CIA-SF and 

how these are modulated by the incorporation of ECM components like 

Fibronectin (FN) in the culture platforms.  

These combined approaches should increase our fundamental understanding of SF 

biology, particularly with respect to their functional plasticity under conditions of 

chronic inflammation. In addition, they should provide information critical to the 

design of better 3D in vitro models of the arthritic joint will facilitate exploring 

the role of fibroblasts in perpetuating joint inflammation in RA as well as a better 

understanding of potential sites of intervention for human disease. 
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Figure 1-1: Anatomy and pathophysiology of healthy and arthritic synovial joints.  
In a healthy joint (left), there is no swelling in the synovial joint capsule, cartilage and 
bone are intact. The synovium membrane is a thin layer of cells that provides structural 
and nutritional support to the joint. During RA (right), the tissue architecture changes to 
show characteristic disease symptoms of chronic joint inflammation. There is swelling, 
and an inflamed synovial membrane that becomes a critical mediator of disease 
chronicity. The arthritic joint develops a pathogenic pannus, and eventually, cartilage 
and bone erosion (Created with BioRender.com). 

 

  



 

 

23 

 

 
Figure 1-2: Risk factors associated with RA. 
Several factors have been described to affect RA initiation, including age, infections, 
genetics and sex, with women more likely to develop RA than men. Environmental 
factors may also play a role, like diet, alcohol or smoking, being smoking the highest 
risked factor. Geographical location also plays a role in increased risk, perhaps as a 
consequence of distinct environmental changes (created with BioRender.com) 
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Table 1-1: Types of biologic treatments for RA patients, their targets, examples, and 
mechanisms 
 

Type of biologic Example(s) How it works 

B- cell depleter Rituximab (monoclonal 
antibody) 

CD20-induced apoptosis, complement 
dependent cytotoxicity, antibody 
dependent cell-mediated cytotoxicity, 
and selective targeting and depletion 
of B cell subsets. 

IL-1 blocker Anakinra 
(Interleukin antagonist) 

Blocks IL-1 in turn reducing the 
migration of inflammatory cells into the 
joint. 

IL-6 blocker Tocilizumab 
(Monoclonal antibody) 

Targeting of the IL-6 pathway by 
blocking IL-6 receptor.  

TNF- blocker Etanercept 
Certolizumab pegol 
(Monoclonal 
antibodies) 

Reduces inflammatory reaction of the 
body by blocking TNF-α (which induces 
bone loss), hence preventing it to bind 
on its receptor (TNFR1 or TNFR2). 

Janus kinase (JAK) 
inhibitor 

Tofacitinib 
Baricitinib 
Upadacitinib 

Inhibiting the activity of one or more 
of the Janus kinase family of 
enzymes (JAK1, JAK2, JAK3, TYK2), 
thereby interfering with the JAK-STAT 
signalling pathway. 

T-cell inhibitor leflunomide Prevent autoimmunity by dampening 
autoreactive T-cell proliferation 
directly or indirectly via regulatory T 
cells (Tregs). 

PDE inhibitor Apremilast 
(Phosphodiesterase 
inhibitors) 

Inhibits TNF-α production from human 
synovial cells 
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Figure 1-3: RA pathophysiology. 
Multiple immune networks have been described in RA pathophysiology. TNF-alpha is 
one of the key players in disease progression, it activates multiple immune system cells, 
like macrophages, monocytes, and non-immune system cells, such as osteoclasts and 
synovial fibroblasts (SFs). As a result, T-cells infiltrate the synovial membrane, 
initiating inflammation. Joint degradation occurs via recruitment of macrophages and 
secretion of inflammatory cytokines. The pro-inflammatory cytokines shown promote 
osteoclast-mediated bone erosion by up-regulating local RANK-L production (Adapted 
from Akram et al., 2021 with Biorender.com). 
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Figure 1-4: Distinct fibroblast subsets perform different functions in RA. 
Joint showing location of two different subpopulations of synovial fibroblasts – lining 
and sublining – and their different functions in RA. Lining SFs are predominantly 
involved in bone and cartilage erosion, whilst sublining SFs are more involved with 
inflammatory nature of RA (created with Biorender.com). 
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Chapter 2 Materials and Methods 

2.1 Mice  

Male DBA/1 mice were purchased at 6-8 weeks of age (Envigo; Bicester, UK) and 

then housed and maintained at the Central Research Facility in the University of 

Glasgow. All experiments were approved by and carried out in accordance with 

the Animal Welfare and Ethical Review Board of the University of Glasgow, UK 

Home Office Regulation and Licenses PPL P8C60C865 and PIL ID5D5F18C. 

 

2.2 Collagen induced arthritis (CIA) model 

CIA was induced as described using bovine Collagen type II (CII-100 µg) emulsified 

with complete Freud’s adjuvant (MD Biosciences) and injected intradermally on 

day 0. On day 21, mice were injected intraperitoneally with a further 200 µg of 

CII in PBS. Inflammation of paws was assessed every 2 days following the booster 

injection, through articular scoring and the use of a callipers to quantitatively 

assess changes in paw size. Joint pathology was scored as follows: 0 = No evidence 

of erythema or swelling, 1 = Erythema and mild swelling confined to tarsals or 

ankle joints, 2 = Erythema and mild swelling extending from the ankle to the 

tarsals, 3 = Erythema and moderate joint swelling extending from the ankle to 

metatarsal joints, 4 = Erythema and severe swelling encompassing ankle, foot and 

digits or ankyloses of the limb. Mice were continually observed for any 

inflammation and culled once stable pathology was established, typically between 

day 31 to day 42. However, if the severity threshold was breached such that the 

total articular index exceeded 10 or more than three paw joints were inflamed, 

ulceration of the IP injection site extended ≥ 5 mm, paw thickness exceeded 4.5 

mm or weight loss exceeded 20% of controls, affected mice were culled 

immediately.  

 

2.3 Isolation and culture of SFs 

2.3.1 Isolation of primary SFs from murine joints for ex vivo cell 

culture 

Mice were euthanized using carbon dioxide, according to guidelines for the 

Institutional Animal Care. The mouse was then placed in a face-up position and 
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rinsed with 100% ethanol. The skin was peeled back, and soft tissue removed from 

hind and front paws using scissors and forceps, ensuring no skin remains on the 

limbs. Using scissors, a cut was made above the knee joint and then the limb was 

sprayed with 100% ethanol and placed in a tube filled with HBSS medium 

containing antibiotics (pen/strep and nystatin) at 50 units/ml. This was repeated 

with the rest of the joints. The cut joints were rinsed into a tissue culture plate 

containing 70% ethanol and then transferred to a dish containing HBSS. All of the 

fat and muscle was removed leaving the bones using forceps and scissors, taking 

care to avoid breaking the bones and prevent bone marrow cell contamination. A 

HBSS-based digestion solution containing fresh collagenase IV (10 mg/ml) and 

antibiotics was prepared and diluted to obtain a concentration of 5 mg/ml using 

DMEM medium containing 10% FCS and the solution was filtered using a strainer. 

The stripped bones (dislocated and cut at the joints) were placed in bijou tubes 

with 3 ml DMEM medium containing 10% FCS (1 mouse per bijoux) and 3 ml of the 

freshly made and filtered digestion solution added to make the final concentration 

of 1 mg/ml in complete DMEM (10% FBS 1% L-Glutamine and 1% Pen/Strep). The 

joint samples were incubated in a shaking cupboard at 37oC for 40 min at maximum 

shaking speed of 100 rpm. The tubes were then vortexed vigorously to release 

cells, and the contents placed in a 50 ml tube containing 5 ml DMEM medium 

containing 10% FCS. The samples were rinsed and vortexed with 3 ml of DMEM 

solution three times with the contents transferred to fresh 50 ml tubes each time 

to ensure all the cells have been released and transferred. The 50ml tubes were 

then centrifuged at 500 g for 10 min at room temperature. The cells were 

resuspended in 12 ml DMEM and seeded into 75cm2 flasks (each flask containing 

tissue from individual mice) and placed in the incubator.  

 

2.3.2 Routine cell maintenance and culture  

One day after the first seeding, without removing the small pieces of tissue that 

provide a platform for SFs to grow around, the medium (DMEM [VWR International, 

UK] cell growth medium, supplemented with 10% (v/v) foetal bovine serum (FBS) 

and 5% (v/v) 200 mmol/L L-Glutamine (Invitrogen, Paisley, UK), Non-essential 

amino acids (NEAA) and antibiotics) was changed. The cells were then monitored 

daily, and the medium changed every 3 days, with the cells maintained at 37
o
C in 

a 5% CO2
 
environment. To change the medium, 2-3 ml of the original medium in 
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the flask was left and 9-10 ml of fresh DMEM (+Pen/Strep) medium was added. 

When groups of cells were observed under the microscope, the pieces of tissue 

were removed. Passaging of cells was carried out when the cells reached 

confluency over 90% of the flask (typically up to 10 days after isolation). Passaging 

required cell trypsinisation that  was carried out by removing the medium from 

the flask and washing the cells with PBS, after which 4 ml warm 0.05% (v/v) 

trypsin-ethylenediaminetetracetic acid (EDTA; Life Technologies, Paisley, UK) 

solution was added to the flask and the flask placed in the incubator for 3 min, 

after which the solution containing the released cells was removed from the flask 

and added to a tube containing 5 ml complete DMEM medium. Cells were 

centrifuged at 500 g for 10 min at room temperature, the resulting supernatant 

discarded and 12 ml complete DMEM medium was added to resuspend the cell 

pellet at 2.25-3.75x106 per ml and seeded into new 75 cm2  flasks, typically being 

“split” 1:2 or 1:3 depending on the cell numbers. At passage 3, cells were stained 

with antibodies specific for CD11b, CD54, CD90.2 and CD106 to check their purity 

using flow cytometry as the expanded explant SF cultures should be >80-90% 

CD90.2+, >85% CD56+, >80% CD106+ and <1-2% CD11b+. The expected number of 

expanded cells from one mouse are ~5-10x106 cells. If more cells and/or higher 

levels of CD11b+ cells are observed, then the SFS were purified using magnetic 

beads to remove any macrophages and the resultant purity confirmed using FACs.  

 

2.3.3 Flow Cytometric analysis and cell sorting 

Single cell suspensions freshly isolated from the joints or SF populations obtained 

by explant culture were stained at 4°C with Zombie Violet (1:500 dilution 

BioLegend, 423113) and incubated at room temperature for 15 min to discriminate 

live and dead cells. FACs buffer (PBS + 0.5% FCS + 2mM EDTA) was then added to 

the suspension and the cells centrifuged for 5 min at 500 g. The pelleted cells 

were then washed three times with FACs buffer, centrifuged and resuspended at 

1x105-106 in 100l of Fc block (Invitrogen, MFCR00-4) containing CD16/CD32-

specific antibodies added to block cell-surface Fc receptors by incubation for 10 

min at room temperature. The relevant directly conjugated primary antibodies or 

their corresponding isotypes (Table 2-1) were added to the FACs tubes and 

incubated for 30 min at 4oC, whilst being  protected from the light. Cells were 

then washed with FACs buffer three times before being treated with the 
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appropriate secondary antibody/streptavidin-conjugated fluorophores. Non-

stained control cells were also prepared. Again, cells were washed with FACs 

buffer (three times) and resuspended in 1 ml FACs buffer and their staining 

analysed using a BD LSR II flow cytometer (Flow core facility). Data were analysed 

via the software programme, FlowJo (version 10.8).  

 

Single-cell synovial suspensions for sorting were obtained as described above 

(section  1.3.3) and SFs were purified using antibodies specific for stromal cells/SF 

markers such as CD45 (Biolegend, 103106), CD90 (Biolegend, 103106), podoplanin 

(PDPN) (Biolegend, 105316) and CD31 (Invitrogen, 12-0311-81) (Croft et al., 

2019;  Mizoguchi et al., 2018) with cell sorting being performed immediately after 

staining, using a FACS Aria Ilu machine (GBRC Flow core facility). For sorted 

populations, purity was determined by reanalysis immediately post sorting and 

purity was found to be >99% for the SF target population (CD31−, CD45−, PDPN+ 

(Figure 2-1). CD31 acted as a dump channel, whilst CD45 was used to eliminate 

both endothelial and immune populations from the gate in order to sort out the 

stromal cells. All antibodies were used at 1:100 dilution.   

 

2.3.4 Magnetic bead separation 

To remove contaminating myeloid cells (CD11b+) from ex vivo cultures, antibody-

conjugated magnetic bead depletion was performed using Miltenyi Biotech bead 

technology. Cells were labelled with a CD11b-specific biotinylated antibody 

(BioLegend, B259438; 1-2 ls per 1x106 cells) for 10 min, washed to remove 

unbound primary antibody by adding 1-2 mls of labelling buffer per 107 cells, 

centrifuged and the supernatant aspirated. The cell pellet was then resuspended 

in Miltenyi Biotech Labelling buffer (90 l/ 107) cells and 10 ls of Streptavidin-

conjugated Microbeads added per 107 cells. The solution was mixed well and 

incubated for 15 min at 4oC. Cells were washed with 1-2 ml of FACs buffer per 107 

cells, centrifuged, the supernatant aspirated, and cells resuspended in 500 l 

Miltenyi Biotech separation buffer. The later was then passed through magnetic 

separation columns which were then placed in the magnetic field of the suitable 

MACS separator (chosen based on number of total cells). The columns were 

initially rinsed with FACs buffer after which the cell suspension was added to the 

column, with the resulting magnetic retention of the macrophages allowing 
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collection of unlabelled, purified SF cells which were obtained by washing the 

columns three times with separation buffer. FACs analysis was carried out to 

ensure the collected cells were SFs, with purity typically >90%. 

 

2.4 Preparation of Alvetex® scaffolds and cell seeding 

2.4.1 Culture of SFs in Alvetex® inserts in a 6-well plate  

Alvetex® scaffolds (AMS Biotechnology (Europe) Lt, Abingdon) were rendered 

hydrophilic with 70% ethanol, by ensuring the entire surface of the scaffolds were 

washed. The ethanol was removed, and the scaffolds washed with PBS twice (for 

~1 min) and aspirated. The scaffolds were then coated with fibronectin (RD 

System, 1030-FN) in PBS at a concentration of (0.5 mg/ml) and incubated at room 

temperature for 1 h in a well plate. The FN solution was then aspirated and 

replaced with complete DMEM medium. Scaffolds were then seeded with cells (1 

x 106 cells per scaffold), with the cells dispensed at the centre of the scaffold and 

then incubated at 37oC with 5% CO2 for 1-2 h to facilitate cell attachment (Figure 

2-2). The cells were then gently flooded with medium to the desired level as well 

as in the well plate below and cells were then grown on the scaffold for 7 to 9 

days, with the medium being changed every second day. 

 

2.5 Preparation of FNPEG hydrogels 

2.5.1 PEGylation of fibronectin (FN) 

2.5.1.1 Denaturation of FN 

The required amount of Fibronectin (FN, YoProteins, 3 mg mL−1; usually 50 g per 

50 l hydrogel) was pegylated.  FN was denatured in 100 µl denaturing buffer 

(5 mM Tris(2-carboxyethyl)phosphine hydrochloride [TCEP, pH 7, Sigma] and 

8 M urea [Fisher, 18 M stock] in phosphate buffer saline [PBS, Gibco, pH 7.4]) for 

15 min at room temperature (Table 2-2). 

 

2.5.1.2 Protein PEGylation  

An appropriate amount of 4-arm-PEG-Maleimide (PEGMAL, 20 kDa, LaysanBio) was 

incubated for 30 min at room temperature at a molar ratio FN:PEGMAL 1:4 (usually 

9 g/50 g FN). The tubes were then placed on a rotating platform (100 rpm) at 
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room temperature for 30 min. The reaction was stopped with 0.5 l NaOH (1M 

stock). 

 

2.5.1.3 Protein alkylation 

After PEGylation, remaining non-reacted cysteine residues were blocked by 

alkylation using 14 mm iodoacetamide (IAA, Sigma) in PBS at pH 8 (on a rotating 

platform (100 rpm)) for 2 h at room temperature. The product of the reaction was 

dialysed using (Mini-A-Lyzer, MWCO 10 KDa, ThermoFisher) against PBS for 1 h at 

room temperature. 

 

2.5.1.4 Protein Precipitation  

The protein solution was then precipitated using cold ethanol. Briefly, nine 

volumes of cold absolute ethanol were added to the protein solution and mixed 

well using a vortex mixer. The mixture was then incubated at −20°C overnight and 

centrifuged at 15,000 g and 4°C for 15 min. The supernatant was discarded, and 

the protein pellet was further washed with 90% cold ethanol and centrifuged again 

at 15,000 g and 4°C for 5 min. Pellets were dried and solubilised using 8 M urea 

at a final protein concentration of 2.5 mg mL−1. Once the protein was dissolved, 

the solution was dialysed against PBS for 1 h and stored in the freezer. 

 

2.5.2 Hydrogel formation 

PEG hydrogels were formed using the Michael-type addition reaction under 

physiological pH and temperature. Briefly, a final concentration of 1 mg mL−1 of 

PEGylated FN was added to different amounts of PEGMAL weights (wt %) (3 wt %, 

5 wt % or 10 wt %) to obtain the relevant stiffness of hydrogel required. Following 

this, the thiolated crosslinker was added, at a molar ratio 1:1 maleimide:thiol to 

ensure full crosslinking. The crosslinkers used were either PEG-dithiol (PEGSH, 

2 kDa, Creative PEGWorks; for non-degradable gels) (Table 2-3) or mixtures of 

PEGSH and protease-degradable peptide, flanked by two cysteine residues (VPM 

peptide, GCRDVPMSMRGGDRCG, purity 96.9%, Mw 1696.96 Da, GenScript; for 

degradable gels) (Table 2-4). Once the crosslinker was added, samples were 

incubated for 1 h at 37 °C to allow the gels to “cure”. All non-degradable gels 
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used in imaging experiments were 5 wt % PEGMAL as this is estimated to be close 

to the stiffness of a healthy synovium. 

 

Although hydrogels containing PEGSH eventually degrade, in this thesis they will 

be referred to as non-degradable as they take many months to degrade, and the 

gels are used for cell studies no longer than 2 weeks. It is this stability that makes 

their use an appealing choice for kinetic studies. On the other hand, the addition 

of VPN in combination with PEGSH, significantly increases the hydrogel 

degradation time frame. Depending on the volume of VPM:PEGSH used the time 

for degradation can vary from 3 – 10 days, with the higher volume of VPM used, 

the quicker the hydrogel degrades. 

 

2.6 Nanoindentation 

Hydrogels were prepared using different volumes of 4-Arm PEGmal, PEGdithiol 

and VPM (peptide) as shown in Table 2-3 to create hydrogels of differing stiffness. 

The gels were either cultured in media, with cells or PBS (without cells) with the 

stiffness of the gels measured at days 0, 3 and 7. Young’s moduli of hydrogels 

were measured using a Chiaro Nanoindenter (Optics 11) and a probe with a 

spherical indenter tip with a radius of 2200 nm (Figure 2-3). The Chiaro 

nanoindenter uses this optical fiber sensor to gently push a spherical glass tip on 

the surface of the gel allowing a measurement of Young’s moduli (Figure 2-4). 

Young’s modulus was derived using the Hertz model to an indentation depth of 

10% of the tip radius. Values are given as the mean of ~ 20 indentations and the 

standard deviation (SD). 

 

2.7 Histology 

2.7.1 Preparation of joint wax blocks 

Whole paws were harvested and fixed with 4% paraformaldehyde. They were then 

sent to the GBRC Histology Research Service (Veterinary Diagnostic services) to be 

processed to paraffin blocks and sent back, ready to be sectioned using a 

microtome. 
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2.7.2 Preparation of Alvetex® wax blocks 

After cells were cultured in the scaffold for the indicated time, the medium was 

aspirated from the scaffolds which were then washed carefully with PBS twice. 

The scaffolds were then removed from their inserts (using scissors or scalpel) and 

fixed using 4% PFA at 4oC for 12-24 h. The fixative was aspirated, and the scaffolds 

were washed three times with PBS and then the scaffolds were progressively 

dehydrated using a series 30%, 50%, 70%, 80%, 90% and 95% solutions of ethanol, 

each of which being incubated at room temperature for 15 min, and finally stored 

in 95% ethanol. Fully dehydrated scaffolds were achieved by placing them in 100% 

absolute ethanol for 30 min. The ethanol was then aspirated, and the scaffolds 

were inserted into labelled cassettes and into the paraffin processor (Lecia Asap 

300), where they were treated with Histoclear for 30 min, then a 50:50 solution 

of Histoclear and molten paraffin wax (60 °C) for 30 min and then with 

Histoclear:wax mix and incubated at 60°C for a further 60 min. The scaffolds were 

transferred to plastic embedding moulds and orientated into the required position 

and embedded in wax using the Thermo scientific Histostar. The wax was left to 

cool and set at room temperature for 1-2 h. Once hardened, the wax embedded 

block was removed from the plastic mould ready for sectioning. 

 

2.7.3 Microtome sectioning: joint and Alvetex® 

Sections of 5 μm (Alvetex®) and 7 μm (paw) were cut using a microtome (Leica 

RM2125). The sections were then transferred to a slide water bath (40°C), floating 

them on the surface of the water to enable them to flatten out. Sections were 

then transferred to Superfrost Plus slides (Thermo, 4951PLUS4). They were left to 

dry overnight to ensure no water remained under the samples.  

 

2.7.4 Cryostat sectioning: hydrogel 

After cells were cultured in the hydrogel for the indicated time, the hydrogels 

were fixed with 2 ml of 4% PFA for 30 min. The hydrogels were then dehydrated 

in 30% sucrose solution (3 g sucrose + 10 ml PBS) overnight at 4oC. They were then 

placed in moulds filled with OCT, ensuring the entire gel was covered and there 

were no bubbles visible. The moulds were then placed immediately at -80oC 
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overnight prior to cutting sections at 20 μm on the cryostat, which following slide 

attachment were stored at -20oC.  

 

2.7.5 Histology: Haematoxylin and Eosin (H&E) staining 

For staining of frozen section such as hydrogels, the slides were removed from the 

freezer and wrapped in foil for 20 min at room temperature, then left unwrapped 

for a further 10 min. The samples were fixed in ice-cold acetone/ethanol 

(75%/25%) for 10 min, then left to air dry for a further 10 min. The slides were 

washed under running water prior to staining. Paraffin sections (joint and 

Alvetex®) were heated in an oven for 35 min at 60oC, after which they were placed 

in xylene to dewax and hydrated through a graded series of ethanol (100%, 90%, 

70%; 6 min incubations of each) solution and then washed under running water. 

 

The sections/slides were then placed in Harris Haematoxylin for 3 min (twice) and 

then washed under running water to remove excess staining. Haematoxylin is a 

violet/purple stain that binds to basophilic substances such as DNA, allowing 

nuclei to be seen under the microscope in purple. To reduce background colour, 

the sections were dipped in 1% Acid/Alcohol for a few seconds, quickly rinsed 

under running water, dipped in Scott’s Tap Water Substitute and then again 

quickly rinsed under running water. Following this, counter-staining was carried 

out in which the sections were placed in 70% ethanol and then 1% Eosin for a few 

min. Eosin is a red stain that binds to acidophilic substances such as cytoplasm, 

red blood cells and collagen. Sections were then dehydrated in 90% and 100% 

ethanol and 100% xylene. Coverslips were mounted over tissue sections with DPX 

mountant and left to dry overnight. Imaging of hydrogel cryosections and/or 

joints/Alvetex® microtome sections was performed on an EVOS brightfield 

microscope at x10 magnification. 

 

2.8 Immunohistochemistry and fluorescent microscopy  

2.8.1 Alvetex® and joint sections 

The paraffin embedded sections were heated for 35 min at 60oC, after which they 

were placed in xylene to dewax and hydrated through a graded series of ethanol 

(100%, 90%, 70%, with 6-min incubations of each) solutions. Slides were placed in 
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antigen retrieval buffer (pH 6) and microwaved at 800 W, covered in tinfoil and 

incubated at room temperature for 20 min. The sections were then washed with 

0.05% PBS Tween (PBS-T) twice and then blocked using PBS 10% FBS for 30 min at 

room temperature. Sections to be stained using biotinylated antibodies were 

treated by blocking endogenous biotin (Molecular probes kit, Cat: SP-2002) prior 

to staining with the relevant antibodies (Table 2-5). For blocking, sections were 

incubated with streptavidin solution for 15 min at room temperature, then briefly 

rinsed with PBS-T before being incubated for 15 min at room temperature with 

biotin solution. Primary antibodies (in PBS 0.3% Triton x-100 with 1% BSA) were 

added overnight at 4oC. Samples were washed and then incubated with the 

appropriate secondary antibody/streptavidin-conjugated fluorophores or relevant 

control antibody isotypes for 1 h at room temperature in the dark. They were then 

rinsed three times with PBS and samples were mounted with Slow-Fade diamond 

mounting media with DAPI (Vectashield). Images of Alvetex® and joint sections 

were obtained on the EVOS brightfield microscope. Quantification of cells within 

the Alvetex® scaffold and the intensities of fluorescent subset markers (VCAM1 

(lining) and CD90 (sublining)) of SFs were determined manually.  

 

2.8.2 Imaging of full hydrogels  

For imaging of whole hydrogels (as opposed to cryosections), the hydrogels were 

removed from their inserts and fixed with 4% PFA for 30 min at room temperature 

prior to staining. Permeabilisation of the cells (for both cryosections and whole 

hydrogels) was carried out for 15 min at room temperature using 0.1% Triton. 

followed by washing once with PBS. The hydrogels were then treated with PBS 

containing 1% BSA for 30-60 min at room temperature, after which the primary 

antibody was added (Table 2-5) and left overnight at 4oC. The following day the 

samples were treated with the appropriate secondary antibody (Table 2-5) or 

streptavidin-conjugated fluorophores for 1 h at room temperature. The samples 

were washed with PBS containing 0.5% Tween20 and mounted onto a glass bottom 

petri dishes using Vectashield slow fade mounting media containing DAPI 

(VectorLabs). Scanning and imaging of entire hydrogels was carried out on a Leica 

DM8 widefield microscope using LAS X Life Science software at a magnification of 

x10. The hydrogels were imaged in a tilescan format with z-steps of ~10 μm to 
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obtain stacked images, which were then merged together to form a detailed 

representative image of the cells within the hydrogel. The image was then 

deconvoluted using Huygens essential after which it was processed using IMARIS 

(“Cell biologist package”) to obtain 3D reconstructions of the gel and investigate 

parameters such as volume, area, sphericity, intensity and location of each cell.  

2.9 ELISA 

Cytokine secretion was measured using the relevant ELISA kits as instructed by the 

manufacturers. Typically, cells were seeded in 96-well plates (Corning) at 1x104 

cells per well in DMEM medium containing 10% FCS, incubated overnight and then 

stimulated for 24 h with IL-1 (10 ng/ml, Immunotools) or IL-17 (25 ng/ml, 

Immunotools). The supernatants were collected and analysed for secretion of 

Interleukin 6 (IL-6) and Monocyte Chemoattractant Protein-1 (MCP-1/CCL2) 

(Ready- SET-GO! from eBioScience). Briefly, the plates were coated overnight 

at 4oC with the relevant capture antibody. Following blocking for 1 h, the samples 

or standards were added, and plates incubated overnight at 4oC. The samples were 

then washed and incubated with detection antibody for a further hour and then 

streptavidin-conjugated horseradish peroxidase was added for 30 min at room 

temperature. The 96-well plates were then washed for a final time with PBS-T, 

before being incubated with TMB substrate. After the colour developed from blue 

to yellow, the stop solution (1M H2SO4) was added. Absorbance for each well was 

read at 450 nm using a Tecan Sunrise plate reader.  

2.10 RT-PCR  

2.10.1 RNA extraction  

2.10.1.1 RNA extraction from SFs freshly isolated from the joint or cultured 

in 2D  

Cells taken directly from the paws of Naïve and CIA mice were sorted using FACS 

(section 1.3.4) to isolate a purified population of SFs prior to RNA extraction whilst 

for 2D cultures, following checking of purity, the required SFs were harvested. 

RNA lysis (RLT) Buffer (350 l) was added to pelleted SFs (maximum of 5x105 

cells/sample). The lysate was homogenised by passing the solution through a 20-

guage needle 10 times using a sterile plastic syringe. Equal volumes of 70% ethanol 
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were added to the homogenised lysates and pipetted up and down 10 times to 

ensure the solution was completely mixed. Samples were transferred to RNeasy 

MinElute spin columns in 2 ml collection tubes, then centrifuged for 15 sec at 8000 

g. Following discarding of the flow-throughs, Buffer RW1 (350l) was added and 

the samples were centrifuged for 15 sec at 8000 g to wash membrane bound RNA. 

The flow-throughs were again discarded and DNase I reagent (10 l DNase I stock 

solution mixed with 70 l Buffer RDD) was added to the column membranes and 

incubated at room temperature for 15 min. The Buffer RDD not only ensures that 

RNA remains bound to the column but also provides an efficient on-column 

digestion of DNA. Buffer RW1 (350 l) was then added to the columns, and the 

tubes micro-centrifuged for 15 sec at 8000 g and the flow throughs discarded. The 

RNeasy MinElute spin columns were then placed in fresh 2 ml collection tubes and 

Buffer RPE (500 l) added (ensuring it was diluted with ethanol according to 

manufacturer’s instructions) to wash the membrane bound RNA, after which the 

tubes were micro-centrifuged for 15 sec at 8000 g and the flow-throughs 

discarded. Ethanol (80%; 500 l) was then added to the RNeasy MinElute spin 

columns and following micro-centrifugation for 2 min at 8000 g, the collection 

tube was discarded. The RNeasy MinElute spin columns were again placed in fresh 

2 ml collection tubes, the caps were left open, and centrifuged at full speed 

(>10000 g) for 5 min to dry the membrane. The flow-throughs and the collection 

tubes were discarded, and the RNeasy MinElute spin columns placed in fresh 1.5 

ml collection tubes and 14 l of RNase-free water added directly to the centre of 

the spin column membrane. The lid was closed gently, and the tubes centrifuged 

for 1 min at full speed to elute the RNA. RNA concentrations were determined by 

nanodrop, with a typical reading of 100-140 ng/l. 

2.10.1.2 RNA extraction from cells cultured in Alvetex® 

The Alvetex® scaffold cultures were gently washed in PBS and transferred to clean 

plates. Cells were lysed by adding 600 l Qiagen RNeasy kit lysis buffer RLT per 

well, and then the plates were placed on a rotating platform (100 rpm) for 10 min 

at room temperature. The lysate was homogenised by passing the solution through 

a 20-guage needle 10 times using a sterile plastic syringe. RNA was extracted using 

Qiagen kit, as per manufacture instructions as mentioned previously (1.10.1.1). 
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RNA concentrations were determined using nanodrop, with a typical reading of 

20-30 ng/l. 

2.10.1.3 RNA extraction from cells cultured in Hydrogels 

Initially the hydrogels were made with 1:1 VPM:PEGSH, to allow the hydrogels to 

degrade over the period of 1 week, after which RNA would be extracted. However, 

this resulted in poor quality RNA that was not suitable for RNA-Seq. Following 

comprehensive optimisation trials, this was found to be due to the addition of the 

PEGSH, which interfered with the degradation of the gel for RNA extraction. 

Therefore, the degradable hydrogels were made with 100% VPM resulting in the 

degradation of the gel after 3 days and a better quality of extracted RNA.  

The hydrogels were removed from their inserts and placed in tubes with an equal 

volume of 2.5 mg/ml collagenase in PBS and incubated at 37oC for 90 min, gently 

pipetting samples slowly every 30 min to help release cells from the degrading 

gel. Following incubation, the samples were pipetted vigorously and passed 

through 100 m cell strainers into tubes and then centrifuged at 500 g for 10 min 

at 4oC, to obtain cell pellets and ensure that any pieces of non-degraded gel were 

removed. RNA was extracted using Qiagen kit, as per manufacture instructions as 

mentioned previously (1.10.1.1). RNA concentrations were determined using 

nanodrop, with a typical reading of 5-10 ng/l. 

2.10.2 cDNA synthesis  

cDNA was synthesized using the High-Capacity cDNA reverse transcription kit 

(Applied Bio- systems, Life Technology, UK) and KiCqStart® qPCR Ready Mix 

(Sigma-Aldrich), converting 100 ng RNA per reaction and assuming the reaction 

achieved completion, creating 100 ng cDNA. Briefly, RNA samples were diluted to 

10 ng/μl and 10 μl added to a reaction mix containing reverse transcriptase, 

dNTPs, RNase inhibitor and random primers as per manufacturer’s instructions. 

Samples were incubated at 25°C for 10 min, followed by 37°C for 2 h and then 

95°C for 5 min to inactivate the enzyme. cDNA was diluted to 2 ng/μl using 

nuclease free water and the cDNA samples were stored at -20°C, prior to 

quantitative PCR.  
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2.10.3 PCR 

Transcripts were analysed by qPCR in duplicate in either 96- or 384- well plate 

formats.  Depending on the plate used, a master mix was made of the following: 

Taqman probes 20x (0.5/0.25 μl), 2x reaction buffer (5/2.5 μl), cDNA (enough for 

10 ng) and dH20 (enough for 10/5 μl total). Plates were run on Applied Biosystems 

StepOne PlusTM real-time PCR system. Cycling conditions were as follows: 20 

seconds at 95°C, then 40 cycles of denaturation at 95°C for 3 seconds and 

annealing at 60°C for 20-30 seconds. Data were normalised to the reference gene 

β-actin to obtain the ΔCT values that were used to calculate the fold change from 

the ΔΔCT values following normalisation to biological control group. 

2.10.4 RNA-Seq analysis 

RNA integrity was checked using the Agilent 2100 Bioanalyzer System and all 

purified RNA samples had a RIN value >9. For 2D and Alvetex® samples the libraries 

were prepared using the TruSeq mRNA stranded library preparation method, this 

kit prepares a library that when sequenced represents the reverse/negative 

strand, furthermore it uses the standard TruSeq adapters for the library. However, 

for FNPEG hydrogels the libraries were prepared using the NEBNext Single Cell-

Low Input RNA Library Prep Kit for Illumina. Samples were sequenced 2 × 75 bp to 

an average of more than 30 million reads. All RNA-Seq reads were then aligned to 

the mouse reference genome (GRCM38) using Hisat2 version 2.1.0, and 

featurecounts version 1.4.6 was used to quantify reads counts using the Galaxy 

portal at the University of Glasgow. Data quality control, non-expressed gene 

filtering, median ratio normalization (MRN) implemented in DESeq2 package, and 

identification of differentially expressed (DE) genes was done using the R 

Bioconductor project DEbrowser (Kucukural et al., 2019). Genes that passed a 

threshold of padj < 0.01 and log2foldChange > 2 in DE analysis were considered for 

further analysis. Gene Ontology (GO) enrichment, KEGG pathway enrichment, and 

UniProt Keywords enrichment were performed in String version 11.0 

(https://string-db.org) based on statistically significant DE genes. 

 

http://heighliner.cvr.gla.ac.uk/root/login?redirect=%2F
http://heighliner.cvr.gla.ac.uk/root/login?redirect=%2F
https://bioconductor.org/packages/release/bioc/html/debrowser.html
https://string-db.org/
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2.11 Statistical analysis 

All statistical analyses performed were carried out using GraphPad Prism software 

(version 8.9). Normalisation and standardisation of data was carried out when 

applicable using GraphPad Prism software. For graphs in which normal distribution 

of data was assumed ‘robust estimation’ was used to draw random repeated 

samples from the data, using the mean to obtain the estimate of variance, 

allowing for the using of parametric statistics. Data represented as mean ± 

standard deviation (SD) of technical replicates, or biological replicates when 

indicated and SEM for individual mice/pooled experiments. For comparing 2 

groups, a variable for more than 2 groups and two variables for more than 2 groups 

the parametric statistics Student t test, one-way ANOVA and two-way ANOVA with 

Tukey’s multiple comparison correction were performed, respectively. P values 

shown as: 

*p<0.05 or  p<0.05 or & p<0.05 

** p<0.01 or  p<0.01 or && p<0.01 

*** p<0.001 or  p<0.001 or  p<0.0001 

**** p<0.0001 or &&& p<0.001 or &&&& p<0.0001 

Differing symbols were used when multiple comparisons were made in an 

individual experiment.  
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Table 2-1: Antibodies to determine SFs (1:100 FACs buffer) Antibodies to determine 
SFs (1:100 FACs buffer) 
 

Antibody Ref 

CD45 BioLegend: 103106 

CD90 BioLegend: 328109 

Podoplanin BioLegend: 105316 

CD31 Invitrogen, 12-0311-81 
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Figure 2-1: Identifying SF population using FACs. 
Cells were isolated from the synovium of healthy and CIA mice following collagen 
digestion of the tissue. Live synovial fibroblasts were sorted based on the expression of 
surface markers (Podoplanin+, CD45−, CD31−) detected by specific antibody staining as 
shown in dot plots. SFs were subsequently isolated by Flow cytometry sorting. The 
number of isolated cells, PDPN+, and expression of PDPN are shown. Data are presented 
as mean ± SEM. Naïve n = 5, arthritic n = 4. Statistical significance was calculated using 
a one-tail unpaired t-test, *p < 0.05 and **p < 0.01.  
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Figure 2-2: Schematic of Alvetex® inserts and seeding. 
Alvetex® (Reprocell Code: AVP004/AVP005) supports are made of two make 
components, the polystyrene 3D scaffold where cells grow and a plastic insert to hold 
the disc into plate wells. SFs are first seeded onto the insert that is placed into a well-
plate prior, allowing cells to attach to the scaffold for 90 minutes. Media is 
subsequently added to the well covering the scaffold containing the cells. Adapted from 
(Alvetex® Strata Biortrend, 2021) with BioRender.com 
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Table 2-2: Components and volumes for the PEGylation of Fibronectin for hydrogel 
formation 

Component Volume  

Fibronectin (3 mg/ml) 16.6 l 

0.5 M tris(2-carboxyethyl)phosphine (TCEP)  1 l 

8 M urea 44.4 l 

PBS 38 l 

Total 100 l 
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Table 2-3: Components and volumes required for the formation of non-degradable 
Fibronectin PEGylated hydrogels 

Component Volume Per gel 

Fibronectin (made in PEGylation of fibronectin 

mentioned in Table 2-2) 

20 l of 2.5 mg/ml 

4-arm Peg maleimide (4-PEG-MAL) 8 l of 250 mg/ml 

Poly (ethylene glycol)dithiol (PEGdithiol)  4.1 l of 100 mg/ml 

Cells in PBS or media without cysteines 17.9 l (50,000 cells per gel) 

Total 50 l 
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Table 2-4: Components and volumes required for degradable Fibronectin PEGylated 
hydrogel synthesis. Different weights (wt %) were used to obtain hydrogels of 
different stiffnesses. 

Component Stock conc. 3 wt % 5 wt % 10 wt % 

FN  2.5 mg/ml 20 l  20 l  20 l  

4-arm Peg maleimide (4-PEG-MAL) 250 mg/ml 5 l  8 l  16.6 l  

Poly (ethylene glycol)dithiol (PEGdithiol) 100 mg/ml 1.25 l  2.05 l  4 l  

VPM crosslinking peptide 100 mg/ml 1.25 l 2.0 5l 4 l 

Cells in PBS N/A 5.4 l 5.4 l 5.4 l 

PBS 1XPBS 17.1l 12.5 l N/A 
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Figure 2-3: Schematic view of the ferrule-top nanoindenter setup 
(Chavan et al., 2012) 
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Figure 2-4: Schematic representation of load vs depth graph from nanoindentation. 
Adapted from (Hu, Farahikia and Delfanian, 2014) and created with BioRender.com 
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Table 2-5: Primary, secondary antibodies and isotypes with dilutions 

 

  

Primary Antibody Dilution Ref 

Vimentin 1:200 Sigma 058M4885V 

VCAM1 1:50 Affbiotech: 25W0785 

Biotin anti-mouse CD90.2  1:50 BioLegend: B147729 

Secondary Antibody Dilution Ref 

Chicken anti-goat AF647 IgG(H+L) 1:200 Invitrogen: 1882197 

Goat anti-rabbit AF647 IgG(H+L) 1:200 Invitrogen: A27040 

Streptavidin 647 1:200 Invitrogen: 1893503 

Isotype Dilution Ref 

Goat Isotype Ctrl 1:200 ThermoFisher: 31245 

Normal rabbit IgG non-conjugated 1:100 Santa cruz biotech: J1609 

Biotin rat IgG2a k Iso Ctrl 1:100 BioLegend: B196171 
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Chapter 3 Characterisation of Naïve SFs and 

pathogenic SFs from CIA mice using conventional 2D 

cell cultures  

3.1 Introduction 

3.1.1 Collagen Induced Arthritis (CIA)  

In human studies, the required tissues may not always be available or ethically 

obtainable and therefore, experimental animal models are crucial for 

investigating the pathways and mechanisms leading to disease as well as those 

contributing to its perpetuation. While no animal model can perfectly recapitulate 

the human condition, a range of generally easily reproducible animal models of 

RA have been developed to advance our understanding of this disease and also 

provide pre-clinical experimental models for potential therapeutic and diagnostic 

targets to be identified and validated, particularly following the availability of 

genetically modified animals (Kannan, Ortmann and Kimpel, 2005).  

 

Thus, as for many other conditions, animal models act as an alternative to 

recapitulate various aspects of RA disease (Asquith, Miller, McInnes and Liew, 

2009; Caplazi et al., 2015) but of the various animal models used in RA research 

(Table 3-1) the collagen-induced arthritis (CIA) model used in this thesis is one of 

the most commonly used and is considered the gold standard as it mirrors various 

autoimmune and inflammatory arthritis aspects of RA. CIA is associated with the 

production of collagen-specific autoantibodies as well as chronic inflammation 

leading to the development of an acute asymmetric polyarthritis, characterised 

by the synovial hyperplasia and infiltration, cartilage degradation as well as bone 

erosion that is seen in human RA (Williams, 2004). Autoimmune arthritis is induced 

in this model by immunization with an emulsion of complete Freund's adjuvant 

and type II collagen (CII), with the anti-type II collagen IgG antibodies generated 

mimicking the autoantibody production against self-type II collagen, as well as 

reacting to citrullinated proteins and IgG such as rheumatoid factor (RF), seen in 

RA patients. Also as seen in RA, pro-inflammatory cytokines such as TNF- and IL-

1 are highly expressed in arthritic joints of CIA mice and inhibition of these 

cytokines leads to a reduction in the severity of RA, giving further weight to the 
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importance of this specific model (Brand, Latham and Rosloniec, 2007). The most 

commonly used mouse strain used for the CIA model is DBA/1, as they exhibit a 

high incidence/high severity of pathology especially when compared to C57BL/6 

mice, which are generally considered resistant to CIA and display low severity of 

disease. However, to study the effect of genetic modification on the development 

of RA, C57BL/6 mice are generally used as targeted gene deletion has been 

problematic in DBA/1 mice (Rajaiah and Moudgil, 2009; Luross and William, 2011).  

 

The CIA model has not only aided in our understanding of RA pathogenesis but has 

proven to be a suitable model for testing not only anti-inflammatory but also 

analgesic drugs for potential use in RA (Inglis et al., 2007). CIA models have 

allowed analysis of articular tissues at earlier disease stages, showing 

irregularities within the synovium, including the deposition of fibrin in the joints 

as well as hyperplasia of the synovial lining observed prior to clinical arthritis. 

Moreover, exploration of the synovial tissue of mice immunised with type II 

collagen and CFA 10 days prior to clinical proof of joint swelling or tenderness 

appeared to show hyperplasia of the lining, mesenchymal-appearing cells as well 

as vasodilation. However, no infiltration of lymphocytes of leukocytes was 

observed. Supporting cellular activation in the earliest stage of murine CIA model, 

the activated form of NF-κB was detected in the synovial lining cells 10 days prior 

to joint swelling (Bustamante, Garcia-Carbonell, Whisenant and Guma, 2017). 

Furthermore, the CIA murine models have also shown similar SF hyper-responses 

akin to those observed in RA, with CIA-SFs displaying enhanced cytokine 

production relative to their Naïve counterparts, ex vivo (Pineda et al. 2014), 

suggesting they can be exploited for dissection of SF pathogenesis. For example, 

administration of rIL-22 to mouse paws during the initial stages of CIA leads to an 

enhanced basal and IL-17-stimulated IL-6 response by the SFs ex vivo (Pineda et 

al., 2014), suggesting that the responses seen in RA-SFs can be experimentally 

mimicked, at least in part by CIA-SFs. Consistent with this idea, another study 

showed that IL-22 promotes osteoclast differentiation from human monocytes 

through RANKL production by SFs in vitro, findings consistent with the RA 

literature (Miyazaki et al., 2018). Moreover, and consistent with the induction of 

a stable hyper-responsive SF phenotype in RA, murine studies carried out by 

Corbet et al, showed that CIA-SFs cultured for 3-4 passages ex vivo displayed 
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hypomethylated global DNA compared to Naïve SFs, and this could be mimicked 

in vitro through chronic cytokine (IL-17 and IL-1) stimulation of Naïve SFs for 14 

days. The Global DNA hypomethylation correlated with a reduction of DNA 

methyltransferase-1 (DNMT1) expression, which was also found to be down 

regulated in CIA-SFs. These “rewired” cells have been found to display increased 

levels of MMP9 and MMP13 in the presence and absence of IL-17 stimulation and 

the joint destruction observed in the CIA mice was found to be associated with 

elevated levels of hypoxia in cells in the joint, as well as induction of vascular 

leakage (Corbet et al., 2020). The latter knowledge has been gained using 2D 

culture systems and have proved valuable in developing our understanding of RA-

SF responses, including that of their epigenetic rewiring to a “transformed” 

pathogenic phenotype.  

 

3.1.2 Conventional 2D culture of expanded SFs ex vivo 

Understanding the mechanisms underlying the function and pathology of cells, 

tissue and organs as well as disease mechanisms and drug discovery (Greenman et 

al., 2007) became increasingly feasible due to the development of animal models 

and culture systems (Yamada and Cukierman, 2007; W Jacoby, I Pasten, 1979). 

However, rather than a “one-size fits all” approach, choosing the best and most 

appropriate cell culture methods for modelling particular diseases may allow a 

better understanding of their biology and, in turn, aid in the development of 

better treatment options (Aggarwal, Danda, Gupta and Gehlot, 2009). 

 
Until recently, cell culture of mammalian adherent cells generally involved 

growing monolayers of cells attached to a flat and rigid two-dimensional (2D) 

substrate such as glass or plastic (polystyrene). It is important to note that despite 

the cells being described as grown on ‘plastic’ 2D culture systems, the cell 

themselves do not have receptors for polymers such as plastic. Therefore, they 

are unable to interact with the synthetic substrate unless coated with an adhesive 

protein/peptide (Lerman et al., 2018). Conventional 2D culture systems are 

generally treated with a polymeric protein/polypeptide allowing a positive 

charge, causing the negatively charged cells to be attracted. Furthermore, cells 

also secrete ECM to allow for better adhesion to the culture surfaces in 

vitro  (Cooke et al., 2008). Such cultures have provided a commonly used and easy 
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way to conduct in vitro research as they allow for high performance, 

reproducibility, long term culture and the performance of functional tests. 

Furthermore, the assay components are (relatively) cheap and commercially 

available. However, 2D adherent cell cultures may not recapitulate the key 

conditions of in vivo responses as they introduce artificial pressures and tensions, 

which may subsequently alter cellular processes that are dependent on spatiality, 

e.g., invasion and replication, as well as affecting how they respond to different 

stimulus and treatments (Danielson, Perez, Romano and Coppens, 2018). 

However, even with 2D systems, modifications that attempt to address the 

physiological microenvironment can be made, for example, through the addition 

and coating of ECM component(s) in order to develop a better understanding of 

the cell-ECM interactions. 

 

3.1.3 Integrins and Fibronectin in synovial tissue  

Synovial fibroblasts show elevated expression of integrins in RA, as well as 

upregulated levels of ligands such as Fibronectin (FN) and collagen. The resulting 

overstimulation of cells via integrin mediated signals results in the increased basal 

secretion of pro-inflammatory cytokines such as IL-6 and IL-8 as well as MMPs. All 

cells within the synovial tissue express a specific subset of integrins dependent on 

their origin and lineage. Thus, SFs, lymphocytes, macrophages and endothelial 

cells all express the integrin subunit 1 (Lowin et al., 2009). The FN receptor 51 

and laminin receptor 31 is expressed on all synovial cells, whilst 41, which 

aside from FN also binds VCAM1, was found to be expressed by lymphocytes. 

Regarding the synovial tissue, integrin expression is also dependent on the 

anatomical location of the cell in question, with the expression of the majority of 

integrins similar throughout the synovial tissue apart from in the synovial lining 

layer where activated SFs and macrophages degrade the ECM and invade the 

cartilage. Interestingly, therefore, the laminin receptor 61is expressed by SFs, 

but not macrophages, in the lining layer and these cells also generally express 

upregulated levels of 5 and 1 integrins when compared to SFs of the sublining 

area, suggesting that increased integrin expression is associated with a more 

“aggressive” phenotype of SFs (Lowin and Straub, 2011). 
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FN is an ECM component that plays a key role in communication between 

intracellular and extracellular environments as evidenced by its significant effect 

on cell behaviour following binding of integrin receptors on the surface of cells 

(Pearson, Klebe, Boyan and Moskowicz, 1988). It is an adhesive glycoprotein, 

widely distributed in ECM that acts to regulate adhesion, migration, 

differentiation as well as morphogenesis and wound healing as it is a crucial cell-

adhesive ECM protein, found in injured tissues undergoing regeneration (Pankov 

and Yamada, 2002). SFs express α5β1 and αvβ3 and these integrins are vital for the 

binding of FN (Parisi, 2007; Bachman, Nicosia, Dysart and Barker, 2015; Lowin et 

al., 2009) that plays a role in guiding fibroblast migration to the pannus (Shiozawa, 

Shiozawa, Shimizu and Fujita, 1984; Toffoli et al., 2020). These SF-ECM 

interactions also modulate MMP production (Nuttelman, Mortisen, Henry and 

Anseth, 2001) as well as mediating the SF adhesion to cartilage and stabilisation 

of invadopodia, dynamic actin-rich membrane protrusions that degrade the ECM 

via local deposition of proteases and are involved in cell invasion (Jin, Xu and 

Hereld, 2008). ECM components such as FN also bind growth factors, actively 

increasing RA-SF attraction and adhesion to the cartilage (Schultz, 2018). 

 

3.2 Aims and Objectives 

The core aim of this chapter was to characterise the responses of Naïve and 

pathogenic SFs derived from the mouse CIA model of RA, not only to confirm the 

reported hyper-responsiveness of CIA SFs, but also to further explore the stability 

of this transformed phenotype and provide a “reference” profile of responses for 

comparison with those obtained following subsequent culture in 3D (Alvetex® and 

hydrogel) platforms. The key specific aims of this chapter are to: 

• Characterise the inflammatory cytokine responses of Naïve and CIA SFs and 

hence further explore the stability of the hyper-responsive phenotype of 

CIA-SFs in 2D cultures 

• Test the effects of FN on these responses to determine whether 

incorporation of features associated with SF interaction with the ECM 

modulates the nature/stability of the responses of Naïve and CIA-SFs  

• To investigate whether SF subpopulations can be identified and maintained 

in 2D cultures 
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3.3 Results  

3.3.1 Histological characterisation of CIA and visualisation of SFs 

within the synovial joint 

To validate the characterisation of healthy and pathogenic SFs, paws from Naïve 

and CIA mice were harvested, sectioned and histopathological (H&E staining) was 

carried out (Figure 3-1A). Analysis showed cell infiltration and pannus formation 

in CIA, but not Naïve, joints with increasing numbers of cells in the synovial 

membrane encroaching into the joint space as well as the cartilage destruction 

also characteristic of RA (Sudoł-Szopińska et al., 2012).  

 
Following histopathological analysis of joint disease in CIA, SFs were visualised 

within the synovial joint (Figure 3-1B), by immunofluorescence staining for the 

stromal cell marker, vimentin [also known as a fibroblast intermediate filament] 

as this is the major intermediate filament found in non-muscle cells, and 

generation of vimentin fragments are upregulated in RA-SFs (Vasko et al., 2016). 

Thus, this marker has been used throughout the thesis to show that cultured cells 

are from stromal origin, and that only the SFs have expanded as there is no direct 

marker for SFs. 

 

Sections of Naïve and CIA mice knee joints were therefore stained with an 

antibody specific for vimentin (or an isotype control), counterstained with the 

nuclear stain, DAPI)  and imaged using a confocal microscope. It can be seen from 

Figure 3-1B that the synovial cells are clearly stained with the marker within the 

synovial lining of the synovium, while cells in the sections treated by the isotype 

control antibody are not. Consistent with the onset of joint pathology, the layer 

of synovial lining cells in the CIA sample appears to be thicker indicating  pannus 

development.  

 

3.3.2 SF viability and pro-inflammatory responses of CIA-SFs  

Having established that the SFs within the CIA joint exhibit characteristics 

observed in RA, it was next investigated whether explant cultures of these cells 

from CIA mice retained a hyper-responsive “pathogenic” phenotype relative to 

those from naïve mice, when cultured on traditional 2D platforms, as a 
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consequence of epigenetic changes occurred in vivo. Firstly, as patients with RA 

exhibit elevated levels of pro-inflammatory cytokines present within the synovial 

joint, the spontaneous release of two proinflammatory mediators found to be 

present in the RA synovium (Caiello et al., 2014) namely, CCL2 (Figure 3-2A) and 

IL-6 (Figure 3-2B) was determined. In addition, their responsiveness to further 

inflammatory cues was investigated by stimulation of the SFs by the pathogenic 

cytokine, IL-17 (Robert and Miossec, 2019), which promotes IL-6 and IL-8 release 

by RA-SFs (Hwang et al., 2004). This revealed that the CIA-SFs exhibited more pro-

inflammatory responses than their Naive counterparts, both in terms of basal and 

IL-17-stimulated release. Importantly, these data confirmed that the hyper-

responsive CIA phenotype is stable and maintained for 4 passages of culture in 2D 

platforms.  

 
Having established that CIA-SFs cultured in 2D exhibit enhanced pro-inflammatory 

responses relative to Naïve SFs, the viability of SFs cultured in 2D was then 

investigated using Live and Dead staining and imaged using fluorescence 

microscopy (Figure 3-3A). Following culture for 4 passages both Naïve and CIA SFs 

exhibited ~90% live cells. This indicates the cells can grow and survive effectively 

in culture even after being removed from their physiological joint environment. 

Next, the morphology of the SFs was examined, using H&E staining to observe cell 

shape (Figure 3-3B) and this was examined in the presence and absence of FN to 

examine the impact of SF interaction with the ECM on such cultures. It appears 

that the presence of FN promotes clustering of both Naïve and particularly, CIA 

SFs, presumably reflecting the proposal that FN aids fibroblast migration. 

Cooperation amongst multiple integrin and non-integrin receptors is required for 

fibroblast migration on FN, with this stringency affecting cell mobility (Clark et 

al., 2003). As FN-binding α5β1 integrins are upregulated in RA synovium and 

synovial fluid, arthritic SFs are more likely, than Naïve SFs to recognise and 

interact with FN and hence potentially receive at least quantitatively differential 

signals that may impact on their functional responses. This may be reflected here 

in the enhanced clustering of CIA, relative to Naïve, SFs observed.  
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3.3.3 Fibronectin induced expression of MMP and pro-

inflammatory cytokines in Naïve and CIA-SFs 

Following on from the findings of the enhanced pro-inflammatory responses of 

CIA-, relative to Naïve-, SFs, the effect of FN on their IL-6 and MMP3 secretion was 

investigated to explore whether these SFs phenotypes differentially interact with 

this component of the ECM. In addition, it was also investigated how FN 

interactions impacted on their responses to fresh pro-inflammatory cues ex vivo, 

such as IL-1 stimulation.  

 

Firstly, crystal violet staining, carried out to determine the number of Naïve and 

CIA SFs pertaining in the cultures in the absence and presence of FN (Figure 3-4A) 

and/or IL-1 stimulation (Figure 3-4B), showed that the number of CIA, compared 

to Naïve, SFs was significantly greater, presumably due to the ‘aggressive’ 

proliferative nature of activated SFs. However, culture on FN does not further 

significantly affect the cell numbers of either phenotype. Due to the hyperplasia 

of the CIA SFs, the crystal violet staining was then used to normalise the cytokine 

release detected in cell culture supernatants on a per cell basis.  

 

The cells were treated with medium ± IL-1 overnight before the release of IL-6 

and MMP3, the latter of which has also been found to be elevated in the synovial 

fluid of RA patients (Sun et al., 2014; Srirangan and Choy, 2010), was determined. 

In these experiments, IL-6 (Figure 3-4C) secretion appear consistent whilst MMP3 

(Figure 3-4E) showed increased basal (steady-state) by CIA-SFs, compared to Naïve 

SFs. Although there was an increase in the steady-state IL-6 and MMP3 cytokine 

production by both Naïve and CIA SFs when grown on FN, that exhibited by CIA-

SFs was more significantly upregulated. This is likely due to the upregulation of 

integrin 51 [also known as the FN receptor], contributing to the aggressive 

behaviour of the CIA-SFs through the induction of pro-inflammatory cytokine (IL-

6) and cartilage degrading enzyme (MMP3) release (Zeisel, Druet, Wachsmann and 

Sibilia, 2005).  

 

As IL-1 is a key initiator of RA pathogenesis, its addition is useful for mimicking 

the inflammation in the arthritic joint environment in in vitro cultures. Consistent 
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with this, the expression of both IL-6 (Figure 3-4D) and MMP3 (Figure 3-4F) in the 

conditioned medium was increased significantly above steady-state levels when 

SFs were stimulated with IL-1 in both Naïve and CIA cultures. However, CIA-SFs 

released more of the pro-inflammatory cytokine and MMP compared to Naïve SFs 

and when stimulated, CIA-SFs showed an increase in expression of both cytokines 

when cultured in the presence of FN. This could be due to FN signals cooperating 

with those of IL-1 to recapitulate a more pro-inflammatory environment. 

 

3.3.4 SF subset differentiation is lost in Naïve- and CIA-SF 2D 

cultures 

It has been established that SFs in the lining and sublining layers of the synovial 

membrane differ not only anatomical location but in function. Thus, lining SFs 

have been found to be involved in the bone and cartilage degradation 

characteristic of RA, whilst the sublining SFs have been found to be more involved 

in the pro-inflammatory signalling associated with the disease (Croft et al., 2016). 

Various markers have been to identify SF subsets (Nygaard and Firestein, 2020) 

and increasingly, through the use of such markers the role of SF subsets in the 

pathogenesis of RA has been better understood, ultimately potentially allowing 

for better therapeutics to be developed. 

 

To explore the stability/maintenance of SF subset phenotypes in explant 2D 

cultures, immunofluorescence staining was carried out after 4 passages targeting 

vimentin to validate cells as SF and exploiting differential VCAM1 (lining marker) 

and CD90 (sublining marker) expression to identify the SF subsets (Figure 3-5). 

Prior to staining, Naïve and CIA SFs were cultured in the presence and absence of 

FN to also allow assessment of the impact of ECM interactions on subset 

maintenance. The cells from all cohorts strongly express vimentin confirming they 

are all SFs. However, unlike the 30/70% (Naïve) and 40%/60% (CIA) distribution of 

lining to sublining phenotypes found in freshly isolated SF populations (Wang et 

al. unpublished), all of these SFs also appeared to be positively stained for the 

markers of lining and sublining SFs in both the Naïve and CIA cohorts, essentially 

showing no segregation into subpopulations and corroborating previous studies 

from this lab showing generation of a homogeneous population of SFs during ex 
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vivo growth in monolayer cultures, as evidenced by their uniform expression of 

CD90 and VCAM1 (Pineda et al., 2014). Thus, the capacity to maintain the distinct 

subpopulation phenotypes of lining and sublining SFs appears to be lost in 2D 

culture. Although this loss cannot be prevented by culture on FN, the cells 

expressing VCAM1 and CD90 appear brighter when grown in the presence of this 

ECM component: this could reflect that FN being richly expressed within the 

synovial joint, may be a source of activation and acquisition of invasiveness of SFs 

via upregulation of these cell surface receptors (Sanchez-Pernaute, 2003). 

 

3.4 Concluding remarks 

The characteristics of Naïve and CIA-SFs determined above are consistent with 

those of their counterparts in various animal models and human disease using 

similar 2D platforms, reported in the literature (Ruelas et al., 2020). Importantly 

for their use as a reference profile, the presented data recapitulate SF signalling, 

in terms of the hyper pro-inflammatory nature of the CIA-SFs, when compared to 

Naïve SFs in vivo or freshly isolated ex vivo (Kemble and Croft, 2021). However, 

despite the many studies of such hyper-responsive RA/CIA-SFs, no SF-targeted 

therapeutic has been developed to date perhaps suggesting models that sustain 

differentiated SF lining and sublining phenotypes and/or allow more optimal 

physiological interactions and signalling between cells are required to provide a 

better insight into potential therapeutic interventions. It is therefore the aim of 

the following chapters to determine the characteristics of explant SFs transferred 

to different types of 3D cultures, Alvetex® scaffolds and hydrogels, to explore 

whether the more physiological architecture provided supports (re)differentiation 

of the SFs to phenotypes that display characteristics more physiologically related 

to freshly isolated Naïve and CIA SFs.  
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Table 3-1: Animal models used in RA research and their characteristics  
(Asquith, Miller, McInnes and Liew, 2009) 

Animal model Characteristics 

Collagen Induced 

Arthritis (CIA) 

Polyarthritis, antibody and T-cell response. Inoculation with 
type II collagen induces relapsing/remitting arthritis but is 
self-limiting. Only inducible in susceptible strains of rodents 

Collagen Antibody 

Induced Arthritis 

(CAIA) 

Self-limiting polyarthritis in all animals, onset within 2 d, 
macrophage and polymorphonuclear cell involvement, no T- 
and B-cell involvement. Can be induced in most strains of 
mice. 

Zymosan Induced 

Arthritis (ZIA) 

Monoarthritis, develops 3 days after inoculation and subsides 
by day 7, but has shown to relapse after day 25. TLR 2 
dependent and can be induced in multiple strains of mice. 

Antigen Induced 

Arthritis (AIA) 

Inoculation with antigen by intra-articular injection and 
precludes analysis of the systemic component of disease. 

Spontaneous 
transgenic models of 

arthritis 

Spontaneous chronic and progressive polyarthritis, onset of 
disease at 3–4 weeks of age. This includes the KBxN, SKG and 
DNase II−/−IFN-IR−/− and human TNF-α transgenic mice. These 
mutations have so far only been identified in mice. 
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Figure 3-1: Pathophysiology of Naïve and CIA joints in mice. 
(A) Haematoxylin and Eosin staining was carried out on representative sections of the 

hind left paws at x10 magnification (scale: 500 m) and x20 magnification (scale: 275 

m from Naïve (top panels) and CIA (bottom panels; score 8) mice. Images were taken 
on EVOS brightfield microscope. (B) Immunofluorescent staining was carried out on 

mouse joint sections (7 m). Vimentin antibody staining (red) and DAPI (blue) was 
carried out on Naïve section (top left) with isotype (bottom left; score 6) and on CIA 
sections (top right) with isotype (bottom right). Images were taken at x10 magnification 

(scale: 500 m) on a confocal microscope  
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Figure 3-2: SFs from CIA mice exhibit increased production of pro-inflammatory 
mediators. 
Following culture (Materials & Methods section 2.9) in the presence and absence of IL-
17 stimulation for 24 h, conditioned medium was collected and release of (A) CCL2 (B) 
and IL-6 was determined. Data are presented as means ± SD, where each dot represents 
a biological replicate (in technical triplicates). Statistical significance was determined 
using One-way ANOVA and Tukey’s test for multiple comparations; **p<0.001, 
***p<0.0001 and ****p<0.0001.  
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Figure 3-3: Viability and morphology of cells cultured in 2D. 
(A) Live and dead staining of Naïve and CIA fibroblasts grown in a 2D platform, to 
observe fibroblast survival. Merged images of triplicate cultures show staining for live 
SF (green) using Calcein-AM and dead SF (red) using Ethidium homodimer-1 (left) with 
correlating SF survival graph (right). (B) Haematoxylin and Eosin staining carried out on 
Naïve and CIA SFs in the presence and absence of FN using an EVOS brightfield 

microscope at x20 magnification (scale: 275 m).  
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Figure 3-4: Effect of FN on MMP3 and IL-6 secretion in SFs in 2D 
ELISA analysis of IL-6 and MMP3 released by Naïve and CIA murine cells cultured for 7 

days in 2D in the presence and absence of both FN as well as   overnight IL-1β cytokine 
stimulation was carried out. The absorbance of SFs in the absence (A) and presence (B) 
of IL-1β stimulation was determined by crystal violet. The cytokine concentration was 
determined by ELISA and data were normalized with the crystal violet absorbance 
values. Cytokine expression of (C) IL-6 in the absence and (D) presence of IL-1β 
stimulation and (E) MMP3 expression in the absence and (F) presence of IL-1β 
stimulation (are shown. Data show means ± SD, with each dot representing a biological 
replicate (in technical triplicate). Statistical significance was evaluated by ordinary 
one-way ANOVA and Tukey’s test for multiple comparations; Naïve PBS vs CIA PBS or 
Naïve FN vs CIA FN (**p<0.001 and ****p<0.0001) and Naïve PBS vs Naïve FN or CIA PBS 

vs CIA FN (
###

p<0.001 and 
####

p<0.0001). 
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Figure 3-5: Expression of SF subset markers – VCAM1 and CD90 – in the presence and 
absence of FN. 
Immunofluorescence staining on Naïve and CIA murine cells. Column 1 shows stromal cell 
staining; Vimentin (red) and DAPI (blue); Column 2 shows SF lining marker VCAM1 (red) 
and DAPI (blue); Column 3 shows SF sublining marker CD90 (red), DAPI (blue). Images 

were taken on a fluorescent microscope at x10 magnification (scale: 500 m) 
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Chapter 4 Characterisation of explant Naïve- and 

CIA-SF responses following transfer to 3D 

polystyrene scaffolds  

4.1 Introduction 

The investigation of the pathophysiological mechanisms underpinning disease has 

benefitted from the development of relevant animal models and their validation 

in genetically-modified strains but has been limited, when exploring the role of 

adherent cells by the in vitro molecular and cellular analysis provided by 

monolayer (2D) cell culture systems (Kapałczyńska et al., 2016) such as those 

described in Chapter 3, as the 2D monolayer environment can cause the functional 

phenotype of cells to diverge considerably from that observed in vivo (Duval et 

al., 2017).  

 

For example, adherent cells grown in a monolayer adopt a flattened morphology, 

exposing their surface to the surrounding environment in a manner that does not 

mimic their natural 3D structures in vivo and this can result in them losing their 

differentiated phenotype (Maltman and Przyborski, 2010; Von Der Mark, Gauss, 

Von Der Mark and Muller, 1977). Notably, this difference in cell morphology can 

influence their function (Kilian, Bugarija, Lahn and Mrksich, 2010), structural 

organisation within the cell, cell signalling as well as their secretion of molecules 

like cytokines (Nelson and Bissell, 2006) resulting in profound differences in their 

behaviour ex vivo (Petersen, Ronnov-Jessen, Howlett and Bissell, 1992). In 

particular, the cell-cell and cell-ECM interactions responsible for cell 

proliferation, survival, migration, differentiation, protein and gene expression 

and responsiveness to stimuli (Cukierman, Pankov, Stevens and Yamada, 2001; 

Pampaloni, Reynaud and Stelzer, 2007; Mseka, Bamburg and Cramer, 2007) do not 

appear to be fully recapitulated  in 2D cultures and hence, may provide misleading 

data (Edmondson, Broglie, Adcock and Yang, 2014) as in such cultures, many cell 

types develop functional genotypes distinct from their phenotype in vivo (Abbott, 

2003; Pampaloni, Reynaud and Stelzer, 2007). This clearly could have drastic 

implications for experimental drug discovery in terms of prediction of drug 
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efficacy and off-target effects (Edmondson, Broglie, Adcock and Yang, 2014; 

Jensen and Teng, 2020). 

 

In terms of this thesis, such phenotypic plasticity needs to be considered in the 

context of the aberrant migration of SFs in RA, with studies showing that the 

characteristic clinical sign of destructive arthritis spreading between joints is 

mediated, at least in part, by the transmigration of activated RA-SFs (Lefèvre et 

al., 2009), characteristics that are potentially lost in classical explant monolayer 

cultures. However, as 3D culture systems form a more lattice-like structure that 

allows for a more “physiological” cellular architecture, some cell types appear 

able to maintain/recover their physiological phenotype and function in these 

systems. For example, chondrocytes undergo transcriptional programming back 

towards their lost “native” phenotype when cultured in agarose gels, indicating 

the combined use of 2D and 3D platforms may provide a reversible culture system 

to investigate “physiological” regulation of their gene expression (Benya, 1982). 

Although 3D culture systems also have their limitations and cannot completely 

recapitulate the in vivo microenvironment, the optimisation of such 3D culture 

systems may allow a better understanding of the cellular biology involved in 

disease mechanisms. Certainly, the maintenance of tissue homeostasis is 

dependent on direct cues for the tissue microenvironment which need to be 

factored in when developing/optimising models in the future. For example, 

internal ‘warning’ signals are immunologically muted in healthy tissues, however 

upon cellular stress or tissue injury, pro-inflammatory responses provide “danger” 

flags for tissue repair. These signals include alarmins (intracellular molecules that 

are secreted into the ECM environment concurrent with cell activation or death) 

as well as ECM molecules that are upregulated or modulated at the time of tissue 

injury or that are subjected to post-translation modification (Buckley, Ospelt, Gay 

and Midwood, 2021). Thus, better understanding of how the tissue 

microenvironment impacts on their function within the synovium should clarify 

the role of SFs within the joint in health and disease as it is widely established 

that the synovium is essential for tissue homeostasis and any disruptions to the 

latter are destructive and can be pathogenic in RA (Kemble and Croft, 2021). 
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4.1.1 Alvetex®: Three-dimensional polystyrene scaffold 

Increasingly, therefore, non-traditional methods of culturing and analysing cells 

are being developed to try to eradicate the altered responses resulting from 

growth of cells on a 2D surface, such as changes in gene expression and 

remodelling of the cytoskeleton, by generating a 3D environment that promotes 

optimal cellular growth, function and differentiation. One approach has been to 

exploit polystyrene scaffolds, such as those now commercially produced like 

Alvetex®, that have been designed specifically to enable cells to maintain a 3D 

ellipsoidal organisation and structure, potentially mimicking the in vivo situation 

where cells detect membrane proteins or extracellular matrix components and 

react to environmental changes (Maltman and Przyborski, 2010) (Figure 4-1). 

 

Alvetex® is a synthetic, non-degradable and rigid (with a stiffness value of 77 kPa, 

analogous to that of bone) scaffold that is made of highly porous (90%) cross-linked 

polystyrene, which can be seen under electron microscopic analysis (Figure 4-2) 

to have a ‘sponge-like’ appearance (Costello et al., 2021). Typically, it is 

engineered to a thickness of 200 m with pores (36-40 m) of sufficient size to 

allow cells to migrate through as well as receive nutrients and treatments. 

Electron microscope analysis also identifies “voids” (40 µm diameter) that are 

interconnected via such pores, that further contribute to the porosity of the 

material. Cells are able to attach to the Alvetex® scaffold membrane and grow 

but such porosity promotes contact between cells, rather than between cells and 

the membrane, resulting in more in vivo-like morphologies when compared to cells 

grown in monolayer cells (Maltman and Przyborski, 2010) as the scaffold provides 

space into which cells can invade, proliferate and grow. Critically, the scaffold 

enables additional layers of cells to form complex 3D interactions with adjacent 

cells, at least in part, simulating the structure of tissue. 

 

4.1.2 Culture environment impacts on cell behaviour 

Physiological cellular morphology therefore appears to be more effectively 

maintained within the scaffold environment, with cells undergoing cellular 

interactions more resembling those seen in vivo. Moreover, the 3D nature of 

cellular interactions within the scaffold can promote expression of functionally 

important proteins and hence lead to our better understanding of cell-cell 
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signalling (Kim et al., 2017; Wood, Pajevic and Gooi, 2017) as well as reducing the 

cellular and nuclear flattening characteristic of cells in conventional in vitro 

monolayer culture systems (Florczyk et al., 2017).   

 

Critically, when cells are seeded in monolayers, cellular stress appears to be far 

greater than on a scaffold in which they are able to move and organise themselves 

(Amith, Wilkinson and Fliegel, 2016) and this is evidenced by the greater changes 

in gene and protein expression observed ex vivo in a 2D, relative to a 3D, 

environment (Edmondson, Broglie, Adcock and Yang, 2014; Jensen and Teng, 

2020).  Moreover, as cells are free to move within the porous Alvetex® scaffold 

this allows them to better reproduce their behaviours within tissue 

microenvironments, such as secreting ECM components. Thus, preserving the 

structure and morphology of cells potentially allows greater interactions between 

them, in turn allowing a better understanding the function and role of these cells 

in vivo. Such maintenance of cell morphology and organisation also potentially 

results in improved cell function and responsiveness. For example, HepG2 cells 

not only showed increased viability when cultured on the Alvetex® scaffold 

compared to conventional plates but also exhibited increased albumin secretion, 

suggesting that the cells exhibited differential functional capacity in such 3D 

cultures (Schutte et al., 2011). To further promote cell-cell communication, 

migration and tissue interaction, scaffolds can also be readily coated with ECM 

components, with collagen, fibronectin and laminin being the most commonly 

used (Nicolas et al., 2020; Sackett et al., 2018). 

 

Although various other models that have been developed that also create a 3D 

structural environment such as organotypic raft cultures designed to recapitulate 

epithelial differentiation (Anacker and Moody, 2012), they are generally 

technically demanding to reproduce consistently. Thus, polystyrene culture 

systems provide a generic in vitro organ model system for studies ranging from 

the growth of epithelial cells such as keratinocytes in skin models to those 

investigating cellular senescence. (Martinez Guimera et al., 2017). Such utility 

dictates that Alvetex® culture models can be used to better predict cellular 

responses to therapeutic candidates before pre-clinical and clinical in vivo 



 

 

71 

 

testing, leading to further understanding of human health and disease (Gomez-

Roman et al., 2016). 

 

4.2 Aims and Objectives 

Pilot studies with the commercial 3D polystyrene scaffold, Alvetex® suggested that 

SFs were able to exhibit fibroblast subset (lining and sublining) differentiation as 

well as the aggressive physiological responses observed in vivo (Pineda, M.A. , 

personal communication). Thus, it was proposed to characterise the functional 

responses of Naïve and CIA SFs, following their transfer from 2D cultures to 

Alvetex® scaffolds, to explore whether any of the characteristics lost during 

conventional culture (as highlighted inn Chapter 3) can be recovered, resulting in 

(re)differentiation of phenotypes more comparable to those of SFs freshly isolated 

ex vivo. 

The specific objectives of this Chapter are to: 

• to establish the morphology of SFs cultured in Alvetex® 

• to investigate whether there is differential expression of pro-inflammatory 

cytokines in SFs cultured in 2D and 3D microenvironments 

• to compare the impact of SFs-FN interactions on the pro-inflammatory 

mediator and morphological responses of SFs grown in 2D and Alvetex® 

cultures  

• to investigate the ability of activated SFs to proliferate, migrate and 

organise interactions throughout the Alvetex® scaffold 

• to determine, by analysis of SF subset marker expression whether the 3D 

growth interactions allowed by Alvetex® scaffolds can recover features lost 

in 2D, including differentiation of lining and sublining SF subpopulations. 
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4.3 Results 

4.3.1 Microenvironment and fibronectin effect morphology and 

pro-inflammatory gene expression in Naïve SFs  

To visualise the morphology of SFs in the Alvetex® scaffold, immunofluorescence 

analysis of phalloidin binding to cell actin filaments was carried out (Figure 4-3). 

Following conventional culture, SFs from Naïve mice (Naïve SFs) were cultured in 

the scaffold for 7 days in the presence and absence of FN and then sections were 

treated with phalloidin in order to stain for the cell actin filaments and 

counterstained with the nuclear stain, DAPI. The samples were then imaged using 

a confocal microscope and deconvolved to provide 3D visual representations of 

the staining using IMARIS cell biologist software. This revealed that the scaffold 

promoted the cells exhibiting a more 3D ellipsoidal structure and organisation, 

presumably due to the pores within the scaffold that allow the cells to signal each 

other from multiple directions as the SFs are exposed (rather than attached to 

plastic) in various regions. The latter also allows the samples cultured with FN 

(Figure 4-3B) to interact physiologically with this ECM component surrounding 

them and this was reflected by the SFs in these cultures appearing to exhibit more 

physiologically relevant morphology. This is important as the ECM is a dynamic 

structure that is constantly remodelled to control tissue homeostasis and thus, 

changes in ECM components regulate cell proliferation, differentiation, migration, 

survival, adhesion, as well as cytoskeletal organization and cell signalling in 

normal physiology and development and in RA (Bonnans, Chou and Werb, 2014; 

Mouw, Ou and Weaver, 2014).  

 

After observing the morphology and environmental interactions of the SFs grown 

in Alvetex®, SF expression of pro-inflammatory mediators and matrix proteases 

implicated in RA pathogenesis were investigated. Cells were following culture in 

monolayers or following their transfer to Alvetex®, the latter in the presence and 

absence of FN, to determine any functional differences driven by the culture 

microenvironment.  

 

For example, the chemokine CCL2 is a major regulator of monocyte infiltration in 

RA joints that has been found to be expressed at aberrant levels in RA-SFs, 
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potentially providing a diagnostic marker for RA and therapeutic target (Liao et 

al., 2021). Consistent with this CIA-SFs were shown to release higher steady-state 

and IL-17-stimulated levels of CCL2 than their Naïve counterparts (Chapter 3; 

Figure 3-2A). Rather unexpectedly, given that it was predicted that 3D cultures 

would promote SF responsiveness, the Ccl2 mRNA levels in Alvetex® SFs were 

reduced relative to those grown in conventional cultures irrespective of whether 

or not they had been grown on FN (Figure 4-4A). Likewise, TGF-1 production, 

which contributes to the inflammation and destruction of joints in RA by increasing 

expression of pro-inflammatory cytokines in SFs (Cheon et al., 2002) was also 

reduced by growth in the 3D cultures (Figure 4-4D). By contrast, Mmp9 expression 

(Figure 4-4B) was found to be significantly elevated in the SFs transferred to 3D 

Alvetex® cultures compared to those maintained on 2D alone, and such expression 

was further increased by coating of the scaffold with FN presumably reflecting 

that FN is proteolytically processed by MMP9 and that FN induces the production 

of activated forms of MMP9 (Esparza et al., 1999). Whilst Mmp13 (Figure 4-4C) 

also showed an increased in expression in SFs grown on the 3D scaffold, this was 

not further elevated but rather decreased by the presence of FN. This could be 

explained as MMP13 has been shown to target collagens during cartilage 

degradation (Hu and Ecker, 2021; Cathcart, Pulkoski-Gross and Cao, 2015). These 

MMPs are considered to play a critical role in the degradation of cartilage in RA 

joints, with MMP9, and MMP13 expression upregulated in RA-SFs and contributing 

to RA-SF survival, proliferation, migration and invasion (Xue et al., 2014). Indeed, 

production and activity of MMP13 has been found to be significantly increased in 

the synovial fluid and serum of RA patients by SFs and is therefore considered a 

useful marker for the activity of diseases characterised by ECM remodelling (Asano 

et al., 2005). Thus, given the effects on MMP9 expression, it appears that transfer 

to a porous, FN-expressing 3D environment may mimic some of the early events 

promoting SF migration in disease. Finally, ST6Gal1 is an enzyme that regulates 

α2-6 sialylation, a lack of which promotes the transformation of synovial 

fibroblasts to RA-SFs (Wang et al., 2021). Interestingly therefore, and perhaps 

consistent with the hypothesis that an MMP-producing, environment facilitates 

migration promotes SF transformation, mRNA levels of ST6Gal1 (Figure 4-4E) were 

decreased when the SFs were cultured on Alvetex®.   
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Two additional genes, IL-6 and MMP3, important to SF pathogenesis in RA (Ogata, 

Kato, Higa and Yoshizaki, 2019; Zeisel, Druet, Wachsmann and Sibilia, 2005) were 

also investigated in terms of determining the effects of FN interactions on their 

expression by SFs grown in Alvetex® scaffolds. This was because expression of IL-

6 was found to correlate with that of promatrix MMP3 (proMMP3) in early RA 

suggesting a link between proteinase activity and IL-6 (Roux-Lombard, 2001) and 

consistent with this, IL-6 has been reported to induce enhancement of MMP 

production from chondrocytes and SFs resulting in the degradation of the cartilage 

(Yoshida and Tanaka, 2014; Hashizume and Mihara, 2011). Since we were primarily 

interested in genes that could contribute to the aggressive, invasive behaviour of 

RA FLSs, the reported marked up-regulation of the MMP3 gene, which plays a 

major role in cartilage degradation, prompted us to further study its expression 

in SFs. Certainly, in RA, MMP3 is locally produced in the inflamed joint and 

released into the blood stream and, as its serum levels are found to correspond to 

those within the synovium, it can act as a biomarker for severity of rheumatoid 

synovitis (Fadda, Abolkheir, Afifi and Gamal, 2016). Moreover, it plays an 

important role in bone erosion and cartilage degradation in RA due to imbalance 

between MMPs and their specific tissue inhibitors (TIMPs) (Prodanovic et al., 

2018).  

 

It can be seen in Figure 4-5 that the presence of FN increases the expression of 

Mmp3 (Figure 4-5A), perhaps due to it, like MMP9, providing a cue for the SF-

mediated breakdown of the ECM in normal physiological processes such as tissue 

remodelling (as well as in diseases such as RA).  Certainly, as MMP3 degrades FN, 

laminin, collagens as well as cartilage proteoglycans (O'Brien et al., 2007), this 

could explain the differential responses observed. Indeed, in normal cartilage, FN 

is localised mainly in the matrix of the surface zone and an increase in its 

expression is associated with tissue remodelling and repair (Barilla and Carsons, 

2000; Homandberg et al., 1997). Moreover, the 29-kDa amino-terminal FN 

fragment was shown to stimulate proteoglycan breakdown, enhancing nitric oxide 

production and increasing expression of MMP3, MMP1 and MMP13. The latter could 

provide an explanation as to why FN could induce hyper-responsiveness of Naïve 

SFs cultured in a 3D microenvironment although by contrast, the expression of IL-

6  (Figure 4-5B) is greater in the absence of FN, which was not as expected. 
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To further investigate differential functional responses of SFs grown in 

monolayers, relative those subsequently transferred to a 3D microenvironment, 

chemokine (CCL2), cytokine (IL-6) and ECM remodelling (MMP3) responses in 

monolayer and scaffold cultures were directly compared over 7 days from the 

same seeding population of Naïve cells (Figure 4-6), with the experiment carried 

out in the absence of FN. This revealed that production of all mediators (Figure 

4-6A-C) peaked at day 1, irrespective of 2D or 3D microenvironment, declining 

profoundly thereafter in terms of IL-6 and CCL2 release whilst MMP3 production 

was relatively stable up to at least day 3. However, and in contrast to what was 

observed with the Ccl2 mRNA data (Figure 4-4A), cytokine release was enhanced 

by culture on Alvetex®, although as indicated in Figure 4-6C, this is marginal with 

respect to MMP3.  

 

As the 3D culture systems appear to enhance at least some of the steady-state 

cytokine and ECM-remodelling responses of Naïve SFs, the impact of the Alvetex®  

3D microenvironment on the differential functional responses of Naïve- and CIA-

SFs was next investigated. 

 

4.3.2 Organisation, migration, proliferation and pro-

inflammatory phenotype of Naïve- and CIA-SFs cultured on 3D 

polystyrene scaffolds 

Having established that the microenvironment plays a role in determining 

morphology and gene expression of Naïve SFs, the capacity of 3D scaffolds and 

ECM components to impact on the organisation and migration of Naïve and CIA SFs 

was investigated. Thus, histological (H&E staining) analysis of SFs cultured in the 

scaffold for 7 days was carried out to identify the location of cells within the 

scaffold, with cells in specific regions of the scaffold quantified using ImageJ. 

Specifically, the polystyrene Alvetex® disc was divided into 3 main sections as 

shown in the schematic (Figure 4-7A), with the seeding area referred to as the 

‘upper’ section, the centre referred to as the ‘middle’ section and bottom region 

referred to as the ‘lower’ section. The scaffold was split in this manner to 

understand whether the cells were able to disperse evenly through the scaffold or 
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simply remained in the seeding area and to determine whether exposure to FN 

impacted on this.  

 

The images in Figure 4-7B show that both Naïve and CIA SFs cultured on Alvetex® 

tend to congregate and remain mainly within the seeding area, as indicated by 

the data showing over 50% of the cells to be retained in the ‘upper’ region as 

opposed dispersing freely to the ‘middle’ and ‘lower’ regions (Figure 4-7C). 

Contrarily, both Naïve and CIA SFs cultured in the presence of FN can be seen to 

have dispersed more evenly throughout the scaffold (Figure 4-7B & C) and organise 

themselves throughout the scaffold. This differential behaviour likely reflects that 

FN plays a role in fibroblast migration and organisation (Briggs, 2005; Shelef, 

Bennin, Mosher and Huttenlocher, 2012; Konttinen et al., 2000) and suggests that 

FN promotes migration of both Naïve and CIA SFs.   

 

The Naïve and CIA SFs essentially demonstrated comparable migratory potential: 

thus, as aberrant proliferation of resident SFs is characteristic of RA and the 

accretion of SFs directly contributes to joint destruction through enhanced 

production of MMPs and indirectly via excessive cytokine release that boost the 

immune system (Kramer I et al., 2003), the potential differential effect of FN on 

proliferation of these SFs within the experimental 3D scaffold was next 

investigated. To address this, immunofluorescence staining of Ki67, an antigen 

associated with proliferation (Figure 4-8A) was carried out on Alvetex® sections of 

Naïve and CIA SFs (counterstained with the nuclear dye, DAPI) and the percentage 

of Ki67 positive cells was quantified (Figure 4-8B), along with Ki67 staining 

intensity (Figure 4-8C) using ImageJ software. As predicted by the proposed 

“transformed” nature of the CIA SFs, Ki-67 staining was brightest in CIA SFs, with 

this group exhibiting a higher percentage, and brighter staining, of Ki67 positive 

cells relative to Naïve SFs. However, when the SFs were grown on FN scaffolds 

there was a significant increase in the proliferation for both SF populations (Figure 

4-8B & 4-8C). That CIA-SFs grown on FN scaffolds exhibited the highest levels of 

proliferation may reflect that these cells will adhere to, and respond most strongly 

to, FN because of their increased expression levels of 51 integrins which are 

involved in adherence and migration (Rinaldi et al., 1997; Ospelt, 2017). The data 
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could also suggest that the increased “cell migration” observed in vivo could be 

due, at least in part, to the increased number of SFs resulting from hyperplasia.   

 

To further investigate the SF hyperplasia associated with CIA, crystal violet 

staining was carried out to determine the levels of cell proliferation when Naïve 

and CIA SFs are cultured on Alvetex® scaffolds. As cells lose their adherence 

during cell death, the impact of FN, as well as that of a pro-inflammatory signal 

(IL-1) associated with RA pathogenesis, was assessed (Figure 4-9A & B). 

Reflecting the ‘aggressive’ proliferative nature of CIA SFs, these cells showed 

higher staining than Naïve SFs but this was not increased by incorporation of FN 

into the scaffolds: rather, Naïve SFs showed a decrease in crystal violet staining 

when grown on FN perhaps suggesting that FN-Naïve SFs interactions keep 

hyperplasia in check whereas CIA-SFs lose this control and consequent restriction 

of hyperplasia and migration indicating that interactions with this ECM component 

may have differential functional outcomes in Naïve and CIA SFs. 

 

The data presented in Chapter 3 (Figure 3-5) confirmed that CIA-SFs maintain a 

hyper-responsive phenotype, in terms of pro-inflammatory mediator production, 

even when grown ex vivo as conventional monolayer cultures for 4 passages. In 

addition, it was established that growth on FN-coated plates increased 

responsiveness of both Naïve and CIA SFs. Thus, it was proposed to examine 

whether this was also the case when cells from such explant cultures were 

transferred to, and grown for 7 days on, 3D scaffolds and in particular, how FN 

interactions in this microenvironment impacted on their responses to fresh pro-

inflammatory cues, such as challenge (on day 6) with IL-1. Analysis of the key 

pathogenic mediators, IL-6 and MMP3 showed that both were released at increased 

levels by CIA-SFs, compared to Naïve SFs (Figure 3-5 E & F), although in this case 

of the 3D scaffolds the IL-6 hyper-responsiveness was more obvious than that of 

MMP3, an inverse situation to that seen with monolayer cultures. There was also 

an increase in IL-6 and MMP3 release by both Naïve and CIA SFs when grown on 

FN, with the responses of CIA-SFs more strongly upregulated: as this enhancement 

was also observed in monolayer cultures, these data suggest that the FN-integrin 

interactions contributing to the induction of the pro-inflammatory cytokine (IL-6) 

and cartilage degrading enzyme (MMP3) are not qualitatively affected by the 
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change in microenvironment. Likewise, the enhanced release in response to IL-1 

stimulation of Naïve and CIA SFs was observed in this scaffold model and again, 

this was not further increased by FN interactions (Figure 4-9C-F). Thus again, CIA-

SFs appeared to be rewired in their responses to FN, presumably as a consequence 

of their transformation from their Naïve state during CIA. 

 

4.3.3 The effect of FN and 3D microenvironment on SF subset 

differentiation in Naïve and CIA-SFs 

It was previously established in section 3.3.4 that lining and sublining SF subsets 

cannot be discriminated in cells cultured in 2D. Rather, the lining and sublining 

markers were both expressed by all Naïve and CIA SFs suggesting loss of the in vivo 

phenotype and induction of a homogeneous population of cells. It was therefore 

investigated whether the distinct subpopulations can be recovered from a mixed 

population of cells by transfer to a 3D microenvironment and also whether this is 

impacted by FN-SF interactions on Alvetex® scaffolds. 

 

Specifically, immunofluorescence staining was carried out targeting vimentin as a 

stromal cell marker and exploiting differential VCAM1 (lining marker) and CD90 

(sublining marker) expression to address whether SF subsets are recovered (Figure 

4-10), as well as to assess the impact of ECM interactions on subset development. 

In all conditions, the cells express vimentin confirming they are of stromal origin, 

whilst staining for lining and sub-lining SF markers showed positive staining of both 

markers in both Naïve and CIA conditions, with the cells expressing VCAM1 and 

CD90 appearing brighter when cultured in the presence of FN, which could be due 

to the fact that FN is rich within the synovial joint, being generated inside the 

joint cavity and may be a source of activation and acquisitions of invasiveness of 

SFs (Sanchez-Pernaute, 2003). Interestingly therefore, it appears from Figure 

4-10A that SFs expressing VCAM1 (regardless of whether they are Naïve and CIA-

SFs, grown on FN or not) tend to organise themselves towards the middle of the 

scaffold, whilst those expressing CD90 are found more towards the outer edges of 

the scaffold. This could perhaps suggest that the 3D scaffold allows for the 

organisation of subsets in a manner similar to their anatomical location within the 

synovial joint, with VCAM1 positive cells representing lining SFs and CD90 positive 
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cells, sublining SFs (Croft et al., 2019). Moreover, and corroborating the 

‘aggressive’ phenotype of CIA SFs, there appears to be a greater number of these 

SFs in the cultures, despite Naïve and CIA SFs being seeded at the same levels.  

 

To further explore whether Alvetex® promoted subset differentiation and 

organisation, dual staining of the sections was carried out and analysis showed 

subsequent culture of 2D-grown SFs on Alvetex® scaffold potentially supported 

the differentiation of SF subsets as the cells (as indicated by the DAPI nuclear 

staining) did not appear to be a homogenous population expressing both SF 

markers but rather seemed to differentially exhibit expression of VCAM1 and 

CD90, regardless of whether they are grown on FN or not (Figure 4-10B and Figure 

4-10C). The latter suggest that culture in a 3D microenvironment allows the 

recovery of SF responses and signals lost when cultured in 2D. Interestingly 

however, unlike the predominance of the sublining, relative to the lining, SF 

population when the cells were analysed immediately following ex vivo isolation, 

under these conditions both subtypes were able to be detected and whilst this 

balance was not consistently modulated by growth on FN, the CIA-SFs showed less 

of a sublining bias.  

 

4.4 Concluding remarks  

The data presented above provides evidence that 3D cell morphology (or tissue 

architecture) has an impact on relevant aspects of SF pathophysiology, such as 

their proliferation, migration and organisational properties that cannot be 

recapitulated in conventional 2D cultures. Differences observed between 2D and 

Alvetex® suggest that the use of 3D cell culture could potentially recover some 

SF functionality lost in 2D and hence presumably rewire gene expression as 

suggested by the (re)differentiation of SF subsets observed. This is in addition to 

the maintenance, and perhaps even enhancement, of the ‘aggressive’ CIA-SF 

phenotype also recapitulated in monolayers, at least in terms pro-inflammatory 

cytokine and MMP secretion (as observed in Chapter 3). Many of these responses 

can be further enhanced when SFs are grown on FN-coated scaffolds, which likely 

reflect FN-integrin signalling in SFs during their aberrant migration and pro-

inflammatory, joint destroying activities in the arthritic synovium.  
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However, although Alvetex® scaffolds provide supporting structures that perhaps 

allow better modelling of the SF interactions of the 3D microarchitecture of the 

synovium, the scaffold itself is made from plastic and is rigid. Indeed, it has a 

stiffness of 77kPa, which is more akin to that of bone rather than the synovium 

which has a stiffness of ~7-10 kPa under conditions of inflammatory arthritis and 

therefore may, like 2D platforms, induce inappropriate synovial cell responses. 

Thus, in the next chapter, the responses of the re-differentiated, homogenous 

population of SFs arising in conventional cultures will be characterised following 

their transfer to  hydrogels pegylated with FN, particularly with respect to their 

functional pro-inflammatory and migratory responses, in the context of CIA-SF 

hyper-responsiveness. In addition, the use of such hydrogels will allow 

investigation of the effect of changes in gel stiffness to address the impact of the 

increased physiological stiffness of the arthritic joint on SF function.  
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Figure 4-1: Cell morphology in in vivo environments and in 2D in vitro 
environments. 
In 3D in vivo environments, cells typically maintain a 3D ellipsoidal structure and 
organisation and in 2D in vitro environments cells form a monolayer of a flattened 
morphology (adapted from Przyborski, 2017 and boku.ac.at and created with 
Biorender,com). 
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Figure 4-2: Alvetex® can be treated with differing ECM components. 
Electron microscope images of A) Scaffold pre-loaded with Collagen IV. (B) Coating 
scaffold with fibronectin. The ECM proteins form a web of fibres spanning voids into 
which cells can grow and migrate in 3D (reprocell.com).  
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Figure 4-3: Morphology of Naïve SF in a 3D polystyrene scaffold. 
Naïve SFs were cultured for 4 passages in 2D before being cultured  for 7 days in 3D 
scaffolds in the Prescence and absence of FN. Sections were cut prior to staining with 
an antibody specific for phalloidin in order to stain for the cell actin filaments (and 
counterstained with the nuclear stain, DAPI). The samples were then imaged using a 
confocal microscope and made into 3D visual representations of the staining using 
IMARIS cell biologist software. Scaffold with Naïve cells treated with (A) media alone 
(PBS) and (B) with FN. Images show different orientations of the 3D image (x10 

magnification, PBS scale: 1-70 m, 2-30 m, 3-30 m 4-20 m; FN scale: 1-70 m, 2-50 

m, 3-50 m, 4-30 m) 
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Figure 4-4: Differential expression of Ccl2, Mmp9, Mmp13, Mmp13, Tgf-b1 and 
ST6Gal in SFs cultured in 2D and Alvetex® and the effect of the presence of FN. 
Naïve SFs were expanded in 2D until passage 4 after which a portion were transferred 
to Alvetex® to be further cultured for 7 days, whilst the rest were further expanded in 
2D for 10 days. Both were cultured in the presence and absence of FN. Following this, 
RT-PCR was carried out to quantify the expression of (A) Ccl2 (B) Mmp9 (C) Mmp13 (D) 
Tgfb1 (E) and ST6Gal. Expression of genes were relative to Actin and are presented as 
means ± SD, where each dot represents a biological replicate (mean of technical 
triplicates). Statistical significance was determined using One-way ANOVA and Tukey’s 
test for multiple comparations; Naïve PBS vs Naïve FN or CIA PBS vs CIA FN (*p<0.05, 
**p<0.001, ***p<0.001 and ****p<0.0001) and Naïve PBS vs CIA PBS or Naïve FN vs CIA FN 

(
##

p<0.001 and 
###

p<0.001). 
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Figure 4-5: Effect of the presence of FN on expression of Mmp3 and Il-6 in SFs 
cultured in a 3D polystyrene scaffold. 
Naïve SFs were cultured in Alvetex® in the presence and absence of FN, after which 
qRT-PCR was carried out to determine quantification of (A) Mmp3 and (B) Il-6 
expression. Results show relative expression to Actin, showing mean ± SD. Each dot 
represents a biological replicate (in technical triplicate). Statistical significance was 
determined using t test for multiple comparations; **p<0.001, ***p<0.001 and 
****p<0.0001  
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Figure 4-6: Expression of inflammatory cytokines in Naïve SFs released by cells 
cultured in 2D and 3D culture systems. 
Naïve SFs were expanded in 2D and then either further cultured in 2D or Alvetex®. The 
cytokine expression for A) CCL2 (B) IL-6 (C) and MMP3 was determined at days 1, 3, 5 
and 7. For each time point the supernatant was collected for ELISA analysis and the SFs 
immediately treated with fresh media for supernatant collection of the next time point. 
Data show means ± SD, with each bar representing one biological replicate (in technical 
triplicate). 
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Figure 4-7: Migration and organisation of SFs in Alvetex®. 
(A) Diagram of 3D polystyrene (Alvetex®) scaffold sectioning and seeding. Cells were 
expanded in 2D before being cultured for 7 days in Alvetex®. (B) Haemotoxylin and 
Eosin staining on Naïve and CIA SFs cultured in Alvetex® alone (PBS) or with the addition 
of fibronectin (FN). Images were taken on a EVOS brightfield microscope at x10 

magnification (scale: 500 m). (C) Quantification of the number of SF (by nuclei) in the 
presence and absence of FN was carried out using ImageJ. The percentage of nuclei in 
each of the three sections, the upper section in which cells were deposited (seeding), 
the middle of the disc and the lower section. Data show means ± SD where each dot 
represents a biological replicate (mean of technical triplicates). Statistical significance 
was evaluated by ordinary two-way ANOVA between conditions. Statistics shows inter 
condition comparison; upper vs lower **p<0.001 and ***p<0.001) and middle vs lower 
(##p<0.001 and ###p<0.001). 
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Figure 4-8: The effect of FN on the proliferation of SFs. 
(A) Naïve and CIA SFs were cultured in Alvetex® for 7 days in the presence and absence 
of FN, after which immunofluorescence was carried out to stain for Ki67 (red) and 
counterstained with DAPI (blue). Images were taken on a EVOS brightfield microscope 

at x10 magnification (scale: 500 m). Ki67+ cells highlighted in white boxes. (B) The 
percentage of Ki67+ cells in each condition, showing means ± SEM, where each dot 
represents a biological replicate (mean of technical triplicates), bar shows the mean. 
(C) Intensity of ki67+ cells, where each dot represents the intensity of an individual 
cell, bar shows the mean. Statistical significance was evaluated by ordinary one-way 
ANOVA and Tukey’s test for multiple comparations; Naïve PBS vs CIA PBS or Naïve FN 
vs CIA FN (*p<0.05, **p<0.0001, ****p<0.0001) and the Naïve PBS vs Naïve FN or CIA PBS 
vs CIA FN (##p<0.01, ####p<0.0001). 
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Figure 4-9: Effects of FN and IL-1β stimulation on MMP3 and IL-6 secretion in SFs in 
Alvetex®. 
ELISA analysis of IL-6 and MMP3 released by Naïve and CIA murine cells expanded in 2D 
and cultured for 7 days in Alvetex® in the presence and absence of both FN as well as 

  overnight IL-1β cytokine stimulation was carried out. The staining of crystal violet 
was measured by absorbance (A) in the absence (B) and presence of IL-1β stimulation. 
The cytokine concentration was determined by ELISA and data were normalized with 
the crystal violet absorbance values. Cytokine expression of (C) IL-6 in the absence and 
(D) presence of IL-1β stimulation and (E) MMP3 expression in the absence and (F) 
presence of IL-1β stimulation (are shown. Data show means ± SD, with each dot 
representing a biological replicate (in technical triplicate). Statistical significance was 
evaluated by ordinary one-way ANOVA and Tukey’s test for multiple comparations; 
Naïve PBS vs CIA PBS or Naïve FN vs CIA FN (**p<0.001 and ****p<0.0001) and Naïve PBS 

vs Naïve FN or CIA PBS vs CIA FN (
###

p<0.001 and 
####

p<0.0001).  
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Figure 4-10: Expression of stromal marker vimentin and by SF subset markers – 
VCAM1 and CD90 – in the presence and absence of FN. 
A-B Prior to staining, Naïve and CIA SFs were cultured in Alvetex® in the presence and 
absence of FN after which immunofluorescent staining was carried out for lining SF 
subset VCAM1 (green) and sub-lining SF subset CD90 (red) (A) and both subsets 
combined VCAM1 (green) and CD90 (red) and merged (B) Images were taken on a 

fluorescent microscope at x20 magnification (scale: 275 m). (C) Mean percentage of 
VCAM1+ and CD90+ SFs from 3 sections of Alvetex® (merged staining) in triplicate. 
Identification and cell counting of staining was carried out using ImageJ. Data show 
means ± SD. Statistical significance was evaluated by two-way ANOVA and Tukey’s test 
for multiple comparations between each individual condition (***p<0.001 and 
****p<0.0001), no significance was found between VCAM1 or CD90 conditions. 
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Chapter 5 Use of fibronectin pegylated hydrogels to 

study the responses of Naïve and CIA-SFs to 

determine if this platform supports recovery of 

functional specialization 

5.1 Introduction 

The Alvetex® scaffolds employed for studying SF responses in Chapter 4 were 

shown to be potentially beneficial for studying SF biology in inflammatory arthritis 

as in terms of some parameters they appear to provide a more in vivo like 

environment. As useful as these polystyrene scaffolds may be in studying SF cell 

biology, they have their own limitations, specifically their fixed rigidity. Thus, to 

more fully understand their cell physiology and the cues interpreted by SFs in the 

synovium during disease development, culture systems exhibiting less restricted 

movement/interactions of cells could prove more advantageous in terms of 

studying cell migration and consequently, their anatomical distribution. 

 

Unique 3D culture systems are constantly being developed and improved to 

recreate particular in vivo environments. Hydrogels provide experimental models 

that have become increasingly popular because of their properties such as 

softness, flexibility, biocompatibility and high-water content that allow them to 

be used in a wide range of research areas, specifically because they offer the 

ability to accurately control mechanical properties of the material. Hydrogels are 

often used as mimics of the ECM as they can be synthesized to provide precise 

control over physical properties such as stiffness, and chemically modified to 

present ECM components, particularly biologically active peptides (Blache, 

Stevens and Gentleman, 2020). The latter allows a great deal of flexibility when 

investigating individual parameters, for example the stiffness can be altered 

depending on the rigidity of the tissue being investigated. Structurally, they 

comprise three-dimensional crosslinked networks of hydrophilic polymer chains 

involving covalent and/or non-covalent interactions (M. Trinadha et al., 2021). 

The hydrophilic nature of the hydrogels permits expansion and allows for the 

uptake of cells, growth factors and intervention reagents (Kim et al., 2015; Sun 

et al., 2016; Ahmed, 2015), whilst maintaining their structural integrity. Their 
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high-water content and viscoelastic polymeric networks also allow maintenance, 

to a certain extent, of flexibility comparable to that of natural tissue. (Chai, Jiao 

and Yu, 2017; Yu, Chen, Chai and Ayres, 2015). However, water retention in 

hydrogels is dependent on the precise structure, crosslinking density, composition 

of gel and method of synthesis. Therefore, given the malleable and adaptable 

nature of hydrogels with regards to their mechanical properties such as stiffness 

and size, they allow for understanding of cell behaviours that may not be seen in 

non-adaptable, solid or rigid, cultures (Daly, Riley, Segura and Burdick, 2019).  

 

Hydrogels can be categorised depending on the materials (natural or synthetic 

polymers) used to synthesise them or the physical or chemical crosslinking 

techniques by which they are synthesised (Silva et al., 2008). Hydrogels created 

through physical crosslinking of polymers are converted from a liquid to a gel state 

via environmental changes such as in temperature, pH or ionic concentration, 

whereas those formed via chemical (covalent bonding) crosslinking offer 

mechanical integrity and resistance to degradation. Methods used for covalently 

crosslinking gels include grafting, enzyme reactions, thermo-gelation as well as 

radical polymerisation (Jabbari, Leijten, Xu and Khademhosseini, 2016).   

 

Synthetic polymers have proved more useful than natural polymers due to their 

specific design, good mechanical properties and thermal stability. They can also 

be processed into a variety of shapes, opposed to the limited range of shapes able 

to be produced with natural polymers (Sionkowska, 2011). However, natural 

polymers are generally more biocompatible, as those that are synthetic can retain 

residual chemicals such reaction initiators as well as other impurities that could 

interfere with the growth of cells (Francis Suh and Matthew, 2000; Leclerc et al., 

2004). Furthermore, natural polymers exhibit lower toxicity, biodegradability and 

are more accessible at a cheaper cost (Shogren and Bagley, 1999) promoting their 

use in a wide range of fields such as nano drug delivery, gene delivery, 

pharmaceutics and cosmetics (Santander-Ortega et al., 2010; Roy, Mao, Huang 

and Leong, 1999; Shanmugam, Viswanathan and Varadarajan, 2005).  
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5.1.1 Fibronectin Pegylated hydrogels  

This chapter will investigate how hydrogel approaches, developed by Prof Manuel 

Salmeron-Sanchez in the School of Bioengineering to study cellular responses in 

cancer, could be used to find new material surfaces that can trigger physiological 

organisation of extracellular matrix components that mimic those in the RA joint. 

The hydrogels used are scaffold material constructed from synthetic polymers that 

combine poly(ethylene) glycol (PEG) and fibronectin into a composite polymeric 

hydrogel (Almany and Seliktar, 2005). These fibronectin pegylated (FNPEG) 

hydrogels offer the possibility of a model that allows a better understanding of 

the role of SFs and their sub-populations in RA as they are extremely 

biocompatible (Berri, Fares and Fares, 2018; Merrill and Salzman 1983) and display 

adaptable characteristics such as degradability and size, dependent on their 

molecular chain length, weight percentage and the density of crosslinking 

(Temenoff, Athanasiou, Lebaron and Mikos, 2001). Furthermore, PEG hydrogels 

are also able to undergo gelation, a controlled transition from liquid-to-solid state 

whilst in a cell suspension (Elbert and Hubbell, 2001) which can be achieved under 

harmless, non-toxic conditions by use of a photoinitiator (Elisseeff et al., 2000; 

Nguyen and West, 2002) and combining crosslinking components with a reactive 

solution of the functionalised PEG (Lutolf and Hubbell, 2003; Almany and Seliktar, 

2005). This allows cells to be added to the gel, whilst it is still in a liquid state, 

ensuring their dispersal throughout.  

 

The tissue and anatomical environment plays a major role in how cells function 

and morphology and reflecting this, the “stiffness” and mechanical properties of 

the ECM regulate cell behaviour (Yue, 2014; Urbanczyk, Layland and Schenke-

Layland, 2020). Therefore, as hydrogel stiffness is easily adjustable through 

concentration changes of thiol linking crosslinkers, stiffness of the matrix is a key 

experimental parameter that can be examined in such in vitro cell cultures. This 

is particularly useful in SF research as in RA the synovium becomes “stiffer” - from 

~5 kPA in a synovium to ~10 kPA - due to pannus formation and cell infiltration. 

Thus, the ability to change the stiffness of the hydrogel through a physiologically 

relevant kPa range, may allow for a better understanding of pathogenic changes 

in cell functions occurring in the arthritogenic environment of the joint. Another 

important property of hydrogels is swelling, which is the volume of water/buffer 
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absorbed into the hydrogel. This usually occurs a few days after incubating in 

media and resolves after a couple of days when the gel settles into the liquid 

environment (Trujillo et al., 2020).  It is easily measured and an indicator of the 

polymer network hydrophilicity, as well as the relative crosslinking density, in 

which there is less swelling shown by stiffer gels. Degradation of hydrogels can 

result in differences in mechanics and swelling as time progresses, resulting in 

changes in cell behaviour such as motility, spreading and traction force generation 

(Khetan et al., 2013). 

As mentioned previously in our ECM studies to this point, we had focused on FN, 

as it is found within the synovium and synovial fluid of RA patients an elevated 

level (Chang et al., 2005), making it a good ECM component to study SF 

interactions in inflammatory arthritis, due to its role in in initiation of joint 

inflammation. Specifically, within the synovial lining FN impacts on the 

management of cellular interaction networks via attachment of SFs to their 

encompassing matrix environment. Moreover, the expression of this ECM molecule 

at the basal lamina as well as the endothelial surface of swollen and inflamed 

synovium has been found to act as a migration path for infiltrating lymphocytes, 

allowing cells to pass through the endothelial basement membrane in RA. 

Furthermore, displaced expression of FN in RA also facilitates aberrant cell 

adhesion with a considerable amount of FN being expressed in the pannus, 

resulting in the enhancement of SF adhesion to the cartilage and balancing 

invadopodia through the encouraging consistent regions of attachment that aid in 

invasion of the cartilage (Buckley, Ospelt, Gay and Midwood, 2021).  

Importantly, FN can be adsorbed onto a varying range of surfaces, including 

synthetic PEG hydrogels (Missirlis and Spatz, 2013). In hydrogels, incorporation of 

FN has been shown to influence cell viability and the encouragement and 

advancement of adhesion properties in hydrophilic surfaces (Baugh and Vogel, 

2004) as well as fibrillogenesis (Bieniek et al., 2019) and binding to various 

integrins (Keselowsky, Collard and García, 2003), underlining its adaptor role 

within the ECM (Pankov and Yamada, 2002). As FN contains binding sites (Leiss et 

al., 2008) for molecules such as collagen and fibrin, the use of full-length FN (as 

opposed to fragments) within synthetic hydrogels is therefore advantageous and 

desirable, allowing the recapitulation of the biological activity of FN in the ECM 
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(Trujillo et al., 2020). For example, such incorporation of FN within the hydrogel 

allows for a more physiological modelling of the reticular nature of ECM as 

opposed to that of 2D and polystyrene scaffold culture systems, where the ECM 

components can only coat the rigid surfaces and this can be studied under 

conditions where the chemical and mechanical properties can be manipulated and 

adapted to create a culture system best suited to the cell type (Almany and 

Seliktar, 2005).  

Non-degradable hydrogels allow control over the polymer architecture, making 

them a favourable choice for experiments that do not focus on the structural 

integrity of the ECM-mimicking hydrogel (Trujillo et al., 2020). However, natural 

hydrogels generated by polymerisation of fibronectin and collagen have been 

shown to be degraded by cell-mediated proteases such as MMPs and this property 

allows for the study of how MMP-secreting SFs interact with the ECM. Thus, FN is 

of particular interest to our studies, as in addition to providing cell adherence, 

using FN as a backbone provides the hydrogels with inherent potential for 

degradation via through cell-mediated proteases (Elbert and Hubbell, 2001). 

Indeed, relevant to this, synthetic hydrogels are now being developed exploiting 

degradable peptide crosslinkers (Lutolf et al., 2003) that provide specificity in 

terms of investigating the differential roles of potential target proteases (Zheng 

et al., 2011). For example, the enzyme cleavable peptide sequence 

GCRDVPMSMRGGDRCG (VPM) can be incorporated into the hydrogel backbone to 

give synthetic hydrogels the capacity to be proteolytically degraded by cell 

secreted enzymes, with it shown to be degraded by proteases such as MMP1, 

MMP2, MMP9 and MMP13, as well as collagenase (Patterson and Hubbell, 2010; 

Foster et al., 2017). 

5.2 Aims 

The overall aim of this chapter is to investigate the responses of SFs transferred 

to FN-containing hydrogels in order to determine if this platform supports recovery 

of more “physiological” responses lost or non-detectable in classical 2D cultures. 

Specifically, it was planned to investigate the inflammatory and migratory 

responses of Naïve and CIA SFs and how these are impacted by FN and stiffness in 

hydrogels.    
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To achieve these aims, the synthetic hydrogels used in this study therefore 

contained full-length human FN protein that is functionalised with PEG-maleimide 

(PEGMAL), through PEGylation of FN (Figure 5-1) to covalently crosslink the 

protein to the synthetic hydrogel network. The latter network consists of 4-arm-

PEG-maleimide (4-arm-PEG) crosslinked with PEG-dithiol (thiolated crosslinker). 

Hydrogels were generated both in non-degradable and degradable formats, using 

the same protocols with the exception of the addition of a protease-cleavable 

peptide crosslinker such as VPM (GCRDVPMSMRGGDRCG) (Ahmad et al., 2018) to 

the “degradable gels” to allow the breaking of the structural covalent bonds of 

the gel over time.  

 

5.3 Results 

5.3.1 Fibronectin pegylated hydrogels provide a viable culture 

system for studying SF biology 

We have established that cues from the microenvironment shape the phenotype 

of cells and affect their cell signalling and responses. In the previous chapter we 

looked at the effect of a 3D microenvironment in the form of a polystyrene 

scaffold and incorporated the ECM component FN by coating the scaffold. Despite 

mitigating against the signalling artefacts induced in classical 2D cultures by 

incorporating 3D scaffolds such as Alvetex® for growth support, it was considered 

important to investigate whether SF responses would be further affected if the 

entire culture system was composed of FN. Thus, FNPEG hydrogels (Figure 5-2A) 

were exploited to study the response of SFs in a 3D microenvironment as they also 

allowed for determining the influence of stiffness on cellular responses, by 

generating such hydrogels with a range of stiffnesses (kPa) more akin to that of 

the healthy and arthritic synovium. The FNPEG hydrogels used were 5 wt % non-

degradable, unless stated otherwise. 

 

Firstly, the viability of the cells within the FNPEG gels was investigated to ensure 

the formulation of the gels were optimised for SF survival. As was the case with 

cells cultured in Alvetex®, the cells were expanded in 2D until passage 4, after 

which they were added to the FNPEG gels and cultured. The viability of Naïve SFs 

over 13 days was investigated using Live/Dead cell discriminating fluorochromes 
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and the cells were imaged using fluorescence microscopy (Figure 5-2B). SFs at day 

1, 3 and 13 were all shown to have a survival rate of ~70-80%, indicating that the 

SFs survive well when introduced to the hydrogels from 2D cultures. This further 

suggests that these hydrogels may be used for longer periods of cell culture as the 

survival rate at day 13 is consistent with that at days 1 and 3, which could prove 

beneficial in future investigations.  

 

Having established the SFs survive well in the FNPEG hydrogels, the morphology 

of the cells was then investigated, using immunofluorescence staining (Figure 

5-2C) of actin in order to visualise the cell cytoskeleton, in conjunction with 

counterstaining of the nuclei. Widefield microscopy revealed the SFs to be 

ellipsoidal in shape, more akin to what would be seen in vivo. Also, the cells were 

found to have dispersed through the gel presumably as they have room to move 

and interact within the gel, due to the lack of a rigid structure adhering them in 

place (2D) or guiding their movement through pores (Alvetex®). The organisation 

of CIA-SFs within the FNPEG hydrogel was also investigated, in this case by H&E 

staining of gel sections (Figure 5-2D) which suggested that many of these SFs 

organise themselves towards the outer portions of the hydrogel. However, only a 

section of the entire gel could be analysed and imaged in this manner and to 

further explore this potentially polarised distribution of CIA, relative to Naïve, 

SFs, FNPEG gels were analysed and imaged by widefield microscopy to allow for a 

more accurate understanding of SF movement and organisation in this 3D culture 

system.   

 

5.3.2 Organisation and properties of SFs in FNPEG hydrogels 

To visualise the morphology and distribution of Naïve and CIA SFs, the cells were 

stained for immunofluorescence analysis of their vimentin expression (Figure 5-3). 

The hydrogels were then imaged using a Leica widefield microscope and LAS X Life 

Science software, with pictures taken at z-steps of ~10 μm to ensure all cells 

where included. The tile-scan feature allowed the images to be taken in z-stacks 

and merged together to get a detailed representation of all the SFs throughout 

the 3D structure. Following this, the merged images were deconvoluted and 

processed using IMARIS software to obtain 3D reconstructions (Figure 5-3) of the 

hydrogels, ready for further IMARIS analysis of cell morphology. The FNPEG gels 
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were stained with vimentin to not only ensure that the cells within the gel were 

indeed stromal cells but also allow optimisation the imaging method. It allowed 

the recording of the position and protein expression of each single cell in the 

hydrogel in turn granting the generation of a unique and detailed method to map 

and quantify single SFs within a 3D microenvironment. This experimental method 

not only allowed for the visualisation of Naïve (Figure 5-3A) and CIA (Figure 5-3B) 

SFs and their location throughout the entire gel, but also granted analysis of 

morphological parameters such as volume, area, sphericity and staining intensity 

of every cell. Imaging using a widefield microscope in conjunction with IMARIS 

software therefore proved to be powerful tool in understanding SF properties and 

how they organise and move within FNPEG hydrogels.  

 

To develop a better understanding of the (potentially distinct) morphology of 

Naïve and CIA SFs, a range of associated parameters were investigated (Figure 

5-4). This revealed that the volume of cells (Figure 5-4A) is significantly greater 

in Naïve SFs as opposed to CIA-SFs, and consistent with this, this is also the case 

for the area of the individual cells (Figure 5-4C). However, there was no significant 

difference in the sphericity of cells between the groups (Figure 5-4B), indicating 

that despite differences in volume and area, SFs in both conditions still to an 

extent maintain their spherical appearance. The sum intensity of vimentin 

staining for every SF in each condition was then examined (Figure 5-4D), with a 

significant increase in the intensity in CIA- relative to Naïve-SFs, which could be 

due to the CIA-SFs perhaps exhibiting a more extensive cytoskeleton. 

 

Having established that morphological parameters can be determined using IMARIS 

software and that Naïve and CIA present distinct morphological characteristics 

when cultured in hydrogels, potential differences in the organisation and location 

of Naïve and CIA SFs within the FNPEG hydrogel microenvironment were then 

investigated (Figure 5-5). The organisation and location of the SFs within the 

FNPEG hydrogels was established using IMARIS software that computed and 

pinpointed the location coordinates of every individual cell. Thus, the X, Y and Z 

positions of the cells were calculated in relation to the gel border (Figure 5-5A) 

by the IMARIS software. The cells were added to the gel in its liquid state prior to 

curing and thoroughly mixed to be dispersed throughout the gel, prior to the 
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analysis period. However, it can be seen from the percentage of positively stained 

DAPI (Figure 5-5B) and vimentin (Figure 5-5C) cells, that there are more CIA SFs 

located towards the edge of the hydrogel as opposed to Naïve SFs which appear 

to be more evenly distributed through the hydrogel. This is particularly interesting 

given that there are a greater number of CIA vimentin positive cells (Figure 5-5D) 

compared to Naïve and yet despite more cells the CIA-SFs locate towards the outer 

regions of the hydrogel. 

 

5.3.3 Organisation of SF subsets in FNPEG hydrogels 

The above analysis suggests that the organisation and movement of SFs within the 

culture system can be tracked, and we therefore exploited this methodology to 

investigate whether lining and sublining phenotypes can be detected to have 

differentiated within the gel and if so, whether they adopt distinct locations 

within the FNPEG hydrogel.  

 

To achieve this, immunofluorescence staining of the differential markers of lining 

(VCAM1) and sublining (CD90) SFs (as well as nuclear counterstaining with DAPI) 

was carried out. Images were then taken on a widefield microscope after which 

3D reconstruction of hydrogels containing Naïve (Figure 5-6A) and CIA SFs (Figure 

5-6B) within the hydrogels was created and analysed using IMARIS software to 

quantify the intensity of both markers as well as the number and percentage of 

cells positively stained for each marker under both conditions (Figure 5-7). The 

intensity of staining of both VCAM1 and CD90 was significantly greater in Naïve 

compared to CIA SFs, which may be due to differences in cell volume (Figure 5-4A) 

and area (Figure 5-4C) observed previously with Naïve SFs presenting significantly 

higher for both. Therefore, the reason the intensity of each marker is greater in 

Naïve SFs may be based on the fact the cells appear to be larger, when staining 

for subset markers.  

 

Interestingly, when investigating the number of positively stained cells for each 

marker (Figure 5-7B), we found that there was a greater number of CD90-positive, 

compared to VCAM1-positive Naïve SFs, whilst CIA-SFs displayed almost equally 

positive staining for each marker. This was further corroborated with the 

percentage SFs positively stained for each marker (Figure 5-7C), showing a similar 
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trend. The latter proportions are similar to what would be observed when 

extracting SFs immediately ex vivo.  

 

This would suggest that in non-arthritic conditions the balance between sub 

populations is tipped in favour of CD90 positive SFs – responsible for more pro-

inflammatory responses when activated. However, in arthritic conditions there is 

more of balance between the subsets, with both bone and cartilage erosion and 

pro-inflammatory responses present. This could perhaps suggest that hydrogels 

may prove to be especially useful for studying sublining SFs, and their role in RA 

pathogenesis. That there were less CIA-SFs, compared to Naïve SFs, detected this 

is most likely due to differential seeding, rather than their ability to survive within 

the gel.  

 

IMARIS software analysis was then carried out to determine the relative gel 

distributions of the SFs subsets from Naïve and CIA mice by determining the 

distance from the gel border of individual cells for each subset and treatment 

group to generate 3D scatter plots using Matlab (Figure 5-8). This confirmed the 

relative increased abundance of CD90+ relative to VCAM1+ SFs in the Naïve but 

not CIA group. Both subsets of Naïve SFs were found to be located throughout the 

entire gel, dispersed fairly evenly despite the difference in cell number (Figure 

5-8A). The same can be said of the CIA-SF subsets (Figure 5-8B) as there does not 

seem to be any organisation of the subsets into anatomically relevant regions. 

Similarly, this is observed in Figure 5-8C as the percentage of VCAM1 and CD90 

positive Naïve and CIA SFs correlates with those seen in Figure 5-8A and B, 

respectively.  

 

5.3.4 Synovial fibroblast responses in degradable and non-

degradable FNPEG hydrogels 

As mentioned in section 5.1.4 hydrogels were produced either to be degradable 

or non-degradable, both of which have their own technical advantages. For 

example, non-degradable hydrogels are best suited for studies related to imaging 

or immunofluorescence as they allow for the gel to maintain its shape, due to the 

stability of the covalent bonding, as well as allowing for cells to be studied over 

a longer period of time e.g., for conducting the time course experiments on cell 
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viability (Figure 5-2B). However, for analysis requiring harvesting of SF from the 

gels, for example, extracting the cells for RT-PCR analysis of inflammatory 

mediators proved difficult whereas the use of degradable hydrogels allows for the 

cells to be extracted easily and efficiently providing better and more pure yields 

of RNA. Initially, comparison of the CCL2, IL-6 and MMP3 responses of Naïve and 

CIA SFs cultured in non-degradable hydrogels for 7 days (Figure 5-9A) showed that 

there was a downregulation in MMP3, IL-6 and CCL2 cytokine secretion from Naïve 

to CIA, as opposed to the increase observed in Alvetex®. However, the non-

degradable format may not be the best for cytokine studies as the majority of the 

protein remains within the gel itself. Therefore, the same experiment was 

repeated with degradable hydrogels (Figure 5-9B). Due to the addition of the VPM 

peptide that promotes the degradation of the gel, the experiment had to be 

carried out at day 3 as opposed to day 7 with non-degradable. It could be seen 

that the production of MMP3 in the degradable gels was significantly higher as was 

the production of IL-6. The secretion of CCL2 was also increased from Naïve to 

CIA. In order to investigate whether the latter was due to the time point in which 

it was carried out, the experiment was repeated using non-degradable hydrogels 

after 3 days of SF culture (Figure 5-9C). The results showed that there was an 

increase in the production of CCL2, whilst IL-6 production decreased when 

comparing Naïve and CIA cells. Interestingly, the MMP3 concentration was 

significantly elevated. However, as the degradable hydrogels are more responsive 

to the effects of MMP due to the presence of MMP sensitive VPM within the gel 

(Foster et al., 2017), the MMP3 secretion observed may have an effect on the 

integrity of the hydrogel. In the degradable hydrogels the upregulation of MMP3 

and other MMPs are degrading the gel and therefore in turn there is greater release 

of MMP3 in this gel type. However, when the experiment was repeated in non-

degradable gels at day 7, where the gels were not affected by the MMP activity, 

an upregulation of MMP3 by CIA-SFs is not observed. Furthermore, the significant 

upregulation of IL-6 seen in the degradable gels may not be due to the CIA-SFs 

producing more of the cytokine but because upregulated MMP production 

degrading the gel results in more IL-6  being released from by CIA-SFs compared 

to Naïve. Therefore, an artefactual result could be observed due to the quicker 

degradation of the gel with CIA-SFs.  
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Both degradable and non-degradable hydrogels appear to show differing results 

and whilst degradable hydrogels may be the best method to perform RNA studies, 

the MMP sensitivity that in turn affects the hydrogel integrity may make this 

conventional approach to measure cytokines secretion unsuitable for SFs, as the 

latter are designed to remodel the matrix. The above may provide rationale for 

the use of non-degradable hydrogels for cytokine secretion studies. However, in 

order to gain more clarity over these differing results, RNA-Seq would need to be 

carried out to get a full transcriptomic profile of the cells.  

 

5.3.5 The impact of cells and media on the stiffness of degradable 

FNPEG hydrogels over time 

To investigate the effect of joint swelling resulting from inflammation on SF 

responses, it was decided to monitor the behaviour of Naïve and CIA SFs in FNPEG 

hydrogels of differing stiffness. Firstly, it was necessary to optimise the 

composition of the FNPEG hydrogel, without the addition of cells or media, in 

order to obtain baseline stiffness values (Figure 5-10). This was achieved by 

synthesising degradable hydrogels (section 1.5.2), of 3 %, 5 % and 10 % FNPEG after 

which the elastic modulus (kPA) at multiple locations of each hydrogel at days 0, 

3 and 7 were measured using nanoindentation (Figure 5-10A). As degradable 

hydrogels are required for RT-PCR analysis in order to extract the sufficient quality 

of RNA, these were used to allow a direct correlation between stiffness and 

functional responses. The range of FNPEG % was chosen to provide an 

understanding of the outcome of various pathophysiological levels of rigidity on 

SF responses. In the studies outlined above, analysis was carried out with 5% 

hydrogels as these exhibit the stiffness closest to the that of synovial fibroblasts 

in a healthy synovium (Xu et al., 2020). However, to mimic the effects of the 

infiltration of cells, thickening of the pannus and swelling, 10% gels were selected 

as this would provide a stiffness, comparable to the arthritic synovium. A set value 

of the stiffness of an arthritic synovium has yet to be established and so 10% 

hydrogels were used as this is double that of the healthy synovium. Thus, to 

characterise a spectrum of effects, hydrogels spanning 3-10% FNPEG were 

analysed. During the nanoindentation process, a calibrated indenter tip 

approaches the surface of the sample generating force-displacement data that is 

used to determine the point of contact. After the sample is contacted, the force 
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is linearly increased and the tip indents into the surface of the sample, providing 

the kPa value (Figure 5-10B). This showed that despite the addition of the VPM 

(peptide that encourages degradation of the hydrogels), the hydrogels remain 

relatively stable in the presence of PBS alone. Moreover, consistent with previous 

studies (Trujillo et al., 2020), it can be seen that these 3 % hydrogels were found 

to have a kPa of between 2 and 4, whilst the 5 % hydrogels presented kPa values 

of between 3 and 6 and kPa values of between 5 and 8 were observed with 10 % 

hydrogels (Figure 5-10C). The maintenance of kPa values was corroborated by the 

average curves determined for the elastic modulus of each FNPEG hydrogel at days 

0, 3 and 7 (Figure 5-10D). The average elastic modulus of 3,5 and 10 wt % FNPEG 

hydrogels measured at day 0, 3 and 7 showed that, whilst the stiffness remains 

relatively consistent for 3 %, 5 % and 10 % gels individually, the stiffness of the 

different FNPEG hydrogels can be clearly distinguished from one another over the 

7-day period. Although during culture with PBS alone the stiffness remains 

relatively stable over the 7 days, there is, however, a significant difference 

between days 0 and 7 in 3 % and 5 % hydrogels and on day 3 of the 10% FNPEG 

hydrogels, most likely due to swelling of the gel overtime (Figure 5-10E).  

 

Having established baseline kPa values, the impact of DMEM medium and Naïve 

SFs  on gel stiffness was explored (Figure 5-11) because these cells likely secrete 

MMPs that target VPM and DMEM medium appears to promote some spontaneous 

hydrogel degradation (Valdes and Moussy, 2000). Visualisation of the SFs within 

the gels (using light microscopy) showed that the cells were dispersed within the 

gels at all three timepoints (Figure 5-11A). It was found that over time there was 

a decrease in the kPa values both in the presence of media alone as well as in the 

presence of cells. Nevertheless, at each time point the gels were “softer” with 

the presence of cells, as opposed to medium, which was as expected given the 

cells spontaneously release (basal levels) of enzymes that can degrade the 

hydrogels due to the presence of VPM (Figure 5-11 B-D). Similar findings (apart 

from with respect to the degree of the change)  were observed in gels of all three 

“stiffnesses”, with the exception that in the 5% gels at day 3 the addition of cells 

resulted in a lower kPa that in day 7, which could be due to swelling of the 

hydrogels that has previously been shown to occur at day 3 (Trujillo et al., 2020) 

and results in ‘softer’ gels. The average elastic modulus of 3, 5 and 10 wt % FNPEG 
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hydrogels measured at day 0, 3 and 7 in media, with and without SFs can be seen 

in Figure 5-11E, and it can be concluded that the addition or media and/or cells 

impacts the stiffness of the degradable hydrogels as degradation occurs within a 

7-day period, predominantly by day 3.  

 

Following this characterisation of the effect of Naïve SFs, similar investigation of 

the impact of CIA-SFs and media was carried out (Figure 5-12) but focusing only 

on  3 % and 5 % FNPEG degradable hydrogels. Similarly, to that observed with 

Naïve SFs,  CIA-SFs can be seen to be dispersed within both the 3 % and 5 % FNPEG 

gels (Figure 5-12A). The media can again be seen to have an impact on gel 

stiffness, exhibiting decreased kPa values for both the 3 % (Figure 5-12B) and 5 % 

(Figure 5-12C) gels over time. Also, as seen with the Naïve FNPEG hydrogels, the 

stiffness of the CIA-SFs FNPEG hydrogels also decreased, but unlike the gradual 

decrease over days 0, 3 and 7 observed with Naïve SFs, this was far greater and 

more sudden between days 0 and 3 for the 3% and 5% FNPEG hydrogels, with both 

showing significant decrease in stiffness. The average elastic modulus observed 

from the 3, and 5 wt % FNPEG hydrogels measured at day 0, 3 and 7 in media, with 

and without SFs (Figure 5-12D) clearly show this sudden decrease in the mean 

Young’s Modulus at day 3, after which it remains somewhat constant at day 7. The 

reasoning for this could be the pro-inflammatory ‘aggressive’ phenotype of the 

CIA-SFs and their enhanced release of MMPs and cytokines (via paracrine and 

autocrine stimulation of CIA-SFs) that further promotes the VPM-targeted hydrogel 

degradation. Although the effects for media alone in terms of  stiffness should be 

comparable to those seen in Figure 5-11, this did not appear to be the case: the 

reason for this is unknown but may reflect differences in batches of the media.   

 

5.3.6 Stiffness influences SF function in degradable FNPEG 

hydrogels 

Having established that the presence of SFs can influence the kPa of the hydrogels, 

it was investigated whether the microenvironmental stiffness impacts cell 

function (Figure 5-13). Specifically, the focus was on matrix remodelling capacity 

and thus in addition to the expression of matrix protease (Mmp3), the impact on 

the cell adhesion gene, Ctgf (also known as Ccn2), which appears to play a role in 

the regulation of the ECM in the inflammatory pathologies of RA (MacDonald et 
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al., 2021), was assessed. Likewise, expression of Sparc, which has been found to 

be involved in ECM synthesis and promotion of changes in cell shape was evaluated 

as overexpression of SPARC has also been associated with increased tumour 

invasion and metastasis through its effects on matrix composition and cell 

adhesion (Liu et al., 2019).  

 

Expression of Mmp3, Ctgf and Sparc mRNA was determined in Naïve SFs cultured 

in conventional 2D plates or 3 %, 5 %, 10 % degradable FNPEG hydrogels to identify  

differences in their expression resulting from culture in 2D vs 3D systems and also 

changes in the “stiffnesses” of the microenvironment (as the hydrogels contained 

cells expanded in 2D, expression at day 0 in the hydrogels was not carried out). 

Mmp3 expression (Figure 5-13A) was found to be significantly elevated in 3 % gels 

at day 3 and to a lesser extent at day 7 (relative to that maintained in 2D cultures) 

but increased gel stiffness showed decreased expression, perhaps consistent with 

the low Mmp3 expression in the SFs cultured on rigid (~10,000 kPA) 2D 

plates  (Skardal, Mack, Atala and Soker, 2013) at all three timepoints. Perhaps 

surprisingly, therefore, Ctgf expression (Figure 5-13B) in SFs grown on the 2D 

platform was significantly greater than those grown under any of the gel 

conditions, especially as those grown in the higher stiffness gels exhibited the 

lowest levels of expression. Finally, Sparc expression (Figure 5-13C) was found to 

be elevated in SFs grown in all three stiffnesses of hydrogels relative to those 

cultured in 2D, although there was a trend for the cells from the higher stiffness 

gels to show the lowest levels of expression within the hydrogel group. 

Collectively, these data indicate that the 2D vs 3D microenvironment as well as 

stiffness does indeed have an effect on cell function but to gain a deeper 

understanding of exactly how stiffness affects cell function, further investigations 

need to be carried out.   

 

5.4 Concluding remarks  

The data reported in this chapter suggest that hydrogels may prove to be a useful 

model for studying SF differentiation and function, particularly the sublining 

subset. This may reflect the capacity of hydrogels to allow free movement and 

organisation of SFs in a manner that is not influenced by a scaffold structure, and 

thus cannot be achieved in 2D or rigid 3D models such as Alvetex®. Hydrogels have 
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proved a particularly useful platform for imaging SFs and their cellular responses, 

the non-degradable formats, allowing for more ease of imaging and long-term 

culture whilst degradable hydrogels allowing, more efficient analysis of molecular 

responses which require cell harvesting/extraction.  

 

In the next chapter, gene expression in Naïve and CIA SFs, not only from cells 

cultured in a 2D, Alvetex® and degradable FNPEG hydrogels but also from SFs 

extracted directly from the joint will be further investigated. The freshly isolated 

SFs will provide a baseline for the other models, allowing investigation into which 

culture systems are most effective at maintaining the in vivo transcriptional 

programming of SFs in vitro and hence, allowing analysis of the most 

pathophysiologically-relevant responses and promote our understanding of the 

mechanisms of SF pathogenesis found within the joint.  
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Figure 5-1: Schematic diagram of hydrogel formation. 
PEG hydrogels were formed using Michael-type addition reaction under physiological 
pH and temperature. PEGylated FN was added to PEGMAL, then the thiolated 
crosslinker was added, at a molar ratio 1:1 maleimide:thiol to ensure full crosslinking. 
The crosslinkers used were either PEG-dithiol or mixtures of PEGSH and protease-
degradable peptide, flanked by two cysteine residues (VPM) to create the hydrogel 
(adapted from Trujillo et al., 2020 and created with BioRender.com). 
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Figure 5-2: Cell viability is not compromised by 3D culture in non-degradable 5 wt 
% FNPEG hydrogels. 
(A) Photographic image of FNPEG hydrogel. (B) Cellular viability of Naïve SFs expanded 
in 2D until passage 4 and then cultured in a FNPEG hydrogel. Representative microscope 
images of SFs stained with calcein AM (live) and ethidium homodimer (dead) viability 

staining kit at days 1, 3 and 7 in non-degradable FNPEG hydrogel using LIVE/DEAD
®
 assay 

(Molecular Probes) (Life Technologies, Dublin, Ireland). The live cells were stained 

green, and the dead cells stained in red at x10 magnification (scale: 500 m) using 
fluorescence microscopy (left). Survival of SFs at days 1, 3 and 13 represented 
graphically correlating with Live and Dead assay images (right). (C) Immunofluorescent 
staining was carried out of Naïve SDs to stain for Actin (green) and counterstained with 
DAPI (blue) in order to observe cell morphology. Images were taken using a widefield 

microscope at x10 (scale: 125 m), x20 (scale: 250 m) and x40 magnification (scale: 

500 m) (D) Haematoxylin and Eosin staining of CIA SFs was carried out on cryosections 
of FNPEG hydrogels after 7 days of culture and imaged using an EVOS brightfield 

microscope (scale: 500 m), to visualise SFs within the gel. 
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Figure 5-3: 3D reconstruction of Naïve and CIA SFs cultured in non-degradable 5 wt 
% FNPEG hydrogels. 
Naïve and CIA SFs were expanded in 2D and cultured in non-degradable FNPEG 
hydrogels for 7 days, after which immunofluorescent staining was carried out to stain 
for vimentin (yellow - Naïve and pink - CIA) and counterstained with DAPI (blue). Images 

were taken using a widefield microscope in z steps of ~10 m tile scanned, merged and 
deconvoluted to obtain a 3D image of the entire gel with SF staining. The 3D image was 
then processed using IMARIS software to generate a 3D reconstruction of the FNPEG 
hydrogels. Video stills of the 3D reconstructed hydrogels were created for gels 

containing (A) Naïve SFs (1-3: scale: 1500 m) and (B) CIA SFs (Scale: 1- 500 m, 2- 300 

m, 3- 500 m 

A 
Naïve SFs cultured in a FNPEG hydrogel, stained with Vimentin 

Cells stained with DAPI 
(cyan) to visualise cell 
nucleus 
 
 
Cells stained with Vimentin 
(yellow) to visualize cell 
cytoskeleton 

B 
CIA-SFs cultured in a FNPEG hydrogel, stained with 
Vimentin 

Cells stained with DAPI 
(cyan) to visualise cell 
nucelus 
 
 
Cells stained with Vimentin 
(magenta) to visualise cell 
cytoskeleton 
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Figure 5-4: Morphologies and physical cell properties of SFs in 5 wt % FNPEG 
hydrogels. 
IMARIS analysis of FNPEG hydrogel reconstructions (Figure 5-3) to observe differences 
in cell properties and morphologies between Naïve and CIA SFs in a 3D 
microenvironment. A-D Volume (A) Sphericity (B) Area (C) and Sum Vimentin Intensity 
(D) are shown comparing Naïve and CIA SFs. Data shown are representative of cells in 
an entire hydrogel. Data show means ± SEM, with each dot representing a single cell. 
Statistics: two-tail unpaired t-test; ****p<0.0001.  
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Figure 5-5: Naïve and CIA SFs display a distinct distribution within 5 wt % FNPEG 
hydrogels. 
(A) Schematic of XY border graph from which graphs were constructed from IMARIS 
software. B-C The location from the distance from the image border was obtained using 
IMARIS and is represented as the percentage of cells stained positive for (B) DAPI and 
(C) vimentin within the gel for both Naïve and CIA SFs. (D) The total number of 
vimentin+ Naïve and CIA cells. Data are taken from individual cells within a hydrogel 
of each condition and analysed using IMARIS software to obtain number and location. 
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A Naïve SFs cultured in a FNPEG hydrogel, stained with VCAM1 
(magenta) and CD90 (yellow) 

Cells stained with DAPI (cyan) 
to visualise cell nucelus 
 
 
Cells stained with CD90 
(magenta) to visualize 
sublining SFs 
 
Cells stained with VCAM1 
(yellow) to visualize lining SFs 

B CIA-SFs cultured in a FNPEG hydrogel, stained with VCAM1 (magenta) 
and CD90 (yellow) 

Cells stained with DAPI 
(cyan) to visualise cell 
nucelus 
 
 
Cells stained with CD90 
(magenta) to visualize 
sublining SFs 
 
Cells stained with VCAM1 
(yellow) to visualize lining 
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Figure 5-6: 3D reconstruction of SFs subsets VCAM1 and CD90 cultured in non-
degradable 5 wt % FNPEG hydrogels. 
Naïve and CIA SFs were expanded in 2D and cultured in non-degradable FNPEG 
hydrogels for 7 days, after which immunofluorescent staining was carried out to stain 
for VCAM1 (yellow), CD90 (magenta) and counterstained with DAPI (blue). Images were 

taken using a widefield microscope in z steps of ~10 m tile scanned, merged and 
deconvoluted to obtain a 3D image of the entire gel with SF staining. The 3D image was 
then processed using IMARIS software to generate a 3D reconstruction of the FNPEG 
hydrogels. Video stills of the 3D reconstructed hydrogels were created for gels 

containing (A) Naïve SFs (Scale: 1- 700 m, 2- 700 m, 3- 1000 m) and (B) CIA SFs 

(Scale: 1- 2000 m, 2- 1000 m, 3- 1500 m). 
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Figure 5-7: Naïve and CIA SFs display differences in subset marker intensities. 
Cells were prepared as mentioned in Figure 5-6 and IMARIS software was used to obtain 
the (A) intensity (B) number and (C) percentage for VCAM1+ and CD90+ SFs. Data shown 
are representative of cells in an entire hydrogel. Data show means ± SD, with each dot 
representing a single cell. Statistical significance was evaluated by ordinary one-way 
ANOVA and Tukey’s test for multiple comparations. Naïve VCAM1 vs CIA VCAM1 or Naïve 
CD90 vs CIA CD90 (****p<0.0001), Naïve VCAM1 vs Naïve CD90 or CIA VCAM1 vs CIA CD90 

(
####

p<0.0001). 
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Figure 5-8: An increase in SF lining subset (VCAM1) expression is observed when  
CIA-SFs are cultured in FNPEG hydrogels.  
Cells were prepared as mentioned in Figure 5-6 and IMARIS software was used to obtain 
the location of positively stained VCAM1 and CD90 (A) Naïve and (B) CIA SFs from the 
distance from the image border, with their corresponding 3D scatter plots created in 
Matlab using X,Y,Z positions of cells generated from. The percentage of VCAM1 and 
CD90 positive (C) Naïve and (D) CIA SFs and their distance from the image border. 
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Figure 5-9: SF cytokine expression of MMP3, CCL2 and IL-6 in degradable and non-
degradable gels. 
Supernatant was collected from Naïve and CIA SFs cultured in degradable and non-
degradable hydrogels and cytokine concentration was determined by ELISA. The 
concentration for MMP3, IL-6 and CCL2 in (A) non-degradable hydrogels (0% VPM) for 7 
days (B) degradable FNPEG hydrogels (100% VPM) for 3 days (C) non-degradable 
hydrogels (0% VPM) for 3 days was obtained. Data show means ± SD. Statistical 
significance was determined using unpaired t-test; *p<0.05. 
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Figure 5-10: Stiffness over time of different wt % degradable FNPEG hydrogels. 
(A) Schematic view of the ferrule-top nanoindenter setup (the same figure is shown in 
Figure 2-3) (B) Schematic representation of load vs depth graph from nanoindentation. 
Elastic modulus measured by AFM nanoindentation (the same figure is shown in Figure 
2-4) of (C) 3 wt %, 5 wt % and 10 wt % degradable FNPEG hydrogels at day 0, 3 and 7 in 
PBS (mean ± SD). (D) Average curved (n=3) and (E) Line graph of overall overage elastic 
modulus for each FNPEG hydrogel at day 0, 3 and 7 in PBS. Data shown is representative 
of cells in an entire hydrogel, with each dot representing a single cell. Statistical 
significance was evaluated by ordinary one-way ANOVA and Tukey’s test for multiple 
comparations; ***p<0.001, ****p<0.0001.  
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Figure 5-11: The effect of Naïve SFs on the “stiffness” of different degradable wt 
% FNPEG hydrogels over 7 days. 
(A) Light microscope images of 3, 5 and 10 % wt % degradable FNPEG hydrogels 

containing Naïve cells at day 0, 3 and 7 at x10 magnification (scale: 500 m). B-D Elastic 
modulus (kPA) measured by nanoindentation at day 0, 3 and 7 in media with and 
without Naïve cells (SFs) for (B) 3 wt % (C) 5 wt % and (D) 10 wt % FNPEG hydrogels. (E) 
Average elastic modulus of 3,5 and 10 wt % FNPEG hydrogels measured at day 0, 3 and 
7 in media, with and without Naïve cells (SFs). Data shown are representative of cells 
in an entire hydrogel, with each dot representing a single cell. Statistical significance 
was evaluated by ordinary one-way ANOVA and Tukey’s test for multiple comparations; 
No cells at different time points (**p<0.001, ****p<0.0001), no cells vs cell at the same 
time point (####p<0.0001), cells at different time points (&&p<0.001, &&&&p<0.0001). 
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Figure 5-12: The effect of different wt % FNPEG hydrogels containing CIA SFs on 
stiffness over 7 days. 
(A) Light microscope images of 3 and 5 wt % FNPEG hydrogels containing CIA cells at 

day 0, 3 and 7 at x10 magnification (scale: 500 m). B-C Elastic modulus measured by 
nanoindentation at day 0, 3 and 7 in media for with and without Naïve cells (SFs) for 
(B) 3 wt % and (C) 5 wt % FNPEG hydrogels. (D) Average elastic modulus of 3 and 5 wt 
% FNPEG hydrogels measured at day 0, 3 and 7 in media, with and without CIA cells 
(SFs). Data shown are representative of cells in an entire hydrogel, with each dot 
representing a single cell. Statistical significance was evaluated by ordinary one-way 
ANOVA and Tukey’s test for multiple comparations; No cells at different time points 

(****p<0.0001), no cells vs cell at the same time point ( 
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Figure 5-13: Stiffness affects cell function. 
Naïve SFs were cultured in 2D at day 0, 3 and 7 in 3, 5 and 10 wt % FNPEG hydrogels for 
3 and 7 days after which expression of genes was quantified using q-PCR. Genes 
quantified were (A) Mmp3 (B) Ctgf and (C) Sparc. Results show relative expression to 
Actin, showing means ± SEM, with each dot representing a biological replicate (in 
technical triplicate), bar shows the mean. Statistical significance was evaluated by 
ordinary one-way ANOVA and Tukey’s test for multiple comparations. 2D d0 vs 2D (d3 
and d7) and 3%, 5% and 10% FNPEG gels at different time points (*p<0.05, **p<0.001, 

***p<0.001, ****p<0.0001), different % FNPEG gel on the same day (
#
p<0.05, 

##
p<0.001, 

###
p<0.001, 

####
p<0.0001), same % FNPEG gel on the same day (
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p<0.001, 
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p<0.0001). 
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Chapter 6 SFs exhibit differential gene expression 

when cultured in different microenvironments 

6.1 Introduction 

The data presented in the Chapters 3-5 established that SFs cultured in 2D, and 

3D (Alvetex® and hydrogel) culture systems not only exhibit differential 

morphology but also respond differently in terms of their pro-inflammatory and 

matrix remodelling responses, presumably due to the differences in their cellular 

interactions within the various microenvironments. As changes in these 

parameters occur during the transition of Naïve to aggressive SFs during 

arthritogenesis in vivo, by transcriptomic reprogramming as a result of 

remodelling of the epigenetic landscape, it was decided to investigate whether 

SFs, cultured in 2D and 3D platforms, display differential  transcriptomic 

programmes (by RNA-Seq analysis). Specifically, it was planned to compare 

differentially expressed genes in SFs freshly extracted from the joint with those 

cultured in 2D alone or in the Alvetex® and hydrogels platforms to address 

determining how best to culture SFs ex vivo to mimic/recapitulate the in vivo 

functional responses of Naïve and CIA SFs, in vitro.  

 

Due to its high resolution and sensitivity, RNA-Seq analysis has transformed our 

comprehension of the complexities of eukaryotic transcriptomes (Wang, Gerstein 

and Snyder, 2009). Although the use of PCR to investigate specific genes can be a 

useful tool to investigate already existing hypotheses, the ability to observe many 

thousands of genes can further gene expression analyses, allowing the latter to be 

more discovery based. RNA-Seq allows crucial benefits in comparison to 

microarrays when assessing gene expression as the genes targeted are not biased 

and thus, this tool can be used to understand fibroblast subpopulations and their 

varying functions, in turn leading to novel therapeutic interventions. In RA studies 

in particular, the use of RNA-Seq has provided novel insights and understanding of 

potential pathogenic mechanisms and roles of candidate genes involved in the 

disease (Yoshizawa et al., 2008; Kirkham, Kavanaugh and Reich, 2014; Kraan et 

al., 2001). For example, a study carried out by Orange et al, used bulk RNA-Seq 

to investigate the total synovial gene expression in conjunction with histology to 

subclassify RA subtypes. The technique allowed samples to be clustered as “high 
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or low inflammatory tissue” as well as identifying further mixed clusters. This 

showed that key histological variables within the synovial tissue samples 

concorded with sequencing data and  indicated that the “high inflammatory” 

samples showed higher levels of immune system cell infiltration of tissue (Orange 

et al., 2018). Furthermore, single cell RNA-Seq has also helped reveal the 

presence of distinct fibroblast subpopulations, some of which we have 

investigated in this thesis, as well as the pathological significance of SF 

heterogeneity in RA  (Croft et al., 2019). The latter only further shows how 

powerful RNA-Seq can be, not only for understanding the role of SFs in RA but 

perhaps also for signposting the best way in which they can be treated as a 

therapeutic target. This next section will utilise RNA-Seq to investigate and 

compare in detail, the differences the microenvironment makes to gene 

expression in Naïve and CIA SFs. All cells expanded ex vivo within the experiments 

in this section have been cultured with FN and the FNPEG hydrogels used were all 

of the 5% wt degradable format. 

 

6.2 Aims and objectives  

Thus, the core aim of this chapter is to determine the transcriptomic signatures 

of Naïve and CIA SFs grown solely in conventional 2D cultures to compare with 

those transferred to Alvetex® scaffolds or hydrogels (subsequent to their ex vivo 

expansion) in order to determine the impact of these 3D microenvironments on 

the transcriptomes of SFs.  Specifically, it was planned to determine: 

• the differentially expressed genes and, by subsequent pathway analysis, the 

signalling networks characteristic of freshly isolated SFs Naïve and CIA mice 

(sorted SFs) to provide transcriptomic signatures referencing their in vivo 

phenotypes.   

• To compare the transcriptomic signatures of freshly isolated SFs with those 

of the corresponding SF groups grown, in the presence of FN,  in classical 2D 

cultures and those subsequently transferred to the 3D environments provided 

by the Alvetex® or FNPEG hydrogel platforms. 

• to investigate the ability of SFs to respond to inflammatory mediators in 

different culture systems. An IL-1 model was chosen as this cytokine is a 

known SF activator and a key driver of joint pathogenesis, as evidenced by it 



 

 

128 

 

being elevated in the synovium of RA patients and in various animal models 

including the CIA model. Moreover, it has been shown  to be very effective at 

inducing transcriptional reprogramming of SFs in vitro (Corbet et al., 2021). 

 

6.3 Results  

6.3.1 RNA-Seq identifies that the microenvironment influences 

gene expression of inflammatory SFs  

6.3.1.1 Gene expression profiling of Naïve and CIA-SFs in vivo 

To generate reference transcriptomic phenotypes exhibiting characteristics of 

Naïve and CIA SFs in vivo, cells extracted directly from the joint (Figure 6-1A) 

were sorted using Flow cytometry to isolate SFs (“sorted SFs”, purity >~97%) that 

were subjected to RNA-Seq and bioinformatic analysis (alignment of sequences 

using HiSat2, normalization and differential expression using DESeq2 and 

featurecounts) as outlined in section 2.10.4. Principal Component Analysis of the 

transcriptomic data confirmed the distinction between the phenotype of the 

freshly isolated Naïve and CIA SFs groups (Figure 6-1B). A list of differentially 

expressed (DE) SF genes was generated including 298 genes that were significantly 

upregulated (Full Table in Appendix A – Sorted up-regulated list of differentially 

expressed genes) and 88 genes that were downregulated (Full Table in Appendix 

A – Sorted down-regulated list of differentially expressed genes) [>2-

fold, padj < 0.01]) in CIA, relative to Naïve, SFs and these are presented here both 

as a volcano plot and a heatmap (Figure 6-1C), the latter clearly illustrating the 

distinct transcriptomic signatures of healthy and pathogenic SFs in vivo. A list of 

the top 50 genes significantly up- and down-regulated in CIA, relative to Naïve, 

SFs is shown (Figure 6-1D). Following this, to understand the functional 

consequences of these transcriptomic changes, String Protein–Protein Interaction 

Networks Functional Enrichment Analysis was applied to genes upregulated in CIA 

compared to Naïve SFs (Figure 6-2), establishing pathogenic targeting of two main 

functional networks, one involved in cell cycle processes and the other regulating 

inflammatory and ECM responses (Figure 6-2A), reflecting the activation and 

hyperproliferation characteristic of CIA-SFs. By contrast, analysis of the genes 

downregulated in CIA, opposed to Naïve, SFs only showed focus on matrix-based 

pathways (Figure 6-2C). Corresponding KEGG pathway enrichment analysis was 

https://1drv.ms/u/s!AkQDlrZPiehqhjCqwALWmSdOYyWA?e=avbW28
https://1drv.ms/u/s!AkQDlrZPiehqhjCqwALWmSdOYyWA?e=avbW28
https://1drv.ms/u/s!AkQDlrZPiehqhjXJdrZZCXRye1qI?e=RjlOea
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performed showing “Rheumatoid Arthritis”, “IL-17 signalling”, and “TNF 

signalling” pathways to be significantly upregulated (Figure 6-2B) and “Cell 

adhesion molecules”, “ECM” and “Cellular process” pathways to be significantly 

down regulated (Figure 6-2D). These findings are consistent with the observed 

pathological activation of SFs in joint disease and the known cellular responses of 

SFs during disease.  

 

6.3.1.2 Gene expression profiling of Naïve vs CIA-SFs cultured in 2D 

Having established the transcriptomic profile of Naïve and CIA-SFs isolated from 

mouse joints, we next investigated the transcriptome profiles of Naïve and CIA-

SFs expanded ex vivo in 2D conventional culture systems, using FN-coated plates 

(Figure 6-3A). We wanted to define gene expression of cells that were cultured ex 

vivo, to evaluate the changes undergoing cell growth in 2D surfaces. Cells were 

isolated from mouse joints as before from Naïve and CIA mice, and expanded ex 

vivo for 3-4 weeks, when RNA-Seq was conducted.  

 

Principal Component Analysis of the transcriptomic data (Figure 6-3B) confirmed 

the functional data (Chapter 3) showing that even in a 2D microenvironment, CIA 

SFs stably maintain a distinct phenotype from healthy SFs even when expanded 

for several weeks in vitro and that this is reflected at the transcriptomic level. 

Here, analysis of the significantly differentially expressed (DE) genes indicated 

that only 112 genes were upregulated (Full Table in Appendix A – 2D up-regulated 

list of differentially expressed genes), and 12 genes downregulated (Full Table in 

Appendix A – 2D down-regulated list of differentially expressed genes) [>2-

fold, padj < 0.01] in CIA, relative to Naïve, SFs (Figure 6-3D) and again, these data 

are presented here, both as a volcano plot and a heatmap (Figure 6-3C). Thus, the 

number of differentially expressed genes was far lower in Naïve and CIA SFs 

cultured in 2D compared to their sorted freshly isolated counterparts, suggesting 

that some transcriptomic remodelling has taken place in response to their new 

microenvironment. Subsequent String Protein–Protein Interaction Networks 

Functional Enrichment Analysis of the upregulated genes showed significant 

enrichment in ECM, adhesion and migration pathways (Figure 6-4A & B). Moreover, 

analysis of the downregulated DE genes included networks involved in FN type III 

domains, immunoglobulins, serine proteases/trypsin-like peptidases (Figure 6-

https://1drv.ms/u/s!AkQDlrZPiehqhjQBkdWWOZ5L0nyY?e=qnabaD
https://1drv.ms/u/s!AkQDlrZPiehqhjQBkdWWOZ5L0nyY?e=qnabaD
https://1drv.ms/u/s!AkQDlrZPiehqhjdsgXm8iLmh8cxU?e=cgelMp
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4C), again processes likely involved in matrix remodelling and migration. 

Nevertheless, most of the differentially upregulated genes exhibited by sorted 

CIA-SFs are not regulated in SFs cultured in 2D, indicating that this conventional 

culture system microenvironment results in changes in gene expression in SFs, 

further confirming that 2D systems are not optimal models for the study of SF 

biology, despite them maintaining differential phenotypes that focus on ECM-

based processes. The key loss appears to relate to the upregulation of cell 

cycle/proliferative signalling associated with the hyperplasia associated with the 

freshly isolated CIA-SFs. To corroborate that the main changes were related to 

ECM remodelling RT-PCR analysis was performed on selected genes, chosen for 

their roles in ECM remodelling and cell interactions (Figure 6-5). Thus, Tinagl1 is 

an ECM protein involved in cell adhesion and consistent with this, has been 

implicated in the modulating of cell proliferation, migration, and differentiation 

(Sun et al., 2019), Tnc is an ECM protein associated with spatially and temporally 

restricted tissue distribution (like that of pannus formation) (Gremlich et al., 

2020), Timp1 is involved in ECM degradation (Song et al., 2016), Sparc is involved 

in ECM synthesis and promotion of changes to cell shape (Peixoto et al., 2014), 

Fn1 encodes FN (Aslam, Singh, Cortese and Riegert-Johnson, 2019) and Thbs4 is 

an adhesive glycoprotein that mediates cell-to-cell and cell-to-matrix interactions 

(Förster et al., 2011). The expression of Tinagl1 was shown to be increased in CIA-

SFs (Figure 6-5A), as was Timp1 (Figure 6-5C) and Sparc (Figure 6-5D), albeit in 

the case of the latter genes this was not significant. However, interestingly the 

expression of Thbs4 (Figure 6-5F), Tnc (Figure 6-5A) as well as Fn1 (Figure 6-5E) 

trended towards being greater in Naïve SFs. The data for all the genes was then 

presented as a heatmap (Figure 6-9G) alongside the heatmap of the selected genes 

from the RNA-seq analysis (Figure 6-9H). The signatures were broadly similar, but 

with some inconsistencies which could be due to the sensitivity of the RNA-seq 

experiment or the fact that different mice and so different RNA was used for the 

RNA-seq and RT-PCR experiments. 

 

6.3.1.3 Gene expression profiling of Naïve vs CIA-SFs cultured in Alvetex® 

Next, a similar approach was used to study the transcriptomic activation of CIA-

SFs cultured in Alvetex® (Figure 6-6A). We hypothesised that the 3D structure of 

this rigid scaffold could provide the appropriate signals to (re)induce expression 
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of the inflammatory gene profile that was partially lost when the cells were 

cultured in plastic 2D plates. Thus, expanded cells from Naïve and CIA mice, (as 

in Figure 6-3, 6-4) were seeded into Alvetex® discs and cultured for additional 9 

days, when RNA was purified to conduct RNA-Seq studies. Principal Component 

Analysis of the transcriptomic data again illustrated the stable nature of distinct 

Naïve and CIA phenotypes (Figure 6-6B) even following their extended culture ex 

vivo. Interestingly, in contrast to the low numbers of differentially expressed 

genes observed in CIA, relative to Naïve, SFs grown under 2D conditions, the DE 

genes detected in SFs switched to Alvetex® scaffolds showed 548 genes to be 

upregulated (Full table in Appendix A – Alvetex up-regulated list of differentially 

expressed genes) and 203 genes downregulated (Full Table in Appendix A – Alvetex 

down-regulated list of differentially expressed genes) [>2-fold, padj < 0.01] in CIA 

relative to Naïve SFs (Figure 6-6C). A list of the top 50 genes significantly up- and 

down-regulated in CIA, relative to Naïve were generated (Figure 6-6D). To 

investigate whether this reflected (partial) recovery of the in vivo CIA-SF 

phenotype, functional consequences of all differentially expressed genes were 

assessed String Protein–Protein Interaction Networks Functional Enrichment 

analysis (Figure 6-7). Essentially, the two main functional networks identified as 

being associated with the upregulated genes in freshly isolated SFs, one involved 

in cell cycle processes and the other involved in inflammatory responses were 

again represented in the Alvetex® grown SFs (Figure 6-7A) and consistent with 

this, corresponding KEGG pathway enrichment analysis showed “Rheumatoid 

Arthritis”, “IL-17 signalling”, and “TNF signalling” pathways to be significantly 

upregulated (Figure 6-7B). As these functional predictions were similar to those 

observed with the SFs purified from the joint prior to any cell culture, these data 

suggest that some of the pathways lost as a result of culture under 2D conditions 

were recovered when SFs were transferred to Alvetex®. Likewise, analysis of the 

downregulated DE genes in CIA showed enriched pathways for cellular processes, 

cell adhesion as well as calcium signalling pathways (Figure 6-7C). The RNA-Seq 

data was again validated using RT-PCR on selected genes mentioned previously. 

Sparc (Figure 6-13D) and Thbs4 (Figure 6-13F) expression was shown to be elevated 

in CIA-SFs compared to Naïve SFs, whilst the opposite was observed in Tnc (Figure 

6-13A), Tinagl1 (Figure 6-13B), Timp1 (Figure 6-13C) and Fn1 (Figure 6-13E). The 

latter showing significant upregulations in the gene expression in Naïve SFs. Data 

https://1drv.ms/u/s!AkQDlrZPiehqhjaHvItxLbgKauNt?e=gEGhU9
https://1drv.ms/u/s!AkQDlrZPiehqhjaHvItxLbgKauNt?e=gEGhU9
https://1drv.ms/u/s!AkQDlrZPiehqhjKtp5GmAnwksKei?e=P8gq7b
https://1drv.ms/u/s!AkQDlrZPiehqhjKtp5GmAnwksKei?e=P8gq7b
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for all the genes was then presented as a heatmap (Figure 6-13G) alongside the 

heatmap of the selected genes from the RNA-Seq analysis (Figure 6-13H). The 

heatmaps for RNA-Seq and RT-PCR were similar for Thbs4 and Sparc, however not 

for the rest of the genes. Again, this could be due to different RNA used for both 

experiments.  

 

Collectively, these data could suggest that the epigenetic changes that occur in 

SFs grown on 2D platforms can be (at least partially) reversed when they are 

transferred to a 3D environment that provides more physiologically relevant 

matrix cues. 

 

6.3.1.4 Gene expression profiling of Naïve vs CIA-SFs cultured in FNPEG 

hydrogels 

Having observed these changes in gene expression which suggest a plasticity that 

confers the ability for SFs to at least partially recover some of their “lost” 

transcriptional programming and functional outcomes consequent to culture on 

2D platforms, we also investigated whether this similarly occurs on transfer of 

“2D” SFs to 3D FNPEG hydrogels (Figure 6-9A). Principal Component Analysis again 

confirmed maintenance of separate Naïve and CIA phenotypes (Figure 6-9B). 

However, analysis of the DE genes showed only 112 genes upregulated (Full Table 

in Appendix A – FNPEG hydrogels up-regulated list of differentially expressed 

genes) and 67 downregulated (Full Table in Appendix A – FNPEG hydrogels down-

regulated list of differentially expressed genes) [>2-fold, padj < 0.01] (Figure 6-9), 

numbers lower than those seen with SFs grown on Alvetex® (Figure 6-6C) and more 

akin to those observed following culture in 2D plates alone. To further address 

whether this reflected the SFs remaining “fixed” in a “2D phenotype” the top 50 

genes significantly upregulated and (all of those) downregulated in CIA-, relative 

to Naïve SFs were identified (Figure 6-9D) and the functional consequences of all 

differentially expressed genes was investigated by pathway analysis (Figures 6-

10). String Protein–Protein Interaction Networks Functional Enrichment Analysis 

suggested a functional network concerned with ECM degradation, proteoglycans, 

interactions, organisation as well as focal and cell adhesion (Figure 6-10A) and 

KEGG pathway enrichment analysis identified “ECM receptor interaction”, “Focal 

adhesion”, “Cytokine-cytokine interactions” and “NK-Kappa B signalling” 

https://1drv.ms/u/s!AkQDlrZPiehqhjEPd0jdj7YA_B8X?e=PH00sO
https://1drv.ms/u/s!AkQDlrZPiehqhjEPd0jdj7YA_B8X?e=PH00sO
https://1drv.ms/u/s!AkQDlrZPiehqhjOpHGcwEAwkmoxe?e=Gl7XgJ
https://1drv.ms/u/s!AkQDlrZPiehqhjOpHGcwEAwkmoxe?e=Gl7XgJ
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pathways (Figure 6-10B). By contrast, the downregulated genes are implicated in 

the regulation of the immune system, cell cycle and MAPK cascade as well as 

microRNAs in cancer (Figure 6-10C), predictions supported by KEGG analysis 

identifying their involvement in “Rheumatoid Arthritis”, “Cytokine-cytokine 

receptor interactions”, “Cell cycle” and “MAPK signalling” pathways were found 

to be significantly down regulated (Figure 6-10D).  

 

These data therefore suggest that FNPEG hydrogel SFs differ from each of freshly 

purified SFs, SFs expanded in 2D cultures and those subsequently transferred into 

the Alvetex® 3D microenvironment. Thus, hydrogels do not simply restore some 

of the gene expression changes between Naïve and CIA SFs that were lost following 

culture on 2D plates but rather induce a new phenotype which, as the gel acts as 

surrogate matrix having been pegylated with FN, focuses on matrix remodelling 

rather than inflammatory responses. Interestingly, the MMPs appear to be 

upregulated, whilst inflammatory cytokines/pathways are downregulated 

suggesting that the results from section 5.3.5 are not due to cytokine production 

but due to MMPs further degrading the gel affecting the integrity and the resultant 

upregulation of pro-inflammatory cytokines as a response to the structural 

degradation of the gels. Again, the RNA-Seq data were validated by RT-PCR 

analysis of our panel of selected genes associated with the ECM (Figure 6-11). 

Thus, the expression of Tnc (Figure 6-11A), Timp1 (Figure 6-11C), Sparc (Figure 6-

11C), Fn1 (Figure 6-11D) and Thbs4 (Figure 6-11E) were all shown to be 

upregulated in Naïve SFs compared to CIA, whilst the opposite was seen with 

Tinagl1 expression (Figure 6-11B). Data for all the genes was then presented as a 

heatmap (Figure 6-11G) alongside the heatmap of the selected genes from the 

RNA-Seq analysis (Figure 6-11H). The heatmaps for each showed similar results 

only for Tinagl1 which again could be due to the RNA-Seq sensitivity, human error 

during the RT-PCR or different RNA used. Perhaps a repeat of this experiment with 

different batches of mice would provide more clarity.  

 

6.3.1.5 Comparison of Naïve and CIA-SFs cultured in 2D and 3D 

microenvironments 

To further address identifying which of the in vitro culture systems best supported 

maintenance of in vivo SF phenotypes, as evidenced by the ex vivo transcriptional 
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profiles of freshly isolated SFs, the differentially upregulated genes from SFs 

directly extracted from the joints as well as those cultured in 2D, Alvetex® and 

FNPEG hydrogels were compared and assessed using g:Profiler for statistical gene 

enrichment analysis (Figure 6-12). This revealed that the genes found to be 

upregulated as a result of CIA pathogenesis were involved in inflammatory 

responses, ECM and cytokine interactions, findings consistent with the pro-

inflammatory nature of CIA-SFs (Figure 6-12A). The genes significantly 

upregulated in CIA-, relative to Naïve SFs when cultured in 2D were found to be 

involved in inflammatory, ECM and developmental processes (Figure 6-12B). 

Whilst upregulated genes from SFs cultured in Alvetex® were found to be involved 

in cytokine and inflammatory responses, cell division and regulation as well as IL-

17 signalling (Figure 6-12C). Interestingly the upregulated genes and pathways 

observed when SFs were cultured in FNPEG hydrogels were associated with ECM 

processes, such as organisation, chain trimerization and degradation (Figure 6-

12D).  

 

Having established differences in transcriptomic profiling between Naïve and CIA 

SFs in freshly isolated SFs and those subsequently cultured in 2D and 3D culture 

systems,  how the gene expression profiles of Naïve and CIA SFs were modulated 

under these differing conditions was investigated (Figure 6-13). Principal 

Component Analysis of the transcriptomic data for Naïve SFs (Figure 6-13A) 

showed that cells cultured in 2D alone and those subsequently transferred 

Alvetex® appear to exhibit a more similar phenotype to each other than either do 

with freshly isolated (sorted) SFs. Perhaps unexpectedly, the hydrogel group 

appear distinct from all the other SF groups. On the other hand, despite these 

differences the Naïve SFs cultured in the FNPEG hydrogels are observed to be 

similar to that of the sorted SFs from the joint, as opposed to those cultured in 

2D or Alvetex®. This is interesting as when comparing the DE profiles of Naïve and 

CIA hydrogel SFs, they were shown to be significantly different when compared 

with the other systems, whereas the Naïve hydrogel SFs appear more akin to “in 

vivo” Naïve SFs than those associated with Naïve SFs, at least with respect to 

certain gene groups, from the other in vitro systems. This is further corroborated 

with the corresponding heatmap (Figure 6-13A) in which the cells cultured in 2D 

and 2D-Alvetex® appear most similar, whilst certain gene signatures in the Naïve 
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hydrogel SF cohort are more similar to those of the cells freshly from the joint. 

Similarly, interrogation of the CIA-SFs groups by Principal Component and 

Heatmap Analysis of the transcriptomic data (Figure 6-13B) again shows the  2D 

and 2D-Alvetex® group to be phenotypically related but distinct from the  FNPEG 

hydrogel and freshly isolated SFs, although they do appear to share some signature 

subgroups with the latter. However, whilst like their Naïve SF counterparts, the 

hydrogel CIA-SFs share some partial signatures with the freshly isolated CIA-SFs, 

they also show some limited commonality with those from the 2D and 2D-Alvetex® 

groups. 

 

6.3.2 Stimulation with IL-1 influences differential gene 

expression in inflammatory SFs in different microenvironments 

Perhaps unexpectedly, transfer of the explant SFs from 2D cultures to the distinct 

3D microenvironments differentially affected the gene expression of CIA-SFs, with 

culture on rigid scaffolds and hydrogels inducing quite distinct transcriptomes. 

Moreover, since culture in hydrogels did not (re)induce the inflammatory profile 

associated with arthritic fibroblasts, it was important to confirm that cells were 

still able to respond to inflammatory mediators and hence rule out the possibility 

that they had lost the ability of inducing inflammatory responses and/or had 

(terminally) differentiated to an alternative (pathogenic) phenotype perhaps 

associated with a particular maturation stage or SF subtype. Thus, we compared 

how in vitro stimulation of Naïve SFs with the pro-inflammatory cytokine IL-1, 

affects the transcriptional reprogramming in 2D and following transfer, both  the 

Alvetex® and FNPEG hydrogel 3D platforms. Thus, SFs were expanded in 2D until 

passage 4 as before and then cultured in their relevant microenvironments for 7 

days (or 3 in the case of FNPEG hydrogels) in the presence of FN. Prior to RNA 

extraction the relevant SFs from each culture system were treated for 6 hours 

with IL-1 prior (Figure 6-14A). This cytokine was chosen because it is a key driver 

of SF pathogenesis and chronic exposure to this cytokine drives epigenetic changes 

in Naïve SFs (Jeong et al., 2004; Corbet et al). Firstly, to model the effect of acute 

inflammation implicated in the initiation of the transformation of Naïve to CIA-

SFs, IL-1-mediated downstream effector mechanisms were assessed by RNA-Seq 

in the cells expanded in 2D-cultures. Principal Component Analysis (Figure 6-14B) 
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showed the treated SFs to be transcriptionally distinct from control Naïve SFs with 

analysis of the significantly DE genes revealing 273 genes to upregulated (Full 

Table in Appendix B – 2D up-regulated list of differentially expressed genes) and 

179 downregulated (Full Table in Appendix B – 2D down-regulated list of 

differentially expressed genes)  [>2-fold, padj < 0.01] in response to IL-1 and these 

are represented both as a volcano plot and in a heatmap (Figure 6-14C), with the 

top 50 genes significantly upregulated and downregulated listed (Figure 6-14D). 

As expected, when analysing all differentially expressed genes using KEGG 

pathway analysis, the  upregulated genes were found to be involved in the 

inflammatory response, interleukin and IL-6 signalling as well as MMP and 

chemokine signalling, findings consistent with IL-1 being a potent stimulator of 

RA (Dayer, Oliviero and Punzi, 2017) whilst interestingly, those downregulated 

were involved in developmental processes and ossification.  

 

Next, we similarly investigated the effect of IL-1 stimulation on the 

transcriptomic profile of Naïve SFs cultured in Alvetex® (Figure 6-15A) and again 

detected two phenotypically distinct cell populations using Principal Component 

Analysis (Figure 6-15B). Under these culture conditions, 791 genes were 

significantly upregulated (Full Table in Appendix B – Alvetex up-regulated list of 

differentially expressed genes) and 706 downregulated (Full Table in Appendix B 

– Alvetex down-regulated list of differentially expressed genes) [>2-

fold, padj < 0.01] as shown in the volcano plot and heatmap (Figure 6-15C) of which 

the top 50 genes significantly upregulated and downregulated in response to IL-

1 SFs are listed (Figure 6-15D). As with the cells cultured under conventional 2D 

conditions, KEGG pathway analysis showed that the upregulated genes were 

involved in the inflammatory response, whilst those downregulated were 

associated with Wnt signalling, TGF-beta signalling, Hippo signalling, PI3K-Akt 

signalling as well as Rap1 signalling.  

 

Finally, the effect of IL-1 on transcriptomic profile of SFs cultured in FNPEG 

hydrogels was also investigated (Figure 6-16A) and this again showed that 

exposure to the cytokine drove development of a new distinct population of SF 

(Figure 6-16B) which exhibited significant upregulation of 706 genes (Full Table in 

Appendix B – FNPEG hydrogels up-regulated list of differentially expressed genes)  

https://1drv.ms/u/s!AkQDlrZPiehqhjxlelKbo0EMN3Zm?e=iS75t9
https://1drv.ms/u/s!AkQDlrZPiehqhjtPxeZ0Ev9rk9WR?e=z8PqT1
https://1drv.ms/u/s!AkQDlrZPiehqhjtPxeZ0Ev9rk9WR?e=z8PqT1
https://1drv.ms/u/s!AkQDlrZPiehqhjpfW1O34oykNo3_?e=SzcrrW
https://1drv.ms/u/s!AkQDlrZPiehqhjpfW1O34oykNo3_?e=SzcrrW
https://1drv.ms/u/s!AkQDlrZPiehqhj43o3Xu4YwHzFUU?e=DJ1BRe
https://1drv.ms/u/s!AkQDlrZPiehqhj8lE6IP4-QloATP?e=Bf3dep
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and downregulation of 21 genes (Full Table in Appendix B – FNPEG hydrogels down-

regulated list of differentially expressed genes) [>2-fold, padj < 0.01], as indicated 

in the accompanying volcano and heatmap plots (Figure 6-16C) and lists of the top 

50 genes significantly upregulated and all downregulated (Figure 6-16D). 

Similarly, to all the conditions investigated above, the upregulated genes were 

involved in the inflammatory response. By contrast, the  downregulated genes 

were implicated in regulation of  fluid shear stress and atherosclerosis, MAPK and 

NF-Kappa B signalling, osteoclast and Th17 cell differentiation, as well as 

inflammatory mediator regulation of transient receptor potential (TRP) channels, 

which maintain intracellular calcium homeostasis to regulate various functions in 

cells such as production and release of inflammatory mediators, phagocytosis, and 

cell migration. 

 
The above KEGG pathway data are presented as Venn diagrams to allow 

comparison of the commonality and differences between the IL-1 upregulated 

genes in each culture system (Figure 6-17). Consistent with these Naïve + IL-1 

SFs reflecting initiation of a transcriptional programme towards that of CIA-SFs, 

KEGG pathway enrichment analysis showed that for all three culture systems, 

there was upregulation of the same pathways namely; “Rheumatoid Arthritis”, 

“IL-17 signalling”, “TNF signalling”, “Chemokine signalling” and “Cytokine-

cytokine signalling”. The genes involved in the pathways for each system do 

however differ, but it can be concluded that regardless of the system in which the 

SFs are cultured, IL-1 induces transcriptional reprogramming of Naïve SFs 

towards that of a more CIA-like phenotype. This in turn suggest that SFs retained 

the capacity to respond to inflammatory mediators, showing that the non-

inflammatory phenotype observed in CIA-SFs cultured in FN hydrogels is a 

reversible phenotype, since cells are still highly responsive to IL-1, similarly to 

those grown in 2D or Alvetex®. 

 

6.4 Concluding remarks  

RNA-Seq analysis, as evidenced by the PCA plots, confirmed that irregardless of 

the culture system that the Naïve and CIA SFs exhibited distinct transcriptional 

profiles, suggesting that all of the systems allow for maintenance of distinct 

phenotypes associated with healthy and arthritic SFs. Furthermore, it revealed 

https://1drv.ms/u/s!AkQDlrZPiehqhj1LDgLivQynfAU8?e=pun9bn
https://1drv.ms/u/s!AkQDlrZPiehqhj1LDgLivQynfAU8?e=pun9bn
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that SFs cultured in 2D exhibit a modulated DE (CIA versus Naïve SFs) profile from 

the freshly isolated SFs but that this can be  partially recovered when the SFs are 

cultured in Alvetex®, further establishing that the 3D environment provided by 

Alvetex® better recapitulates the in vivo environment better than conventional 

2D cultures. However, when the SFs were subsequently cultured in FNPEG 

hydrogels, the CIA-SFs displayed a quite distinct phenotype, exhibiting a less pro-

inflammatory transcriptional programming, actively downregulating inflammatory 

pathways and upregulating those associated with the ECM. This could be due to 

SFs from a 2D culture system simply coated with FN adapting to a 

microenvironment entirely comprised of FN.  

 

Regarding the transcriptomic profiling observed in the Naïve SFs, it could be seen 

that pro-inflammatory pathways were upregulated in response to acute 

stimulation with IL-1. This was true for SFs cultured in 2D, Alvetex® and FNPEG 

hydrogels, suggesting that not only do SFs respond to inflammatory mediators such 

as IL-1 in all models resulting in transcriptional programming of Naïve SFs to more 

CIA-like, but also that the SFs are able to become similarly activated in vitro as 

observed in vivo. Moreover, interestingly despite the CIA-SFs displaying more 

Naïve-like features in FNPEG hydrogels, when stimulated with IL-1 they exhibit 

the capacity to become more pro-inflammatory. This suggests that the FNPEG 

hydrogels still have the potential to maintain the ‘arthritic’ and pro-inflammatory 

phenotype of SFs upon stimulation.  
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Figure 6-1: RNA-Seq analysis of sorted SFs.  
(A) Bulk RNA-Seq setup. RNA was isolated from healthy (n = 3) and arthritic CIA (n = 3, scores 
of 9, 10, and 11) mice and subjected to bulk RNA-Seq (75 bp paired-end, 30 M reads). (B) 
Principal component analysis (PCA) confirmed distinction between Naïve and CIA groups 
(conds = conditions). (C) Differential expression (DE) of genes are shown. All detected genes 
are plotted as a volcano plot (left) where x = gene expression healthy, y = gene expression 
arthritic. Genes that pass a threshold of padj< 0.01 and |log2foldChange| > 2 in DE analysis 
are shown in blue when they are downregulated and red when upregulated in the CIA mice. 
Heatmap (right) shows up and downregulated genes; [unsupervised clustering in rows and 
columns based on Euclidean distances]. (D) Top 50 up and down-regulated differentially 
expressed (DE) genes in CIA.  
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Figure 6-2: Up and downregulated pathways in CIA sorted SFs compared to Naïve. 
Function enrichment and network analysis regulated by synovial inflammation. STRING 
protein–protein interaction network (https://string-db.org) was performed on DE genes 
from the previous figure. Significantly (A) upregulated and (C) down regulated 
modulated pathways and cellular components associated with DE genes in arthritic 
mice are shown on the diagram. [PPI enrichment p-value: < 1.0e−16]. Colour code for 
nodes in upregulated pathways is, dark green: IL-17 signalling, yellow: TNF signalling 
pathway, khaki: ECM, blue: Rheumatoid arthritis, light green: cytokine interactions, 
pink: cell cycle: pink. Colour code for nodes in downregulated pathways is yellow: 
cellular process, blue: ECM, light green: cell adhesion, red: ECM-receptor interactions. 
Venn diagram of prominent top 50 (B) up-regulated and (D) downregulated KEGG 
pathways. Colour code for each KEGG pathway is dark green: Rheumatoid arthritis, 
purple: cytokine-cytokine receptor interactions, light grey: cell cycle, yellow: TNF 
signalling pathway, blue: IL-17 signalling pathway, light green: ECM receptor 
interactions, cyan: ECM, dark grey: cellular process and orange: cell adhesion 
molecules (CAMs). 

https://string-db.org/
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Naïve vs CIA: 2D 

 
Figure 6-3: RNA-Seq analysis of SFs cultured in 2D. 
(A) Bulk RNA-Seq setup. RNA was isolated from healthy and arthritic CIA murine SFs and 
cultured in 2D with FN for 7 days and then subjected to bulk RNA-Seq (75 bp paired-
end, 30 M reads). (B) Principal component analysis (PCA) confirmed distinction between 
Naïve and CIA  groups (conds = conditions). (C) Differential expression (DE) of genes are 
shown. All detected genes are plotted as a volcano plot (left) where x = gene expression 
healthy, y = gene expression arthritic. Genes that pass a threshold of padj< 0.01 and 
|log2foldChange| > 2 in DE analysis are shown in blue when they are downregulated and 
red when upregulated in the CIA mice. Heatmap (right) shows up and downregulated 
genes; [unsupervised clustering in rows and columns based on Euclidean distances].(D) 
Top 50 upregulated and all down-regulated differentially expressed (DE) genes in CIA.  
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Figure 6-4: Up and downregulated gene expression in Naïve and CIA SFs cultured in 
2D with FN for 7 days. 
Function enrichment and network analysis regulated by synovial inflammation. STRING 
protein–protein interaction network (https://string-db.org) was performed on DE genes 
from the previous figure. Significantly (A) upregulated and (C) down regulated  modulated 
pathways and cellular components associated with DE genes in arthritic mice are shown 
on the diagram. [PPI enrichment p-value: < 1.0e−16]. Colour code for nodes in 
upregulated pathways is, red: cell, blue: ECM organisation and cell adhesion. Colour code 
for nodes in downregulated pathways is red: fibronectin type 3 domain, black: 
Immunoglobulins and serine proteases/trypsin like peptidase. (B) Heatmaps of genes 
involved in ECM organisation and cell adhesion in top 50 up-regulated genes. 
 
  

https://string-db.org/
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Figure 6-5: 2D RNA-Seq validation. 
Naïve and CIA SFs were expanded and cultured in 2D plates coated with FN for 7 days 
after which q-PCR was carried out to determine quantification of (A) Tnc (B) Tinagl1 
(C) Timp1 (D) Sparc (E) Fn1 and (F) Thbs4 expression. Naïve vs CIA gene heatmap for 
(G) above experiments and (H) corresponding RNA-Seq experiment. Results show 
relative expression to Actin, showing mean ± SD. Each dot represents a biological 
replicate (in technical triplicate). Statistical significance was determined using 
unpaired t-test; **p<0.01 
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Naïve vs CIA: Alvetex® 

 
Figure 6-6: RNA-Seq analysis of SFs cultured in Alvetex®. 
(A) Bulk RNA-Seq setup. RNA was isolated from healthy and arthritic CIA murine SFs 
expanded in 2D cultured in Alvetex® with FN for 7 days and then subjected to bulk RNA-
Seq (75 bp paired-end, 30 M reads). (B) Principal component analysis (PCA) confirmed 
distinction between Naïve and CIA groups (conds = conditions). (C) Differential 
expression (DE) of genes are shown. All detected genes are plotted as a volcano plot 
(left) where x = gene expression healthy, y = gene expression arthritic. Genes that pass 
a threshold of padj< 0.01 and |log2foldChange| > 2 in DE analysis are shown in blue when 
they are downregulated and red when upregulated in the CIA mice. Heatmap (right) 
shows up and downregulated genes; [unsupervised clustering in rows and columns based 
on Euclidean distances].(D) Top 50 up and down-regulated differentially expressed (DE) 
genes in CIA.  
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Figure 6-7: Up and downregulated gene expression in Naïve and CIA SFs cultured in 
Alvetex® with FN for 7 days. 
Function enrichment and network analysis regulated by synovial inflammation. STRING 
protein–protein interaction network (https://string-db.org) was performed on DE genes 
from the previous figure. Significantly (A) upregulated and (C) down regulated  modulated 
pathways and cellular components associated with DE genes in arthritic mice are shown 
on the diagram. [PPI enrichment p-value: < 1.0e−16]. Colour code for nodes in 
upregulated pathways is green: IL-17 signalling pathway, blue: inflammatory response, 
yellow: cell adhesion and red: cell cycle. Colour code for nodes in downregulated 
pathways is khaki: cell adhesion, pink: inflammatory response, cyan: cellular process, 
yellow: calcium signalling pathway, blue: neuroactive ligand-receptor interaction, red: 
cytokine-cytokine receptor interaction, green: MAPK signalling pathway. Venn diagram of 
prominent top 50 up-regulated (B) KEGG pathways. Colour code for each KEGG pathway 
is dark green: Rheumatoid arthritis, purple: cytokine-cytokine receptor interactions, light 
grey: cell cycle, yellow: TNF signalling pathway and blue: IL-17 signalling pathway. 
  

https://string-db.org/
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Figure 6-8: Alvetex® RNA-Seq validation. 
Naïve and CIA SFs were expanded in 2D then cultured in Alvetex® in FN for 7 days after 
which q-PCR was carried out to determine quantification of (A) Tnc (B) Tinagl1 (C) 
Timp1 (D) Sparc (E) Fn1 and F Thbs4 expression. Naïve vs CIA gene heatmap for (G) 
above experiments and (H) corresponding RNA-Seq experiment. Results show relative 
expression to Actin, showing mean ± SD. Each dot represents a biological replicate (in 
technical triplicate). Statistical significance was determined using unpaired t-test; 
*p<0.05, **p<0.01 
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Naïve vs CIA: FNPEG Hydrogel 

 
 
Figure 6-9: RNA-Seq analysis of SFs cultured in FNPEG hydrogels.  
(A) Bulk RNA-Seq setup. RNA was isolated from healthy and arthritic CIA murine SFs 
expanded in 2D cultured in Alvetex® with FN for 3 days and then subjected to bulk RNA-
Seq (75 bp paired-end, 30 M reads). (B) Principal component analysis (PCA) confirmed 
distinction between Naïve and CIA groups (conds = conditions). (C) Differential 
expression (DE) of genes are shown. All detected genes are plotted as a volcano plot 
(left) where x = gene expression healthy, y = gene expression arthritic. Genes that pass 
a threshold of padj< 0.01 and |log2foldChange| > 2 in DE analysis are shown in blue when 
they are downregulated and red when upregulated in the CIA mice. Heatmap (right) 
shows up and downregulated genes; [unsupervised clustering in rows and columns based 
on Euclidean distances].(D) Top 50 up and down-regulated differentially expressed 
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Figure 6-10: Up and downregulated gene expression in Naïve and CIA SFs cultured in 
FNPEG hydrogels for 3 days. 
Function enrichment and network analysis regulated by synovial inflammation. STRING 
protein–protein interaction network (https://string-db.org) was performed on DE genes 
from the previous figure. Significantly (A) upregulated and (C) down regulated modulated 
pathways and cellular components associated with DE genes in arthritic mice are shown 
on the diagram. [PPI enrichment p-value: < 1.0e−16]. Colour code for nodes in 
upregulated pathways is, green: ECM organisation, yellow: ECM proteoglycans, khaki: cell 
adhesion blue: focal adhesion, pink: Degradation of the ECM, red: ECM-receptor 
interaction. Colour code for nodes in downregulated pathways is blue: Regulation of MAPK 
cascade, green: Regulation of cell cycle, red: MicroRNAs in cancer and pink Regulation of 
immune system. Venn diagram of prominent top 50 (B) up-regulated and (D) 
downregulated KEGG pathways. Colour code for each KEGG pathway is dark green: 
Rheumatoid arthritis, purple: cytokine-cytokine receptor interactions, light grey: cell 
cycle, yellow: MAPK signalling pathway, orange: cell microRNAs in cancer molecules, light 
green: ECM receptor interactions, light blue: focal adhesion, dark orange: NK-kappa B 
signalling pathway. 
 

https://string-db.org/
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Figure 6-11: FNPEG RNA-Seq validation. 
Naïve and CIA SFs were cultured in degradable FNPEG hydrogels for 3 days after which 
q-PCR was carried out to determine quantification of (A) Tnc (B) Tinagl1 (C) Timp1 (D) 
Sparc (E) Fn1 and F Thbs4 expression. Naïve vs CIA gene heatmap for (G) above 
experiments and (H) corresponding RNA-Seq experiment. Results show relative 
expression to Actin, showing mean ± SD. Each dot represents a biological replicate (in 
technical triplicate). Statistical significance was determined using unpaired t-test; 
*p<0.05, **p<0.01 
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Figure 6-12: The functional consequences of SFs cultured in differing culture 
systems. 
Differentially up-regulated genes (A) from sorted joint SFs and SFs cultured in (B) 2D 
(C) Alvetex® and (D) FNPEG hydrogels. Data was assessed by the publicly available 
server g:Profiler using the databases KEGG, Gene Ontology (GO) and Reactome to 
detect significantly enriched biological processes, pathways and protein complexes 
visualized with a Manhattan-like-plot.  
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Figure 6-13: PCA and differential gene expression comparison of SFs cultured in 
different microenvironments. 
RNA was isolated from healthy (n = 3) and arthritic CIA (n = 3, scores of 9, 10, and 11) 
mice as well as SFs expanded in 2D and cultured with FN in 2D, Alvetex® and FNPEG 
hydrogels for 7 days   after which they were subjected to bulk RNA-Seq (75 bp paired-
end, 30 M reads). Principal component analysis (PCA) and differential expression (DE) 
are shown for all (A) Naïve and (B) CIA SFs, clearly showing distinct differences between 
systems. Genes that pass a threshold of padj < 0.01 and |log2foldChange| > 2 in DE 
analysis are coloured in blue when they are downregulated and red when they are 
upregulated in the arthritic (CIA) mice. Corresponding heatmaps for (A) Naïve and (B) 
CIA SFs show upregulated and downregulated genes; [unsupervised clustering in rows 
and columns based on Euclidean distances]. 
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Naïve vs Naïve + IL-1: 2D 

 
 
Figure 6-14: RNAseq analysis of SFs Naïve cultured in 2D with FN in the presence 

and absence of IL-1: stimulation.  
(A) Bulk RNAseq setup. RNA was isolated from Naïve SFs, in the presence and absence 

of overnight IL-1 stimulation cultured in 2D with FN for 7 days and subjected to bulk 
RNA-Seq (75 bp paired-end, 30 M reads). (B) Principal component analysis (PCA) 
confirmed distinction between Naïve stimulated and unstimulated groups (conds = 
conditions). (C) Differential expression (DE) of genes are shown. All detected genes are 
plotted as a volcano plot (left) where x = gene expression healthy, y = gene expression 
arthritic. Genes that pass a threshold of padj< 0.01 and |log2foldChange| > 2 in DE 
analysis are shown in blue when they are downregulated and red when upregulated in 
the stimulated mice. Heatmap (right) shows up and downregulated genes; 
[unsupervised clustering in rows and columns based on Euclidean distances].(D) Top 50 
up and down-regulated differentially expressed (DE) genes. 
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Naïve vs Naïve + IL-1: Alvetex® 

 
 
Figure 6-15: RNA-Seq analysis of SFs Naïve cultured in Alvetex® with FN in the 

presence and absence of IL-1: stimulation. 
(A) Bulk RNA-Seq setup. RNA was isolated from Naïve SFs, in the presence and absence 

of IL-1 stimulation cultured in Alvetex® with FN and subjected to bulk RNA-Seq (75 bp 
paired-end, 30 M reads). (B) Principal component analysis (PCA) confirmed distinction 
between Naïve stimulated and unstimulated groups (conds = conditions). (C) 
Differential expression (DE) of genes are shown. All detected genes are plotted as a 
volcano plot (left) where x = gene expression healthy, y = gene expression arthritic. 
Genes that pass a threshold of padj< 0.01 and |log2foldChange| > 2 in DE analysis are 
shown in blue when they are downregulated and red when upregulated in the 
stimulated mice. Heatmap (right) shows up and downregulated genes; [unsupervised 
clustering in rows and columns based on Euclidean distances].(D) Top 50 up and down-
regulated differentially expressed (DE) genes. 
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Naïve vs Naïve + IL-1: FNPEG Hydrogels 

 
 
Figure 6-16: RNA-Seq analysis of SFs Naïve cultured in FNPEG hydrogels with FN in 

the presence and absence of IL-1: stimulation. 
(A) Bulk RNA-Seq setup. RNA was isolated from Naïve SFs, in the presence and absence 

of IL-1 stimulation cultured in FNPEG hydrogels and subjected to bulk RNA-Seq (75 bp 
paired-end, 30 M reads). (B) Principal component analysis (PCA) confirmed distinction 
between Naïve stimulated and unstimulated groups (conds = conditions). (C) 
Differential expression (DE) of genes are shown. All detected genes are plotted as a 
volcano plot (left) where x = gene expression healthy, y = gene expression arthritic. 
Genes that pass a threshold of padj< 0.01 and |log2foldChange| > 2 in DE analysis are 
shown in blue when they are downregulated and red when upregulated in the 
stimulated mice. Heatmap (right) shows up and downregulated genes; [unsupervised 
clustering in rows and columns based on Euclidean distances].(D) Top 50 up and down-
regulated differentially expressed (DE) genes. 
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Figure 6-17: Up regulated gene expression in Naïve SFs in the presence of overnight 

IL-1 stimulation cultured with FN for 7 days (2D and Alvetex®) or 3 days (FNPEG 
hydrogels), in differing culture systems. 
Function enrichment and network analysis regulated by synovial inflammation. STRING 
protein–protein interaction network (https://string-db.org) was performed on DE genes 
from the previous figure. Top 50 significantly upregulated modulated KEGG pathways 
associated with DE genes are shown in (A) 2D (B) Alvetex® and (C) FNPEG hydrogels. 
Colour code for each upregulated KEGG pathway is dark green: Rheumatoid arthritis, 
purple: cytokine-cytokine receptor interactions, yellow: TNF signalling pathway, blue: 
IL-17 signalling pathway, orange: chemokine signalling pathway. 

  

https://string-db.org/
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Chapter 7 Discussion  

7.1 Summary 

The overall aims and objectives of this project were to investigate and 

characterise the inflammatory responses of both Naïve and CIA SFs when cultured 

in 2D and 3D microenvironments as well as define whether SF subsets could be 

identified and maintained within each culture system. Despite the Naïve and CIA 

SF responses in 2D proving to be consistent with that of literature involving animal 

models and in vivo studies, the culture system does not allow for the identification 

of the lining and sublining SF subpopulations. On the other hand, when cultured 

in the 3D polystyrene scaffold Alvetex®, there was shown to be a differentiation 

of subsets, at least partially, resulting in an increase of lining SFs which could be 

due to the very high rigidity of the scaffold. As the latter is more akin to that of 

bone it could provide an explanation as to why the bone eroding lining SFs increase 

when grown in this culture system. Moreover, the FNPEG hydrogels also were 

found to allow identification of the differential subsets, specifically the sublining 

SFs, which were shown to be increased likely because of the ability for the cells 

to move freely within the gel.   

 

Next the impact of 2D and 3D culture systems on the pro-inflammatory gene 

expression of Naïve and CIA-SF in the presence of FN was investigated using RNA-

Seq. The transcriptomic profiling of Naïve and CIA SFs was initially carried out 

using SFs extracted directly from the joint (sorted) to use as a reference for 

differentially expressed genes in vivo. It could be seen that SFs cultured in 2D 

appear to lose expression of certain genes, which is then partially recovered when 

the cells are subsequently cultured in Alvetex®. On the other hand, when 

observing the transcriptomic profile of the CIA-SFs subsequently cultured in FNPEG 

hydrogels there is downregulation of pro-inflammatory pathways and genes that 

were shown to be upregulated in sorted SFs from the joints and those cultured on 

Alvetex®. However interestingly, when Naïve hydrogel SFs were stimulated with 

IL-1, there was an upregulation of pro-inflammatory pathways and genes, 

similarly to that observed in all the other culture conditions. This suggests that 

Naïve hydrogel SFs have the potential to become an arthritic, proinflammatory 

cells despite this phenotype not apparently being maintained by the 
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(unstimulated) CIA-SFs grown in this platform. Furthermore, comparing the 

systems alone with the same cell type it could be seen that despite their 

differences when comparing Naïve and CIA, 2D and Alvetex® show similar 

responses whilst SFs cultured in FNPEG hydrogels are more similar to in vivo than 

to the responses observed in 2D and Alvetex®.  

 

Finally, the migration and organisation of SF through the 3D culture systems -

Alvetex® and FNPEG hydrogels - was explored and this showed that Alvetex® 

scaffolds allowed a certain degree of SF subset polarisation that was enhanced by 

the addition of FN to the scaffold, albeit this appeared to be limited by the rigidity 

of the scaffold and its structure. On the other hand, within FN integrated 

hydrogels, the SFs were able to distribute themselves throughout the scaffold, 

with an increase observed in the lining SFs, almost equal to that of the sublining. 

Although differential distribution between subsets was not observed within the 

gels, when looking at the transcriptomic profile, the SFs presented unlike that of 

traditional lining or sublining SFs.  

 

7.2  Towards developing platforms for more effective pre-

clinical testing of therapies for RA  

Major advances in developing treatments for RA have been made over the last 

decade, however, as the therapies available for RA patients all target immune 

system cells and inflammation, they are subject to potentially serious side-

effects. Despite increasing knowledge of the important role SFs play in the 

perpetuation of disease, to date this information has not been successfully 

translated to the development of therapies targeting SFs, from the pre-clinical to 

clinal stage. Although there are no approved drugs that target SFs to treat RA, 

there have been significant advances made in the past few years that have allowed 

investigators to begin targeting stromal cells such as SFs in inflammatory diseases, 

with a number of compounds being shown to inhibit SF activity. For example, the 

pre-clinical drug (5z)–7–oxozeaenol (5ZO), developed to target transforming 

growth factor β–associated kinase 1 (TAK1) has been shown to be effective in 

inhibiting SF activation as the ability of drugs to block SF activation is strongly 

dependent on the identity of the activating cytokine and thus, similar molecules 
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to 5ZO are being used to generate RA therapeutics (Jones et al., 2016). Another 

approach has focused on reports that RA-SFs have increased glycolytic activity and 

thus of potential relevance, Shikonin, a component of the comfrey shrub used in 

traditional Chinese medicine, has been shown to inhibit the activity of Pyruvate 

Kinate M2 (PKM2) by regulating glycolysis and ATP production (Li et al., 2021). 

Moreover, a newly developed drug in the early trial phase, Seliciclib (R-

roscovitine) is an orally available cyclin-dependent kinase inhibitor that 

suppresses fibroblast proliferation in vitro and in vivo by not only inhibiting cyclin-

dependent kinase 2 (CDK2), but also by inducing expression of the endogenous 

CDK inhibitor p21, which is otherwise downregulated in SFs in RA patients. It has 

been shown efficacious in preclinical arthritis models (Pratt et al., 2021; Siebert 

et al., 2020).   

 

One reason for the lack of success to date could be that the in vitro assays used 

in such studies do not accurately recapitulate SFs in vivo, preventing identification 

of disease relevant target. Perhaps consistent with this, the data in this thesis 

have established that the particular culture microenvironment impacts 

substantially on the transcriptomic and functional phenotype of SFs and thus it is 

essential to more closely mimic the microenvironment of the joint to fully address 

understanding of SF function in pathogenesis. 

 

Nevertheless, conventional 2D culture systems have been useful in developing our 

understanding of the mechanisms and pathways underpinning RA pathogenesis. 

They are simple, easy to use and cost effective and have shown to be capable of 

maintaining (at least some of) the hyper responses characteristic of SFs in CIA and 

RA in vivo (Figure 3-2 & Figure 3-4). However, these platforms do not appear to 

be effective in the study of SF subpopulations, as when stained with markers for 

lining and sublining SFs, only a homogeneous SF population was observed (Figure 

3-5). The ability to target a particular subset would be useful as the lining SFs 

have been shown to associated with more bone erosion and cartilage degradation, 

whilst sublining SFs have been found to be involved with the pro-inflammatory 

signalling/pathways associated with diseases such as RA. Therefore, more specific 

therapeutics dependent on need could potentially be developed when individual 

subsets can be better identified and studied. For example, our RNA-Seq data 
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clearly showed substantial loss of the differential gene expression observed 

between Naïve and CIA SFs freshly isolated ex vivo following culture of these cells 

under 2D conditions, with  an apparent loss/reversal of the transcriptomic 

remodelling associated with some pathogenic pathways (Figure 6-4 & Figure 6-7) 

activated in aggressive SFs in vivo (Figure 6-2). Thus, our findings that SFs can 

partially recover lost features when transferred to a 3D microenvironment may 

have important implications for drug development particularly with respect to 

target identification. Indeed, our pathway analysis (Figure 6-12) suggested that 

the differential expression (upregulated), particularly those relating to the 

hyperplasia, witnessed in vivo but lost following expansion of the SFs in 2D 

cultures, are recovered by their subsequent transfer to Alvetex® scaffolds. 

However, perhaps surprisingly, there were a greater number of differentially 

expressed genes observed in CIA-, relative to Naïve-SFs grown on Alvetex® (Figure 

6-6C), compared to the profile of freshly isolated  SFs (Figure 6-1C), suggesting 

that despite Alvetex® perhaps providing a better platform to mimic SF responses 

in RA (when compared with 2D cultures), it does not precisely recapitulate the 

pathophysiological microenvironment of the joint synovium. This could be due to 

the bone-like stiffness of the scaffold differentially inducing/repressing additional 

genes in the epigenetically remodelled CIA-SFs. Nevertheless, the Alvetex® 

system appears to allow a better understanding of various aspects of SF biology, 

specifically in distinguishing the roles of SF subpopulations (lining and sublining 

SFs) (Figure 4-10), particularly in terms of their differentially migration and 

clustering (within the limits of scaffold), physiological parameters that are not 

possible to investigate in 2D models. Certainly, the loss of subset differentiation 

to the observed heterogenous SF population (Figure 3-5) could provide a reason 

as to why no SF specific RA therapeutics have been fully developed/passed clinical 

trials as of yet. Moreover, our data have shown that the incorporation of ECM 

components like FN can further modulate ex vivo SF responses (Figure 4-4) and 

this presumably reflects mimicking of the FN-integrin signalling in SFs occurring 

during their aberrant migration and pro-inflammatory mediator production that is  

characteristic of their pathogenic role in RA. 
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7.3  Hydrogels - culture systems to study SF biology and/or 

therapeutic delivery tools for RA 

Although, culture on Alvetex®  scaffolds appeared to be better, than that on 2D 

platforms, at modelling the organisation and movement of SFs and allowed 

“recovery” of the differential gene expression in Naïve and CIA SFs associated with 

“pathogenic” pathways observed in vivo,  the scaffold itself is made from plastic 

and has a rigidity more akin to bone (~77 kPa), perhaps explaining their increased 

differential gene expression relative to that seen in SFs freshly isolated from the 

joint. We therefore decided to study SF responses using FNPEG hydrogels, as an 

alternative 3D culture system, since their mechanical properties are more easily 

manipulated and may therefore be able to better mimic the synovial environment. 

For example, previous research has shown that the stiffness of, and associated 

mechanical strain on, the microenvironment impacts on cell function, in particular 

with respect to continuous passive motion, decreasing SF production of 

inflammatory mediators, including prostaglandin E(2) (PGE(2)) and proteinases,  

in the temporomandibular joint (Sambajon, Cillo, Gassner and Buckley, 2003). 

Moreover, another study carried out by Xu et al, showed that SFs exposed in vivo 

to metal-on-metal (MoM) total hip arthroplasty (THA) implants, that release 

cobalt chromium-wear debris, exhibited dramatic alterations in phenotype and 

functional changes (Xu et al., 2020). We therefore exploited the hydrogel platform 

to investigate the effects of stiffness more akin to that of the healthy and arthritic 

synovium (kPA of ~5-7) and concluded that even changes within this range of 

“stiffness” impact on SF function (Figure 5-13). For example, the SF expression of 

Mmp3 and ctgf decreased with greater stiffness, whilst that of sparc increased, 

suggesting that environmental stiffness affects the transcriptomic profiling. These 

preliminary experiments need to be extended, first examining pro-inflammatory 

genes, such as Il-6 and Ccl2, in order to more fully understand the impact of 

changing stiffness of the joint during arthritogenesis on SF pathogenesis.  

 

As mentioned previously CIA-SFs cultured in FNPEG hydrogels showed a 

downregulation in pro-inflammatory pathways, displaying a more Naïve-like 

phenotype. This could be due to various reasons, one of which being that the CIA-

SFs adopt a “remission”-like phenotype. It could also be due to epigenetic changes 
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induced in response to a decreased stiffness following their transfer from 

conventional 2D plates, as this Naïve-like phenotype was not observed in the rigid 

Alvetex® scaffold. Moreover, as the hydrogel is pegylated with FN, this ubiquitous 

exposure to FN could also have an effect on the observed phenotype, as it has 

shown that FN interaction with integrins are affected by stiffness as cells sense 

and respond to the mechanical properties of their microenvironment. For 

example, after exposure to breast cancer cell-secreted factors, adipose stromal 

cells initially deposit high volumes of stiff and unfolded FN with an altered 

topology, shown to deregulate the behaviour of neighbouring cells through cell-

matrix interaction modifications and indeed, tumour induced FN matrix 

deregulation activated integrin switches in neighbouring cells (Wang et al., 2015).  

Moreover, a study by Carraher et al, showed that rigidity-dependent FN matrix 

assembly is determined by extracellular events, mainly the engagement of FN by 

cells (Carraher and Schwarzbauer, 2013), suggesting that the rigidity of the 

microenvironment coupled with the FN-matrix interactions with the SFs could 

have played a role in the phenotype presented in the CIA-SF transcriptomic 

profile.  

 

Another interesting feature of the hydrogel platform was its relative promotion of 

lining SFs and thus, the finding that there are less sub-lining CIA-SFs present may 

provide a rationale for the skewing towards a less pro-inflammatory 

transcriptomic profile in this platform. Indeed, as there are more VCAM1+ SFs for 

every CD90+ SFs  (Figure 5-7B & C ), this could perhaps support the hypothesis 

that sublining CIA-SFs dedifferentiate and/or lining CIA-SFs 

differentiate/proliferate more allowing generation of a more remission-like 

phenotype in this platform. In any case, this skewing of SF populations indicates 

a potential beneficial feature to using FNPEG hydrogels in studies pertaining to 

sublining SFs and their role in RA pathogenesis.  

 

Importantly, widefield imaging of the FNPEG hydrogels allowed the investigation 

of SF organisation and migration (Figure 5-3) that is not possible with cells grown 

in 2D models. It appears the SFs congregate towards the outer portion of the 

hydrogel (Figure 5-5), which may suggest they are mimicking their migration and 

organisation within the joint. A future experiment to investigate whether SFs 
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organise themselves in an anatomical manner similar to within a joint would be 

to create a hydrogel that contains an inner portion composed of FN and surrounded 

by an outer gel composed of laminin (LN), as LN has been shown to be present in 

the hyperplastic sublining layer of active rheumatoid synovitis (Ospelt, 2017; 

Schneider et al., 1994), whilst FN has been shown to be present in the lining region 

of the synovial joint (Tamer, 2013). Also, hydrogels pegylated with Tenascin (TNC) 

could also be investigated as TNC levels have been found to be elevated in 

diseased cartilage synovium and synovial fluid of RA patients and has also been 

detected in the blood of individuals with RA making it a potential biomarker for 

the disease. (Page et al., 2012; Hasegawa, Yoshida and Sudo, 2020). TNC is a 

multimeric protein known to express in adult tissues mainly during tissue injury or 

remodelling and so studies have been carried out to use and apply TNC in gels to 

support viability and proliferation. It has been shown that these gels can 

potentially be used a as designer injectable matrices (Sharma, Kaur and Roy, 

2019). Therefore, further investigations into how they can be used as possible 

drug delivery systems in RA could be carried out.  

 

In  contrast to commercially available matrigels, which are limited in their 

applicability to cellular biology, drug discovery and therapeutic manufacturing of 

cells due their complex nature, components can be added individually to our 

customised hydrogels, allowing more control of the microenvironment created. 

This allows certain factors to be investigated in detail before adding further 

components into the mix. Indeed, matrigels are not supportive of manipulation 

both physically and biochemically, thus making it more demanding to make the 

matrix promote the planned cell behaviours and attain certain biological 

outcomes, specific to the research carried out (Aisenbrey and Murphy, 2020). For 

example, as mentioned above, live imaging of hydrogels using a widefield 

microscope, followed by analysis using IMARIS would allow the observation of the 

organisation of the SFs within the hydrogel and whether the subpopulations favour 

a FN or LN enriched region connected to their anatomical location within the joint. 

However, in addition, as hydrogels are easily adaptable, the addition of growth 

factors known to be present within the joint and the effect this would have of the 

SF migration and organisation could also be investigated.  
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Certainly, experiments carried out by Trujillo et al, have shown that the FNPEG 

hydrogels provide a synthetic microenvironment for 3D culture that integrates 

growth factors to achieve functional myoblast cell responses, alter cell behaviour 

and support the idea that hydrogels provide a useful tool for the study of the role 

of SF and their subsets in perpetuation of inflammation in RA. Additional research 

by the Salmeron-Sanchez lab has developed laminin-pegylated hydrogels, which 

allow the incorporation of  isoforms for efficient presentation of growth factors.  

Thus, a study carried out by Dobre et al., 2021 showed that various laminin 

isoforms were able to effectively bind to growth factors, in turn allowing 

presentation of small doses to specific tissues  (Dobre et al., 2021). As mentioned 

previously laminin is a crucial structural protein of the ECM that has specific roles 

within tissues and reflecting this, it’s ability to bind to growth factors can be used 

to control differentiation of stem cells, indicating the potential that these 

Matrigel-inspired hydrogels have in differentiation of stem cells to osteogenic 

lineages and stimulation of neural cells growth. Thus, using these already 

established hydrogels, further investigations with SF subsets could therefore 

determine whether an environment can be created where subsets move towards 

more anatomical locations and exploited to determine their differential functional 

roles and therapeutic targets.  

 

Finally, hydrogels have been shown to be used not only as a research tool but also 

as a therapeutic, acting as a drug delivery system. An example of this being 

hydrogels loaded with triamcinolone acetonide, which is released when the 

hydrogels are exposed to synovial fluid/enzymes from RA patients. Importantly, 

the hydrogels allow control of drug release and in arthritic mice the hydrogels 

encapsulated with a fluorescent dye showed flare dependent disassembly assessed 

as a loss of fluorescence. Moreover, a unique dose of these gels showed a decrease 

in arthritic manifested in injured paws after 14 days. As such hydrogels do not 

affect the metabolic process of living organisms and metabolites can easily pass 

through their pores, this non-foreign ECM is likely to provide models  with rational 

indications for diagnostic and therapeutic investigations (Oliveira et al., 2021).  

 

Some hydrogels used for the delivery of drugs or bioactive agents used in the 

treatment of RA include fibrin gels used to administer bone marrow mesenchymal 
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stem cells in AIA, resulting in a reduction of inflammatory cytokine levels as well 

as improved joint swelling. Preservation of the adjacent cartilage and enhanced 

cartilage repair were also observed (Liu et al., 2016). Also, nano-structured lipid 

carriers (NLCs) formulated by lipid mixture and chemical permeation enhancer-

based hydrogels used to transdermally deliver methotrexate (MTX) showed 

decreased inflammation in animal models (Garg et al., 2016). Another interesting 

concept could be to transfer “remission”-like SFs, like those observed in the 

FNPEG hydrogels into the joint which could potentially modulate the behaviour of 

the endogenous pathogenic SFs. Moreover, from cytokine and RNA-Seq studies, it 

appears that SFs are plastic cells that are able to be reprogrammed towards 

inflammatory or anti-inflammatory pathways opening up the possibility of 

manipulating SFs from arthritic patients to remodel the whole inflammatory 

network of the joint. It could lead to restoration of SF subsets, as well as  change 

the gene expression. The SFs cultured in the FNPEG hydrogels  don’t present as 

conventional lining or sublining SFs and show them to be almost “remission”-like. 

SFs have been found to have a high degree of plasticity which is well known in 

immune system cells however, not so well known in this particular cell type.  

 

Thus, in conclusion, the data shown in this thesis support the idea that hydrogels 

could be potentially used both as an experimental tool and also as therapeutics 

to treat RA through targeting SFs. The challenge remains to more fully understand 

the mechanisms of SF transformation in order to recognise specific targets to 

manage the process. Furthermore, gaining a deeper understanding of the 

influence of differing SF subsets on joint inflammation can enhance our knowledge 

of RA pathogenesis, models best used to investigate them as well as develop 

targeted therapies for the influencing RA-SFs. 
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Appendix  
 
All supplementary data on differentially expressed genes from RNA-Seq for this 

project is accessible on OneDrive at: 

https://1drv.ms/u/s!AkQDlrZPiehqhi3ma4QoGSBhg_4k?e=xyxvGj 
 

Links for each component contained in the main Appendix folder is also included: 

 

Appendix A- Naïve vs CIA 

• Sorted up-regulated list of differentially expressed genes 

• Sorted down-regulated list of differentially expressed genes 

• 2D up-regulated list of differentially expressed genes 

• 2D down-regulated list of differentially expressed genes 

• Alvetex up-regulated list of differentially expressed genes 

• Alvetex down-regulated list of differentially expressed genes 

• FNPEG hydrogels up-regulated list of differentially expressed genes 

• FNPEG hydrogels down-regulated list of differentially expressed genes 

 

Appendix B- Naïve vs Naïve + IL-1 

• 2D up-regulated list of differentially expressed genes 

• 2D down-regulated list of differentially expressed genes 

• Alvetex up-regulated list of differentially expressed genes 

• Alvetex down-regulated list of differentially expressed genes 

• FNPEG hydrogels up-regulated list of differentially expressed genes 

• FNPEG hydrogels down-regulated list of differentially expressed genes 
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